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In an effort to develop a noninvasive method for assessment
of cyanobacterial toxins in drinking water, plausible cytotoxicity/
inhibition of microcystin-LR and cylindrospermopsin was
evaluated by cell-substrate impedance sensing (ECIS) using
three different cell lines. SA insect cells were attached to
concanavalin A coated gold electrodes, whereas Chinese hamster
ovary (CHO) and human embryo kidney (HEK) cells were
attached to a fibronectin or laminin coated gold surface.
Cytotoxic or inhibitory effects were dependent upon the cell
line and the extracellular matrix (ECM) coating. Neither toxin
exhibited any appreciable effect on the insect cells. In contrast,
cytotoxicity of cylindrospermopsin on CHO cells was attested
by both ECIS and viability tests. The half-inhibition concentration
(ECISsp) of cylindrospermopsin for CHO cells was ~2 ug/mL
(ppm) after 20 h of exposure and 4 ug/mL (ppm) after 30 h of
exposure for a laminin or fibronectin coated surface. ECIS
confirmed no significant effect of cylindrospermopsin on HEK
cells. Microcystin-LR was also tested with CHO cells, resulting

in an ECISs; value of ~12 ug/mL (ppm) after 25 h of exposure
for a laminin coated gold surface. The effect of microcystin-
LR on CHO cells probed by ECIS was inhibitory rather than cytotoxic,
as confirmed by cell viability assays.

Introduction

There are an increasing number of communities, especially
in Canada with recreational and drinking water contaminated
by cyanobacterial blooms as high as 250,000 cells/mL water
or ~30 mg/L biomass (1). Cyanobacteria (blue-green algae)
are widely distributed and can dominate eutrophic (phos-
phorus and nitrogen rich) aquatic environments such as lakes
and reservoirs. Some cyanobacteria can produce toxins that
attack different organs, tissues, and metabolic pathways:
hepatotoxins, neurotoxins, cytotoxins, dermatotoxins and
genotoxins, protease inhibitors, and other toxins of poorly
known activity (2). Hepatotoxins, cyclic heptapeptides, are
potent inhibitors of eukaryotic protein phosphatases 1 and
2A and potent liver tumor promoters (3). They are produced
by members of the cyanobacterial genera Microcystis, Ana-
baena, Aphanizomenon, Oscillatoria, Nostoc, and Cylin-
drospermopsis (4, 5). The major bloom forming cyanobacterial
species, Microcystis aeruginosa, produces potent hepatotoxins
called microcystins which are a series of more than 75 cyclic
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peptides sharing a common structure first isolated in 1986
(6). The health risk assessment elements of microcystin-LR
have prompted the World Health Organization (WHO) (7) to
establish a guideline value for drinking water. As established
by Health Canada, the drinking water should not exceed 1.5
ug/L (ppb) microcystin-LR. Unfortunately, a number of
communities in Quebec, Canada have regularly exceeded
this guideline level (8). The microcystin-LR level found in
the four eutrophiclakes tested varied over the growing season
from May to October with a peak in toxicity generally
sometime in August or September. In Missisquoi Bay, Lake
Champlain, Quebec public health advisories have been issued
for eight consecutive years from 2000 to 2008. Similar drinking
water issues caused by cyanobacterial blooms have also been
reported in hypereutrophic lakes and farm dugouts in Alberta,
Canada (9, 10).

Upon ingestion, typical symptoms of cyanobacteria toxin
poisonings (CTP) include nausea, vomiting, diarrhea, and
fever. Long-term exposure can cause liver damage and even
death as in the tragedy involving 52 human fatalities in
Caruara, Brazil (11, 12). Most CTP occur when water blooms
accumulate as thick surface scums which humans would
generally avoid, and drinking water is usually treated to
prevent high concentrations of cyanotoxin being present,
thus sparing severe poisoning of humans by the oral route.
However, in the Brazilian case the lethality occurred through
the intravenous route at a dialysis clinic, where the levels of
microcystin-LR in the water used for treatment were deter-
mined to be 19.5 ug/L (ppb).

