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Herein we describe a miniaturised chemical toxicity analyser with capacity to assess water quality
without intervention of laboratory equipment. The device, as presented, integrates living cells and
electrode-based sensors to monitor cell viability upon exposure to toxic chemicals. The methodology
involved cultured fish cells Poeciliopsis lucidia hepatocellular carcinoma (PLHC-1) and Oncorhynchus
mykiss rainbow trout gonad (RTG-2) cells, exposed to toxic chemicals (CdCl, and pentachlorophenol
(PCP)) after which the activity of a cellular enzyme, acid phosphatase (AP) was measured. Reduced AP
activity was quantified electrochemically, allowing ICsg values (50% reduction in AP activity) to be deter-
mined. Fish cells are a relevant model of the toxicity risks posed by contaminated water to aquatic health.
Such cells are relatively slow growing and do not require a source of CO, for incubation, thus ensuring
portability for single-use point of site applications. The 24 hour ICsg values determined for CdCl, in the
fish cell lines (16.2+0.7 and 91 + 11 wM for PLHC and RTG-2, respectively) were in agreement with those
found using the MTT assay (16.3 +1.6 and 164 + 96 wM). In the case of PCP, the ICsq value in PHLC cells
(127 £22 pM) suggested enhanced sensitivity towards PCP compared with the MTT assay (ICsp > 160 p.M).
The optimised electronic assay was transferred to a prototype integrated assay cartridge with associated
fluidic and transducer elements. This device (TOXOR) monitored changes in the metabolic state of fish
cells, realising high-value toxicity information as a potential early warning on-site screening system.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction and spectroscopic methods are both accurate and sensitive but can

be time consuming, requiring sample transport to the laboratory

Access to clean unpolluted water is essential for human health
and the ecosystem, yet European water quality frequently fails to
meet basic biological and chemical standards with point and dif-
fuse sources of pollution originating from private homes, industry
and agriculture [1]. Directive 2008/105/EC has identified 33 prior-
ity surface water chemical pollutants in which action by member
states was required [2]. As a result of this and other directives, there
is a need for regular monitoring of water for the presence of poten-
tially toxic chemicals. On-site water testing still relies on strategic
sampling with considerable sample preparation and analytical
laboratory work. Conventional chemical analysis such as high per-
formance liquid chromatography (HPLC), gas chromatography (GC)
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for analysis by trained personnel [3].

In addition to chemical analysis, biological monitoring for early
detection and ecotoxicological evaluation is also a requirement
[4]; however identifying the extent of toxicity followed by elu-
cidation of the source of the contamination in near real-time is
beyond current technology. Existing continuous analytical mon-
itoring instruments provide only limited information regarding
exposure and are reliant on bulk parameters e.g. dissolved gases,
turbidity/conductivity measurements, BOD estimates, nitrates,
phosphates, metal contamination [5]. The Toxi-Chromo™ bioassay
which measures inhibition of 3-galactosidase activity in Escherichia
coli following toxicant exposure, and the Microtox” bioassay, based
on bioluminescence fading of bacterial species Vibrio fischeri in
the presence of toxic chemicals represent the most widely used
methods for water toxicity assessment [6]. The Microtox” assay is
sensitive, cost effective and requires only 5 to 30 minutes to make
toxicity measurements [7].
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In addition to optical based assays, electrochemical biosensors
employing bacteria [8-12] and microalgae [13,14] as biologi-
cal recognition elements have been successfully used to screen
heavy metals, pesticides and phenols. Although microbial cells
offer advantages such as robustness and good viability in harsh
environments, the use of eukaryotic cells for biosensing is of
greater physiological relevance to human health [15]. A number
of researchers have employed mammalian cells for cytotoxicity
testing of key environmental toxicants including disinfection by-
products, pesticides and heavy metals [16-19]. However, one of
the major challenges in the development of portable mammalian
cell biosensors for on-site analysis is the requirement for growth at
37°Cin a 5% CO, atmosphere and the need for frequent medium
changes and subculture[20]. As an alternative, a number of groups
have employed fish cells as a biological indicator [21-24] with
electric cell substrate impedance sensing (ECIS) or amperometric
measurement of redox mediators used to assess changes in cell via-
bility upon toxicant exposure. Brennan et al. (2012) developed an
ECIS biochip that employed rainbow trout gill cells (RTgill-W1) as
the biological recognition element [25]. Some advantages of this
biochip included no requirement for CO, during culture, sensitiv-
ity comparable to that of mammalian cells and cell viability for up
to 78 weeks in the absence of medium changes (stored at 6 °C).