Cylindrospermopsin, produced by a variety of cyano-
bacterial genera including Cylindrospermopsis, Aphanizome-
non, Umezakia, and Anabaena, is a cyclic guanidine alkaloid
which has cytotoxic, hepatotoxic, neurotoxic, and genotoxic
effects. Besides acting as a hepatotoxin, it affects the kidneys,
spleen, thymus, and heart (13). Cylindrospermopsis raciborskii
was retrospectively implicated (14) as a causative agent in
a human poisoning incident in 1979 in the tropical and
subtropical waters of Australia. The toxin responsible was
later identified and given the name cylindrospermopsin (15).
This toxin has since also been reported in New Zealand (16),
Japan (17), Thailand (18), China (19), Israel (20), and Europe
(21, 22). Similarly to microcystin-LR, risk assessment cal-
culations show that the guideline values for cylindrosper-
mopsin in drinking water should be in the 1 ug/mL (ppb)
range (23).

The embodiment of Electric Cell-Substrate Impedance
Sensing (ECIS) is a small gold electrode (250 xm diameter)
deposited on the bottom of culture wells and immersed in
a culture medium inoculated with a specific cell line (24, 25).
Using culture medium as the electrolyte, a constant current
source applies a small ac current of ~1 mA at 4000—5000 Hz
between the small detecting electrode and a large counter
electrode. The arrival of cells to the electrode and their
attachment act as insulating particles because their plasma
membrane will interfere with the free space immediately
above the electrode for current flow. The changing impedance
can be continuously monitored and interpreted to reveal
information about cell spreading. Detailed information of
the principle of ECIS can be found elsewhere (26, 27). The
attachment and spreading of cells attached to the surface of
agold electrode precoated with an extracellular matrix (ECM)
will be affected by the presence of toxic/inhibitory com-
pounds, resulting in a disruption of the current flow at the
substratum level. This technique has been employed for
monitoring the cytotoxic effects of explosives at levels of ppm
(28, 29), heavy metals (30), and nanomaterials including
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quantum dots (31). In addition the technique was capable
of probing the inhibitory effects of closely related compounds
isolated from Antrodia camphorata (32) at micromolar levels
and destruxins from Metarhizium anisopliae (33). In these
instances the inhibition occurred at the level of cell adhesion
and spreading with little effect on the overall growth of the
cells.

This paper describes an online technique based on ECIS
for the continuous assessment of the behavior of insect and
mammalian cells exposed to cylindrospermopsin and mi-
crocystin-LR. The attachment and spreading of the cells will
result in a significant change in the measured impedance.
Exposure of the cells to cylindrospermopsin and microcystin-
LR, if cytotoxic or inhibitory at the substratum level, will lead
to alterations in cell behavior and the resulting chemical
effect can be screened by measuring the impedance change.
To our knowledge, this is the first demonstration for the use
of ECIS to probe the effect of cylindrospermopsin and
microcystin-LR on three different cell lines.

Materials and Methods

Cell Lines and Culture Conditions. Insect Cell Line.
Spodoptera frugiperda Sf9 cells were maintained in 125-mL
disposable Erlenmeyer flasks with a working volume of 20
mL in serum-free SF-900 II medium (Gibco BRL, Canadian
Life Technologies, Burlington, ON, Canada). Cells were
cultured weekly at 0.4 x 10° cells/mL at 27 °C, pH 6.2, with
agitation at 110 rpm. The monitoring of the cell count and
viability by the trypan blue exclusion assay during the growth
was performed with a CEDEX Innovatis cell counter (Bielefeld,
Germany). Sf9 cells, inoculated at an initial cell density of 0.4
x 106 cells/mL, were grown to the midexponential phase
2.5—-3.0 x 108 cells/mL, and the resulting cells were aseptically
centrifuged at 1500 rpm for 4 min. Pellets were thereafter
suspended at a cell concentration of 3 x 10° cells/mL in a
fresh medium.

Chinese Hamster Ovary (CHO) Cell Line. CHO cells were
maintained in 125-mL disposable Erlenmeyer flasks with a
working volume of 20 mL in serum-free Freestyle CHO
Expression medium (Invitrogen, Burlington, ON, Canada).
Cells were subcultured every 2—3 days at 0.2 x 10° or 0.05
x 10 cells/mL, respectively, in a humidified incubator
controlled at 5% CO, and 37 °C, on an orbital shaker platform
set at 120 rpm. Cell counts and viability were monitored,
using trypan blue dye exclusion, with a CEDEX Innovatis cell
counter (Bielefeld, Germany). CHO cells were grown to the
exponential phase 1.0—2.5 x 10° cells/mL. The cell concen-
tration was adjusted to 2 x 105 cells/mL for standard
experiments.

Human Embryo Kidney (HEK) Cell Line. HEK cells were
maintained in 125-mL disposable Erlenmeyer flasks with a
working volume of 20 mL in serum-free F17 medium
(Invitrogen, ON, Canada). Cells were subcultured every 2—3
days at 0.3 x 10° or 0.2 x 10° cells/mL, respectively, in a
humidified incubator controlled at 5% CO, at 37 °C, on an
orbital shaker platform set at 120 rpm. Cell counts and
viability were monitored, using trypan blue dye exclusion,
with a CEDEX Innovatis cell counter (Bielefeld, Germany).
HEK cells were grown to the midexponential phase 1.0—2.0
x 106 cells/mL. The cell population was adjusted to 2 x 105
cells/mL for standard experiments.

Electrode Coating and Cell Addition. Concanavalin A
(Con A, 0.40 mL, 0.5 mg/mL, prepared fresh daily in 50 mM
PBS, pH 7.4 with sonication for 1 h) was added into each of
the 8 wells of a sensing chip (8W1E, Applied Biophysics, Troy,
NY) to coat the detecting gold electrodes for analysis with
insect cells. Similarly, fibronectin (0.1 mg/mL) or laminin
(0.1 mg/mL) was added to the sensing chips for analysis with
HEKand CHO celllines. Con A, fibronectin, or laminin binds
quickly (90% of the change occurs in the first 10 min) to the
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electrode surface. Sensing chips needed to be pretreated with
L-cysteine (10 mM) to remove the build-up of films which
otherwise interfere with the absolute resistance readings.
After protein adsorption (~30—60 min), the wells were washed
3 times with 0.85% NaCl, and 0.4 mL of culture medium was
placed in each well. The impedance baseline was monitored
for 1-2 h at 27 °C in a humidified chamber with the ECIS
impedance system. The wells were emptied, and 0.4 mL of
insect cell suspension (~2—3 x 10° cells/mL, depending on
the cell line) was added into each well. Microcystin-LR
(Abraxis, Warminster, PA) was dissolved in ethanol (~0.5
mL) with sonication to a concentration of 1 mg/mL, while
cylindrospermopsin (Abraxis, Warminster, PA) was dissolved
in water to 1 mg/mL. The toxins were added to insect cell
suspensions (1.5 mL at 3 x 10° cells/mL) at various
concentrations before adding 0.4 mL to 2 or 3 wells to test
for possible inhibitory effects. Different concentrations
including a control with 30 4L of ethanol (for microcystin-LR
experiments) were tested simultaneously. Similarly mam-
malian cells (2 x 10 cells/mL) were added (0.4 mL) to wells
and incubated in a humidified incubator at 37 °C and 5%
CO,.