In our previous work we reported development of an elec-
trochemical cytotoxicity assay that measured changes in cellular
enzyme AP in A549 human lung epithelial cells upon exposure to
toxic chemicals [26]. Intracellular AP enzymes catalyses the conver-
sion of assay substrate 2-naphthyl phosphate to 2-naphthol which
upon release from cells can be measured electrochemically (See
Supplementary information Scheme S-1). The development and
optimisation of the AP based electrochemical assay in PLHC-1 and
RTG-2 cell lines is presented here and to the best of our knowl-
edge represents the first such report of electrochemical cytotoxicity
measurements being made in these fish cell lines. Alterations in
cellular AP activity following exposure to toxic CdCl, and PCP was
assessed and validated against the MTT assay. The electrochemical
cytotoxicity assay methodology was subsequently transferred onto
a disposable electronic biochip for proof of principle testing. This
next generation integrated device (TOXOR) was designed and fabri-
cated in house via combined screen printing/layer by layer polyester
lamination. Cytotoxicity testing towards RTG-2 cells cultured on-
chip was demonstrated, proving the capability of the device for
provision of high-value toxicity information as part of a future suite
of environmental remote sensing deployment units.

2. Materials and methods
2.1. Apparatus

All electrochemical measurements employed a CH Instruments
Inc CH1630C potentiostat with single use in-house fabricated
carbon-Ag/AgCl screen printed electrodes (working electrode
4mm?) or the on-board two electrode detector of the TOXOR pro-
totype device (electrode area 3.8 mm?). MTT assay absorbance
measurements were made using a Biotek synergy H1 Hybrid
Reader.

2.2. Chemicals

CdCl, (99.99%), PCP (98%), dimethyl sulphoxide (DMSO)
(>99.6%), phosphate buffered saline (PBS) tablets, sodium acetate
(>99%) and magnesium chloride hexahydrate (>98%) were pur-
chased from Sigma Aldrich. Dulbecco’s Modified Eagles Medium
(DMEM)/Hams F-12 (1:1), fetal bovine serum (FBS) and poly-L-
lysine (0.1 mg/ml MW >300,000) were Biochrom brand. Trypsin-

EDTA 1Xin PBS and HEPES buffer were Biowest brand. Ag/AgCl and
carbon ink were supplied by Gwent Ltd, polyester O 100 pwm was
Melinex brand while polyester A grade 500 wm was Mylar brand.
Other chemicals and suppliers included penicillin/streptomycin
100X (Applichem GmBH), acetic acid (99% Riedel de Haen), non-
essential amino acids 100X (Lonza Group Ltd), tetrahydrofuran
(99.9% Lab Scan Analytical Sciences), 0.22 wm hydrophilic filters
(Whatman) and 3 M adhesive A4 sheets.

2.3. Cell culture

RTG-2 and PLHC-1 cells were a gift from Dr Paul Corcoran at
the Radiation and Environmental Science Centre (RESC), FOCAS
Research Institute, Dublin Institute of Technology, Kevin Street,
Dublin 8 and were cultured following the procedures reported by
Naha et al. [27,28]. Briefly RTG-2 and PLHC-1 cells, two adher-
ent cell lines, were cultured in T 75cm? tissue culture flasks in
DMEM/Hams F-12 (1:1) supplemented with 5% v/v (PLHC-1) or 10%
v/v (RTG-2) FBS, 45 IU ml~! penicillin/45 wgml~! streptomycin,
25mM HEPES buffer and 1% v/v non-essential amino acids. All
reagents used were cell culture grade. Both cell lines were grown
under normoxic conditions at 30 °C (PLHC-1) or 20°C (RTG-2).

2.4. Electrochemical cytotoxicity assay development

Electrochemical measurement of AP activity in PLHC-1 and RTG-
2 cells was achieved by seeding 4 x 104 cells on the microwells
of flat bottom transparent 96 well plates, followed by incuba-
tion under previously described conditions for 24 hours (Section
2.3). After this time, the culture medium was removed and the
microwells washed three times with sterile PBS. The substrate 2-
naphthyl phosphate (10 mM) dissolved in pH 4.5 acetate buffer
(pre-sterilised using a 0.22 pm filter) was added in triplicate to
microwells seeded with cells. Non-faradaic background (BG) mea-
surements were made by triplicate addition of pre-sterilised pH
4.5 acetate buffer to other microwell seeded cells. The plates were
incubated for 3 hours under culture conditions after which time
the supernatant was removed and aliquoted into fresh microwells.
Cellular generation of 2-naphthol was measured via cyclic voltam-
metry (CV) over the potential range 0-0.9V vs. Ag/AgCl at 0.1V/s.
Assay parameters including cell number, substrate concentration
and substrate incubation time were investigated and optimised in
both cell lines (See Supplementary information S-1to S-3).