Impedance Measurement with ECIS. In brief, the system
(model 100, Applied Biophysics, Troy, NY, USA) is equipped
with 16 sample wells (2 chips of 8 wells, each containing a
singly addressable detecting electrode). A common counter
gold electrode (0.2 cm?) is shared by the 8 detecting electrodes
(0.5 x 1073cm?- 250 um diameter), and the two electrodes
(detecting gold electrode and counter gold electrode) of the
well (10-mm square wells -volume ~0.4 mL) are connected
to alock-in amplifier of the ECIS system. Cell behavior should
not be affected if the applied potential is 1 V AC or less
(noninvasive). The impedance of each well was measured
every 2 min at 4 kHz, and the system acquires resistance,
impedance, and capacitance data. However, as larger changes
occurred in the resistance, we have focused on these changes
in this study. Both data acquisition and processing were
performed using software supplied by Applied Biophysics.
The ECISs, value derived from the time response function,
fIC, 1), was calculated as described by Xiao et al (29). For
simplification of plots and calculations, data points at 30 min
intervals were selected from the raw resistance data. The sensing
chip could be temporarily removed (pause function from the
software) from the ECIS system incubator and placed on a
Wilovert AFL 30 inverted microscope (Hund, Germany)
equipped with a digital video camera (KP-D50U, Hitachi, Tokyo,
Japan) to observe the cells during experimentation.

Results and Discussion

ECIS Models Using HEK and CHO Cells. As shown in Figure
1, Sf9 insect cells were not affected by cylindrospermopsin
up to 50 ug/mL (50 ppm) and microcystin-LR up to 20 ug/
mL (20 ppm). Such results were somewhat surprising since
this cell line has been used to probe cytotoxicity and inhibition
ofvarious compounds (28, 32, 33). Therefore, the subsequent
experiments focused on the mammalian cells HEK and CHO,
which have also commonly been used in ECIS toxicity studies.
CHO cells (2 x 10° cells/mL) were tested using gold surfaces
precoated with laminin or fibronectin and compared with
the control. Adhesion was most rapid using fibronectin,
although a latent response was also observed for laminin
(Figure 2). A confluentlayer of cells resulted after a few hours
with fibronectin, whereas with laminin the confluence was
only achieved after 10—15 h, although the resistance changes
were similar. The protein concentration (0.1 mg/mL) used
for precoating was optimal as similar results were obtained
at 0.2 mg/mL. Both proteins could be used as models for
toxin analysis as there could be differences in response to
the toxins due to the difference in cell adhesion. HEK cells
(2 x 108 cells/mL) adhered within 1 h with either a fibronectin
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FIGURE 1. (A) Resistance response () of Spodoptera frugi-
perda Sf3 cells on concanavalin A coated gold electrode
surfaces to various concentrations (xg/mL) of cylindrosper-
mopsin: (a) 0, (b) 5, (c) 6.7, (d) 13.5, (e) 20, (f) 26.7, and (g) 50.
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FIGURE 2. Resistance response () of CHO cells on (a) no
protein coating, (b) fibronectin coated gold electrode surfaces,
and (c) laminin coated gold electrode surfaces.

or laminin coating (figure not shown). The response was
also more stable with laminin as the resistance signal drifted
downward with time for fibronectin coated gold surfaces.

Another important parameter was the cell concentration
which was added to the wells of the sensing chips. Compared
to insect cells with an optimal level at 3 x 10° cells/mL
(28, 32, 33), and V79 mammalian cells from Chinese hamster
lung fibroblast with an optimal level of 1 x 10 cells/mL (31),
the concentration required for forming a confluent layer with
reproducible resistance results for HEK and CHO cells was
found to be 2 x 108 cells/mL with fibronectin coated gold
surfaces. Lower cell concentrations resulted in lower resis-
tance change, and the results were less reproducible.
Microscopic observations also confirmed that fewer cells
attached and spread on the gold surface.