2.5. Electrochemical cytotoxicity assay

CdCl, and PCP are widely known to be cytotoxic [29,30], and
were selected as model inorganic and organic chemicals as they
are among a list of 33 priority pollutants in surface water that have
been identified by the European Union in the Directive on Envi-
ronmental Quality Standards (Directive 2008/105/EC) [2]. Briefly,
96 well plates were seeded with either 2 x 10* (RTG-2) or 4 x 10*
(PLHC-1) cells per microwell and incubated for 24 hours under pre-
viously described conditions (Section 2.3). Following incubation,
the medium was removed and each microwell washed three times
with PBS. Fresh medium (100 wl) was added to each microwell plus
100 pl of CdCl, dissolved in deionised water (0-60 M in the case
of PLHC-1 cells and 0-1000 .M for RTG-2 cells), or PCP (0-320 wM)
prepared in PBS. All toxicant reagents were pre-sterilised using a
0.22 wm hydrophilic filter. PCP standards were prepared from a
stock solution of 150 mM PCP dissolved in DMSO with no greater
than 0.1% v/v DMSO present in each sample. Cells were exposed
to toxicants for 24 hours prior to washing with PBS, followed by
the addition of 10 mM 2-naphthyl phosphate to the microwells for
the appropriate time period (one hour for PLHC-1 cells and four
hours for RTG-2 cells). The supernatants were then aliquoted into
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fresh microwells with 2-naphthol generation measured by chrono-
coulometry (potential step 0.2 to 0.8V, pulse width 10s, sample
interval 0.01s, quiet time 0s and sensitivity 1 x 108 A/V). All cyto-
toxicity measurements were made in triplicate (including controls)
and three independent times.

2.6. MTT cell viability assay

The cytotoxic effects of CdCl, and PCP were also assessed using
an MTT cytotoxicity assay kit (Cayman Chemical). PLHC-1 (4 x 10%
cells per microwell) or RTG-2 (3 x 10* cells per microwell) were
cultured for 24 hours on a 96 well plate and exposed for a further
24 hours to the same concentrations of CdCl, or PCP as previously
described. Following 24 hour incubation, 10 pl of 5mg/ml MTT
reagent were added to each microwell. The plate was placed on
an orbital shaker for one minute and then incubated for four hours
under culture conditions, after which the toxicant and medium was
removed from the microwells and 100 w1 of crystal dissolving solu-
tion added to each well. The plate was then returned to an orbital
shaker for five minutes and then into the incubator for an additional
20 minutes to ensure dissolution of formazan crystals. Formazan
generation by cells was measured at 570 nm. All cytotoxicity mea-
surements were made in triplicate (including controls) and three
independent times.

2.7. Design and fabrication of TOXOR prototype device

Our previous report [26] described the initial design and fabrica-
tion process for the TOXOR prototype device which was capable of
electrochemical measurements of AP activity in A549 human lung
epithelial cells cultured on-chip for 24 hours. The next iteration
overcomes fluidic and engineering challenges encountered previ-
ously (See Fig. 1A and B). The device was designed using CorelDraw
X5 software and assembled using a thin film lamination approach
of polyester layers bonded through chemical adhesion. Each layer
(11 in total) was machined individually using an Epilog Zing CO,
laser cutter and included the following fluidic and sensing subcom-
ponents.

“Membrane touch”

/ activated reagent cavity

0

Channel

81 mm

:@3

™ Electrochemical cell

™ Suction pump mechanism

™ Electrical contacls

>
15 mm

—-Channels connecting microwell to sink

“Membrane touch” activated reagent cavity — (volume 220 ul)
filled with assay substrate 2-naphthyl phosphate. This patented
“membrane touch” component [31] functioned by manual appli-
cation (finger pressure) of a force (6 N) to the 100 wm polyester
membrane that sealed the cavity, expelling the substrate through
a 0.2 x 8.0mm channel into the microwell.