Effect of Cylindrospermopsin on CHO Cells with Lami-
nin-Coated Gold Surfaces. There was no significant effect
at 330 ng/mL (ppb) when cylindrospermopsin was added to
CHO cells anchored on alaminin coated gold surface (Figure
3). However, at 660 ng/mL (ppb) the inhibitory effect was
observed and became pronounced as the concentration
increased to 3.3 ug/mL (3.3 ppm). At very high toxin
concentrations (>6.6 ug/mL or 6.6 ppm), the CHO cells were
severely inhibited after 15 h as the resistance change
approached zero after a slight initial increase. During the
first few hours, the profiles were similar regardless of toxin
concentrations indicating an initial cell attachment. During
the cell spreading phase, the toxin likely interfered with the
process, and at high concentrations resulted in cell delami-
nation from the laminin coated gold surface. At high

FIGURE 3. (A) Resistance response () of CHO cells on laminin
coated gold electrode surfaces to various concentrations (ug/
mL) of cylindrospermopsin: (a) 0, (b) 0.33, (c) 0.66, (d) 1.3, (e) 3.3,
and (f) 6.6.
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FIGURE 4. Microscopic photos of CHO cells on the laminin
coated gold electrode surface after 24 h: (a) without cylindro-
spermopsin and (b) 6.6 xg/mL cylindrospermopsin. Note: The
diameter of the electrode shown in the figures is 250 M.

concentrations of cylindrospermopsin (6.6 ug/mL), cell
morphology had become spherical compared to the control
(Figure 4).

Half-Inhibition Concentration (ECIS;) for Cylindrosper-
mopsin. For the effector cells, the resistance change (AR;)
of the well is dependent on the number (N,) of initial cells
attached on the detecting electrode, the toxicant concentra-
tion (C), and the exposure time (#) as reported by Xiao et al
(29). The resistance change normalized by N, is defined as
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FIGURE 5. (A) Cylindrospermopsin inhibition curves were
obtained for each cylindrospermopsin concentration (Figure 3,
curves a-f) at various exposure times (h): (a) 7.5, (b) 10, (c) 12.5,
(d) 15, (e) 17.5, and (f) 20. The normalized time response
function (y axis), f(C, ), was determined by taking the AR
(Figure 3, curves b-f), i.e., R-R, at different cylindrospermopsin
concentrations and dividing the values by the AR; (~5000 €,
Figure 3, curve a) at f(0, o). (B) Relationship between the
half-inhibition concentration (ECISs;) and exposure time during
cell culture for cylindrospermopsin. The ECISs, value obtained
for cylindrospermopsin was determined for each exposure time
(Figure 5A, curves a-f) by extrapolating the value for the x-axis
from the y-axis (0.5). (Data expressed as SEM, n = 4).

the cell response to the toxicant measured by ECIS, fiC, ?)
= AR,/ N,. For a control with no toxicant, Cis equal to zero,
and fl0, #) increases as the cells spread on the electrode and
reach a plateau. In the presence of toxicant, fiC, 1) after an
initial increase the value decreases and even approaches zero,
indicating total cell death at high toxicant concentrations.
The inhibition concentration required to achieve 50%
inhibition of the cytotoxicity response is defined as the half-
inhibition concentration (ECISs,) or flTECISs, #)/f(0, 1) =50%.

The ECISs, for cylindrospermopsin was calculated from
the data obtained in Figure 3. The time response function
flC, 1) was used to construct a series of inhibition curves at
any given time , (>7.5 h) for the series of cylindrospermopsin
concentrations (0.33—6.6 ug/mL) used in Figure 3. N, for
each well was assumed to be equivalent; therefore, AR did
not have to be adjusted due to different N, values. The time
response function, f{iC, f), was then normalized by simply
taking the AR, i.e.,, R-R, at different cylindrospermopsin
concentrations and dividing the values by the AR at f{0, 7).
The normalized time response function decreased as the
concentration of cylindrospermopsin (>330 ng/mL) increased
for all exposure times considered (Figure 5A). The ECISs, for