Microwell — (capacity 45 p.l, surface area 55.7mm?) fish cells
were cultured here and exposed to toxicants for the relevant dura-
tion.

Sink — (volume 122 pl) waste collection chamber connected
to the microwell via channels (10 x 1.9mm?3) — after flooding the
microwell with assay substrate, chemical toxicants and medium
were washed through the channels into waste.

Suction pump mechanism — consisted of a sealed air filled cavity
(volume 25 pl) activated by finger pressure application of a force
(6N) to a membrane directly above the cavity which expelled air
into the microwell. Upon removal of applied force, liquid was then
drawn into the electrochemical cell from the microwell cavity for
analysis.

Electrochemical cell — (volume 2.4 w.l) consisted of stencil printed
carbon working (3.8 mm?) and Ag/AgCl reference electrodes sealed
by a Melinex O PET layer (100 pwm). The cell was connected to the
microwell through a 0.2 x 5.9 mm channel.

2.8. TOXOR prototype device on-chip cytotoxicity measurement

Fifteen devices were assembled and the microwells of each
device washed with deionised water and dried under a stream of
N, gas. They were then placed in a Telstar class II biosafety cabinet
and sterilised under UV (254 nm) for 20 minutes. Sterility was con-
firmed by standard microbiological testing. In order to improve cell
attachment and growth, the microwells of each device were pre-
coated with poly-L-lysine (0.1 mg/ml) for 30 minutes, followed by
washing with PBS and drying in a laminar flow hood for one hour
prior to cell seeding. Aliquots, 20 pl of RTG-2 cells suspended in cul-
ture medium (2 x 10% cells) were added to the microwells followed
by the addition of 20 .l of either of pre-sterilised deionised water or
600 wM CdCl,. After 24 hours incubation, cell culture medium and

h Assay substrate delivery to cells
using “membrane touch™ activated
reagent cavity

Electrochemical measurement
of cells

1
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Fig. 1. CorelDraw schematic of TOXOR prototype device (A) showing integrated microwell, fluidic and electrode components and image (B) of the device illustrating the role
the reagent cavity, microwell and electrochemical cell play in on-chip culture and measurement of enzyme activity in fish cells.
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Fig. 2. Light microscopy (200 X) images of (A) PLHC-1 and (B) RTG-2 cells after 24 hours in culture. CV data showing electrochemical detection of AP activity in PLHC-1 (C
and D) and RTG-2 (E and F) cells following 24 hours culture. Arrows indicate direction of scan. Results are from a single experiment carried out in triplicate. Error bars are

standard deviation n=3.

toxicant were removed from the microwells which were washed
with PBS. Aliquots (40 1) of either pre-sterilised 10 mM 2-naphthyl
phosphate or pH 4.5 acetate buffer were then added to the microw-
ells of each device and incubated for an additional four hours. A
sample was then drawn from the microwell of each device via the
suction pump mechanism into the on-chip electrochemical detec-
tor for analysis.

2.9. Statistical analysis

Experiments to investigate the effect of substrate concentration
on measured charge were analysed using a one way ANOVA while
experiments to examine the influence of cell number and substrate
incubation time on 2-naphthol generation by cells were analysed
using a one way ANOVA plus Dunnett’s comparison. Addition-
ally, all electrochemical and MTT cytotoxicity assay experiments
were analysed using a one way ANOVA plus Dunnett’s comparison.
Finally, the results of the on-chip cytotoxicity experiments were
analysed using a two-sample t-test. For all experiments P<0.05
was considered statistically significant. All statistical analysis was
undertaken using Minitab 17 statistical software.

3. Results and discussion
3.1. Electrochemical cytotoxicity assay development

Prior to electrochemical detection of AP activity, PLHC-1 and
RTG-2 cells were viewed under a light microscope, 24 hours after
plating (Fig. 2A and B). Both PLHC-1 and RTG-2 cells formed an even
layer over the surface of the microwell but were not fully conflu-
ent, with RTG-2 cells having a distinctive elongated shape which
has been previously reported [32]. AP activity was detected by CV
in both PLHC-1 and RTG-2 cells with an average current of 1.9 and
0.9 WA measured respectively for 4 x 10% cells (Fig. 2C-F). The cur-
rent measured in PLHC-1 cells was larger than that measured for the
equivalent number of RTG-2 cells suggesting greater AP activity in
this cell line. In addition there was greater variation in current mea-
sured in RTG-2 cells which was likely to be related to cell density
and was subsequently optimised.