6778 m ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 17, 2010

cylindrospermopsin was determined for each exposure time
by extrapolating the value on the cylindrospermopsin
concentration axis when the normalized time response
function was 0.5. Figure 5B shows the relationship between
the half-inhibition concentration and exposure time with
the ECISs, for cylindrospermopsin estimated as ~2 ug/mL
after 20 h of exposure. The average and standard error on the
mean (SEM) were given for four runs. The ppm («M) detection
range observed with cylindrospermopsin was similar to that
obtained for other toxins also using the ECIS technique
(28—33). It should be noted that the detection range is similar
(ppm) for cyanobacteria toxins such as microcystins using
standard HPLC techniques (34, 35). Water samples generally
contain very low levels of cyanobacteria toxins (ppb range);
therefore, large samples (6 L) should be concentrated utilizing
C3 solid phase extraction designs to obtain concentrations
suitable for HPLC analysis or techniques such as ECIS (36).
In principle, a preconcentration factor of a 1000-fold is
feasible provided the availability of large sample volumes.
Alternatively, some enzyme-linked immunosorbent assays
(ELISA) or fluorescent immunochromatography techniques
have been developed to measure the water samples directly
in the ppb range (36—38). In addition changing the cell line
used for ECIS testing may also be a possibility for improving
sensitivity. Since cylindrospermopsin is a potent hepatotoxin,
a hepatic cell line such as rat hepatic stellate cells could be
an alternative choice.

Effect of Cylindrospermopsin on CHO Cells with Fi-
bronectin-Coated Gold Surfaces. Cylindrospermopsin added
with CHO cells to fibronectin coated gold surfaces did not
provoke any significant inhibitory effect atlow concentrations
(below 1.32 ug/mL). However, inhibition was observed at
3.30 ug/mL (3.3 ppm) and became pronounced as the
concentration increased to 13.2 ug/mL (figure not shown).
Atvery high toxin concentrations (>13.2 ug/mL or 13.2 ppm)
and after 15 h of exposure, the resistance change approached
zero after a slight initial increase. Such behavior indicated
the CHO cells were severely inhibited. It should be noted
that for laminin coated gold surfaces, during the first few
hours the profiles were similar regardless of toxin concen-
trations. As observed microscopically, at high cylindrosper-
mopsin concentrations (13.2 ug/mL), the cell shape had
become spherical compared to the control.

Half-Inhibition Concentration (ECIS;() for Cylindrosper-
mopsin. Similar to the case of laminin coated gold surfaces,
the ECISs; for cylindrospermopsin was calculated from the
data obtained using fibronectin coated gold surfaces. The
time response function f{C, #) was used to construct a series
of inhibition curves at any given time f, (>7.5 h) for the series
of toxin concentrations (3.3—20 ug/mL). The normalized time
response function decreased as expected as the toxin
concentration (>3.3 ug/mlL) increased for all exposure times
considered. The relationship between the half-inhibition
concentration and exposure time, indicating that the ECISs
for cylindrospermopsin was ~4 ug/mL after 30 h of exposure.
The ECISs;, value for cylindrospermopsin was higher (6 ug/
mL at 20 h) using fibronectin coated gold surfaces, compared
tolaminin (2 ug/mL at 20 h) coated surfaces. It was reasoned
that the toxin was likely able to penetrate the cells easier
when they were not well spread on the electrode surface,
since the spreading phenomenon seems slower when laminin
was used as ECM for cell adhesion and spreading. Therefore
the ECIS technique was more sensitive to cytotoxic effects
of cylindrospermopsin using a laminin coated gold electrode
compared to a fibronectin coated electrode although the
fibronectin coated surface provided a more rapid cell
adherence and increase in resistance.

Viability studies confirmed the cytotoxic effect of cylin-
drospermopsin on CHO cells. CHO cells (1.5 x 10° cells/mL)
were grown in the presence of 2 ug/mL and 20 ug/mL of
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FIGURE 6. (A) Resistance response (€2) of CHO cells on laminin
coated gold electrode surfaces to various concentrations (ug/
mL) of microcystin-LR: (a) 0, (b) 8.3, (c) 13.3, (d) 20, and (e) 25.

cylindrospermopsin. After 6.5 h of exposure, there was little
effectat 2 ug/mL; however, at 20 ug/mL the viability declined
noticeably. Consistent with the ECIS results of Figure 3, only
amodest effect at toxin concentrations below 3.3 ug/mL was
observed after 5—7 h of exposure. Higher concentrations (6.6
ug/mlL) trigged the cytotoxic effect, and after 24 h of exposure
to 20 ug/mL cylindrospermopsin, the viability of the cells
dropped to 83%. Cell growth was severely inhibited as the
cell density declined substantially to 42% (1.55 x 106 cells/
mL) and 29% (1.06 x 10° cells/mL) at 2 ug/mL and 20 ug/mL
of cylindrospermopsin, respectively, when compared to the
control (3.66 x 10° cells/mL).

Effect of Cylindrospermopsin on HEK Cells with Lami-
nin-Coated Gold Surfaces. Cylindrospermopsin exhibited
no significant inhibitory effect on HEK cells adhered to
laminin coated gold surfaces (figure not shown). Similar to
the results with Sf9 insect cells (Figure 1), at concentrations
as high as 20 ug/mL (20 ppm) there was no significant
difference compared to the control wells. The results obtained
using HEK cells was not as reproducible as with CHO cells
due to the drift of the signal response. Viability assays
indicated a toxic effect of cylindrospermopsin on HEK cells.
HEK cells (1.73 x 106 cells/mL) were grown in the presence
of 2 ug/mL and 20 ug/mL of cylindrospermopsin. After 6.5 h
there was little effect at either concentration (viability >94%
and similar cell densities); however, after 24 of exposure an
effect was obvious, as the cell density decreased to 86% (2.88
x 108 cells/mL) at 2 ug/mL and 63% (2.11 x 10° cells/mL)
at 20 ug/mL compared to the control (3.35 x 10° cells/mL).
The inhibitory effect of cylindrospermopsin was more
significant with CHO cells compared to HEK cells. Therefore,
ECIS with CHO cells adhered to laminin coating would be
most suitable for testing the effect of cylindrospermopsin.

Effect of Microcystin-LR on CHO Cells with Laminin-
Coated Gold Surfaces. The effect of ethanol was first tested
for CHO cells since hydrophobic microcystin-LR was dis-
solved in ethanol. Ethanol exhibited a detrimental impact
on the response signal at a concentration of 2%; however,
at 0.5% the effect was not significant. Other solvents including
dimethylsulfoxide also exhibited similar inhibition patterns.
Microcystin-LR was dissolved in ethanol as a stock concen-
tration of 5 mg/mL and diluted in the culture buffer for testing.
Up to 25 ug/mlL, the ethanol level was very low and should
not have any effect on CHO cells. Microcystin-LR added with
CHO cells to laminin coated gold surfaces resulted in an
inhibitory effect as shown in Figure 6. Below 5 ug/mL there
was no significant effect; however, by 8.3 ug/mL (8.3 ppm)
inhibition was observed and became pronounced as the
concentration increased to 25 ug/mL (25 ppm). During the
first few hours, the profiles were similar regardless of
microcystin-LR concentration confirming an initial cell
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FIGURE 7. (A) Microcystin-LR inhibition curves were obtained
for each microcystin-LR concentration (Figure 6, curves a-e) at
various exposure times (h): (a) 10, (b) 12.5, (c) 15, (d) 17.5, (e) 20,
(f) 225, and (g) 25. The normalized time response function (y
axis), fIC, 1), was determined by taking the AR, (Figure 6,
curves b-e), i.e., R-R, at different microcystin-LR concentrations
and dividing the values by the AR (~4000 L, Figure 6, curve a)
at 0, 1. (B) Relationship between the half-inhibition con-
centration (ECISs) and exposure time during cell culture for
microcystin-LR. The ECIS; value obtained for cylindrosper-
mopsin was determined for each exposure time (Figure 7A,
curves a-g) by extrapolating the value for the x-axis from the
y-axis (0.5). (Data expressed as SEM, n = 4).