The optimum assay conditions selected for PLHC-1 cells were
4 x 104 cells per microwell, 10mM 2-naphthyl phosphate and a
substrate incubation time of one hour. In the case of RTG-2 cells,
2 x 10% cells per microwell, 10 mM 2-naphtyl phosphate and a sub-
strate incubation time of four hours were deemed appropriate (See
Supplementary information S-1 to S-3).
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Fig. 3. Electrochemical and MTT cytotoxicity assay results following 24 hours exposure of PLHC-1 cells to CdCl; (0 to 30 wM) (A and B) and PCP (0 to 160 wM) (C and D).
Electrochemical assay data is presented in blue while MTT assay data is presented in red. Results are the mean of three independent experiments. Error bars represent SD
(n=9). Points marked with an asterisk are statistically significant from controls P<0.05. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.2. Electrochemical cytotoxicty assessement of CdCl, and PCP

A concentration dependent reduction in AP activity was
detected in both PLHC-1 and RTG-2 cells following 24 hours expo-
sure to CdCl, and PCP (Figs. 3A and C (PLHC-1 cells)) and (Fig. 4A
(RTG-2 cells CdCl, only)). The cytotoxicity of these chemicals was
also examined using the MTT assay (Fig. 3B and D (PLHC-1 cells))
and Fig. 4B (RTG-2 cells CdCl; only). From this data, the IC5q values
at 24 hours, i.e. the concentration of CdCl, or PCP resulting in 50%
inhibition in AP or mitochondrial dehydrogenase activity in cells
were determined. The electrochemically determined ICs¢ values
for CdCl; in both cell lines were found to be in agreement with that
of the MTT cytotoxicity assay (Table 1). The ICsq values were also
comparable with those reported in the literature [33]. Della Torre
et al. (2012) used the MTT assay to investigate the cytotoxicity of
CdCl, towards PLHC-1 cells and reported an ICsqg value of 39.66 uM
following 24 hours exposure [34]. Morcillo et al. (2015) examined
the toxicity of CdCl, towards fibroblast SAF-1 cells from the gilt-
head seabream, using the MTT, LDH and neutral red uptake assays
and determined ICsg values at 24 hours of 100, 703 and 100 uM
respectively [35]. The reduced sensitivity of the LDH assay com-
pared to the neutral red and MTT assays was suggested to be due

Table 1

Comparison of ICsq values following Electrochemical and MTT assays.
Cell line Chemical Electrochemical ICs5p (uM)? MTT IC50 (M)?
PLHC-1 CdCl, 16.2+£0.7 16.3+1.6
PLHC-1 PCP 127422 >160
RTG-2 CdcCl, 91+11 164+ 96

2 ICsp values are the average of those obtained from three independent experi-
ments.

to lysosomal and mitochondrial damage occurring at lower CdCl,
concentrations rather than cell membrane damage. Recently the
cytotoxicity of CdCl, towards sea bass brain cells (DLB-1) was inves-
tigated using both MTT and neutral red uptake assays with ICsq
values at 24 hours of 15 and 4 .M reported respectively [29].

PLHC-1 cells were found to be more sensitive towards PCP
than RTG-2 cells and as was the case in our previous study with
mammalian cells, the electrochemical cytotoxicity assay showed
enhanced sensitivity towards PCP compared with the MTT assay.
The MTT assay data showed increased formazan generation by
PLHC-1 cells when exposed to 50 uM PCP (Fig. 3D). At higher
concentrations, formazan generation decreased with a statistically
significant reduction detected at 160 wM PCP compared with con-
trols. InRTG-2 cells, the electrochemical assay detected cytotoxicity
when cells were exposed to >120 uM concentrations of PCP com-
pared with the MTT assay which did not detect any cytotoxicity over
the range of PCP concentrations investigated (Data not shown).

The MTT assay has been used by a number of groups to investi-
gate the cytotoxicity of PCP towards different cell lines with a range
of sensitivities reported [36-38]. Repetto et al. (2001) determined
an ICsg value at 24 hours of > 200 wM when investigating the cyto-
toxicity of PCP towards RTG-2 cells [39] which was comparable
with what was found in this study. A more recent study has sug-
gested that rainbow trout liver (RTL-W1) cells are more sensitive
to PCP than RTG-2 cells with ICsg values of 1.55 and 8.91 uM deter-
mined after 24 hours using the neutral red uptake and MTT assays
respectively [40]. Significant cytotoxicity towards primary hepa-
tocytes of Carassius carassius (crucian carp) has also been shown
following exposure to as little as 1 wM of PCP for 8 hours [30].

The neutral red uptake assay, an indicator of lysosomal damage,
has been found to be more sensitive to PCP than the MTT assay
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Fig. 4. Electrochemical and MTT cytotoxicity assay results (B) following 24 hours exposure of RTG-2 cells to CdCl; (0 to 500 wM). Electrochemical assay data is presented in
blue while MTT assay data is presented in red. Results are the mean of three independent experiments. Error bars represent SD (n=9). Points marked with an asterisk are
statistically significant from controls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A
1.4 -
——Control

g 1901 —300uMCdCI2
t
g BG current
5 0.6 1
[&]

0.2 1 ‘
2 I

— ——
——

0.0 0.2 0.4 0.6 0.8 1.0
Potential (V) versus Ag/AgCl

B

081 ® Control ®300uM CdCI2

0.6 1

0.4 4

Current(uA)

0.2 1

0.0 4

Control/ 300 um CdCl,

Fig. 5. (A) CV measurements made using TOXOR biochip showing a clear reduction in AP in RTG-2 cells following 24 hours exposure to 300 wuM CdCl,. Arrow indicates
direction of scan. (B) Average current (iA) measured following 24 hours exposure of cells to 300 wM CdCl, or 50/50 medium sterile water (control). Results are the mean
measurements from five devices with standard deviation (n=5). *Statistically signficant from controls P<0.05.

[41]. Since AP enzymes are located in the lysosomes and cytosol of
cells [42], it is possible that AP is also more sensitive to PCP than
mitochondrial dehydrogenase enzymes, which might explain the
enhanced sensitivity of the electrochemical assay towards PCP.

3.3. TOXOR on-chip cytotoxicity measurement

In order to demonstrate that the biochip could make simple
cytotoxicity measurements, AP activity in RTG-2 cells was analysed
after exposure to 300 wM CdCl, using the TOXOR portable cyto-
toxicity device with data revealing a 46% reduction in AP activity
compared to controls (P <0.05, Fig. 5A and B), demonstrating for the
first time that this novel device was capable of performing on-chip
cytotoxicity measurements. Traditional cytotoxicity assays such as
the MTT assay are limited to a laboratory setting, requiring addi-
tion of a colorimetric dye and solvent solution to microwells prior
to making measurements using a microplate reader. In contrast,
the TOXOR biochip proposed here simplifies cytotoxicity measure-
ments, requiring simple addition of the “on device” assay substrate
to cultured cells by application of finger pressure to the pressure
sensitive membrane that seals the “membrane touch” activated
substrate reagent cavity (Fig. 1A). Electrochemical measurements
of cellular AP activity may be easily achieved using the screen
printed transducer. The device can be combined with a micropoten-
tiostat controller which can be phone or tablet operated facilitating
use by personal with minimum training in electrochemistry.

4. Conclusion

High-value information on the toxic state of watercourses, on-
site and immediately after a pollution incident is an emerging
technology. The fish cell based biosensor device proposed here
relies on quantifiable cellular enzyme AP under optimised assay
conditions in response to toxicant exposure. The ICsy values for
CdCl;, determined using the AP based electrochemical cytotoxicity
assay were in agreement with those found using the MTT assay
in both cell lines while in the case of PCP, the electrochemical
assay demonstrated enhanced sensitivity. A hand held cytotoxi-
city test device suitable for on-site aquatic screening successfuly
demonstrated capability for simple cytotoxicity measurements in
RTG-2 cells cultured on-chip using the AP based electrochemical
approach. Utilising fish cells as the biological reognition element,
the TOXOR prototype had proven advantages including no require-
ment for a source of CO, during incubation, ease of use and low
cost fabrication from simple polyester based and conductive ink
materials. Additionally, measurement of cytotoxic effects towards
biologically relevant fish cells gives a more accurate indication of
the toxicity risk that such water poses to aquatic health. However,
additional benchmarking is required to ascertain how cytotoxicity
data generated by the TOXOR prototype relates to water quality. At
present, it takes 24 hours for the biochip to generate cytotoxicity
data and further work will investigate time dependent cytotoxic-
ity with the view to reducing total time to result. It is envisioned
that this low cost device can contribute to on-site water toxicity
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screening by generating cytotoxicity data which will inform reme-
dial action via specialist analytical testing techniques.
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