attachment to the electrode. During the cell spreading phase,
the microcystin-LR likely interfered with the process, and at
very high concentrations the cells might be actually delami-
nated from the laminin coated gold surface.
Half-Inhibition Concentration (ECISs5,) for Microcystin-
LR. The ECISs for microcystin-LR was calculated from the
data obtained in Figure 6 using laminin coated gold surfaces.
The time response function flC, #) was used to construct a
series of inhibition curves at any given time ¢, (>10 h) for the
series of microcystin-LR concentrations (8.3—25 ug/mL) used
in Figure 6. The normalized time response function decreased
as the cylindrospermopsin concentration (>8.3 ug/mL)
increased for all exposure times considered (Figure 7A). Figure
7B shows the relationship between the half-inhibition
concentration and exposure time, and the ECISs5, for mi-
crocystin-LR was estimated as ~12 ug/mL after 25 h of
exposure. The average and standard error on the mean (SEM)
were given for four runs. The ECIS;, value for microcystin-
LR was higher (12 ug/mL at 25 h) for laminin coated gold
surfaces compared to the cylindrospermopsin using laminin
(2 ug/mL at 20 h-Figure 5B) and fibronectin (4 ug/mL at
30 h) coated surfaces. Such behavior indicated that this toxin
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was not able to penetrate the cells as easily as cylindrosper-
mopsin. This result was not surprising as reports have
indicated that cultured cell lines do not actively take up
microcystins (39). However, CHO cells genetically engineered
to express the organic anion transporting polypeptide
(OATP1B3) have been used in conjunction with a cell
electronic sensing system (RT-CES) to measure a cytotoxic
response to microcystins (40). In brief, cells are seeded into
the plastic wells of the sensor device with 9 mm well-to-well
spacing with the electronic sensors covering about 80% of
the bottom surface area in each well. This impedance system
is more complex and requires cells to be adhered first for
24 h before a potentially cytotoxic compound is added.
Therefore, it is time-consuming and tedious for cell counting
and cell viability assays since the number of adhered cells
could be up to 18000 (41). In our system, small detection
electrodes, about <0.063% of the well bottom surface area,
only monitor the small percentage of the cells that adhere
to the electrode (32). Thus, potential inhibitors/cytotoxins
are added simultaneously with the cells, and the effects are
noted immediately within a few hours. The detection
sensitivity of our system is below microohm (42); therefore,
the system can easily follow the behavior of one single cell
(20—30 ohm cell).

Viability studies confirmed that there was little cytotoxic
effect of microcystin-LR on CHO cells grown in the presence
of 5 ug/mL and 25 ug/mL of microcystin-LR. After 33 h of
exposure, the viability cell count at 2 ug/mL and 25 ug/mL
was 99.7 and 99.2%, respectively. However, there was an
effect on the CHO cell growth (total cell density) as at 2 ug/
mL and 25 ug/mL the cell concentrations were 95 and 74%
of the controls (containing just ethanol), respectively. This
was consistent with the ECIS results of Figure 6, i.e., very
modest effect at microcystin-LR concentrations below 8.3
ug/mL after 25 h, whereas at higher concentrations (25 ug/
mL) the inhibition effect was observed. These inhibitory
effects of microcystin-LR were similar to those reported for
Antrodia camphorata isolates and destruxins from Metar-
hizium anisophliae (32, 33).

In summary, ECIS was capable of probing and quantifying
the effect of two popular cyanobacterial toxins using three
different cell lines. The tolerance of Spodoptera frugiperda
S/9 cells to these toxins was surprisingly high; therefore, the
insect cell might not be the best model for testing the
cytotoxic/inhibitory effect of cyanobacterial toxins. Cylin-
drospermopsin exhibited significant cytotoxicity on CHO cells
but not on HEK cells. The effect of microcystin-LR on CHO
cells probed by ECIS was inhibitory rather than cytotoxic, as
confirmed by cell viability assays. Such results attested that
CHO cells could be the best model for testing cytotoxicity or
inhibition of cyanobacterial toxins.
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