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Abstract Microcystins (MCs), a group of cyclic heptapep-
tides produced by common cyanobacteria (blue green algae),
cause both acute and chronic toxicity. Due to their toxicity,
constant monitoring in drinking water, recreational waters as
well as other potential exposure through ingestion of
contaminated sea food, is very important. In this context,
an immunochromatographic test (ICT) using a monoclonal
antibody labeled with fluorescent liposomes (immunolipo-
somes) as tracer was developed, allowing a rapid and simple
detection of a large number of MC and nodularin variants in
field samples. The present ICT using immunoliposomes
proved to be ten times more sensitive than the ICT using
colloidal gold for labeling. To achieve quantitative measure-
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ment, this [CT was improved by including a stable signal on
the control band allowing the expression of the results as a
ratio of the fluorescence signals of the specific band versus the
control band (SB/CB). Very low concentrations of MC-LR
were detected in the analysis buffer (0.06 ng/ml), well below
the guideline value of 1 ng/ml proposed by the World Health
Organization (WHO), with a dynamic range from 0.06 to
1.5 ng/ml of MC-LR. This method was also validated using a
hand-held commercial fluorometer (from ESE®), providing
the same performances obtained via the analysis station (from
Kodak®) used in our laboratory. Repeatability tests performed
with both devices showed good accuracy (CV<13%).
Furthermore, quantification of MCs in natural samples (water
bloom and Microcystis culture) was achieved using ICT,
leading to similar results obtained via an EIA previously
described. All these results demonstrate that this new
fluorescent ICT could be used not only as a sensitive
detection tool but also to quantify MCs in field samples.

Keywords Microcystins - Nodularins - Monoclonal
antibody - Immunoliposomes - Immunochromatographic
test - Enzyme immunoassay

Abbreviations

ICT immunochromatographic test
EIA  enzyme immunoassay

MCs microcystins

CR  cross-reactivity

Introduction

Massive water blooms of cyanobacteria occur in many
freshwater lakes, slow-running rivers, and shallow coastal
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water due to anthropogenic eutrophication. In case of
excessive growth (such as bloom), these bacteria can
produce inherent toxins in quantities causing toxicity for
humans and animals. The toxins of cyanobacteria are a very
diverse group of compounds with variable toxicological
characteristics [1]. The most widely spread and the most
often reported toxins are hepatoxic cyclic oligopeptides—
microcystins and nodularins. Microcystins (MCs) are cyclic
heptapeptide cyanotoxins produced by members of several
cyanobacteria genera (there are more than 60 variants)
including Microcystins, Anabaena, Nostoc, and Planktothrix.
Nodularins are cyclic pentapeptides produced by Nodularia
spumigena [2, 3]. MCs contain five invariant amino acids as
well as two variant amino acids at positions 2 (X) and 4 (Z).
The toxins are named according to these two variable
L-amino acids (see Fig. 1 for structure). One of the invariant
amino acids is a unique 3 amino acid, common to all MCs and
nodularins, abbreviated as Adda (3-amino-9-methoxy-2,6,
8-trimethyl-10-phenyldeca-4,6-dienoic acid; Fig. 1). The
toxicity of these cyanobacteria is mostly attributed to the
Adda group. They act by inhibiting several eukaryotic
protein phosphatases which are essential for many cell
regulatory processes such as growth, protein synthesis,
glycogen metabolism, and muscle contraction [4, 5]. Acute
exposure to these toxins leads to severe and sometimes lethal
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liver damage [6]. In addition, long-term exposure to low
concentrations of MCs appears also to be involved in tumor
promotion [7]. Since cyanobacteria can occur in drinking
water reservoirs and recreational lakes, further inducing
severe health problems, the development of fast and accurate
analytical methods to detect MCs is required. On the basis of
toxicity data, the World Health Organization (WHO) has set
a provisional guideline value of 1pug/L for MC-LR (1 pmol/
ml), the most commonly occurring MC, in drinking water
(free and cell-bound MCs). Several methods have been
developed through the years, including animal bioassays [8],
protein phosphatase-inhibition assay [9], HPLC methods
combined with UV detection [10], mass spectrometry
LC/MS [11, 12], and ELISA tests using a monoclonal or
polyclonal antibody [13—16]. Even though each of these
detection methods presents its own advantages, their main
drawback remains the time-consuming procedures, extensive
sample processing prior to analysis, expensive equipment,
and the need for qualified experts. One of the current trends
for developing an onsite toxin test based on immunodetection
relies on the immunochromatographic test (ICT) because of
its low cost, simplicity, and rapid screening capacity. A
colorimetric ICT using colloidal gold as a tracer recently
developed by Pyo et al. [17] can detect 1 ng/ml of MC-LR.
Kim et al. [18] previously developed a fluorescent ICT using

Nodularins
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MC-LA | Leucine Alanine Har-nodularin Homo-Arginine
MC-YR | Tyrosine | Arginine
Adda analogue
Tracer MC-LR/AChE
analyte 1C50% LOD CR%
(fmol/ml) (fmol/ml) | (fmol/ml)
MC-LR 133.1 41.3 100
MC-YR 149.4 44.5 89
MC-LA 175 58 76
Nodularine 148.1 43 90
Ge 300 Har-Nodularine 116 33.5 114
GC300 248.8 72 67

Fig. 1 Structures of the microcystins, nodularins, and Adda analog used in this study. /nsert: evaluation of the specificity of the mAb MC178 via

EIA using MC-LR-AChE tracer
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a fluorophore-labeled antibody as a tracer, providing a
sensitivity close to 0.05 ng/ml of MC-LR.

In the present study, immunoliposomes encapsulating
SulfoRhodamine B (SRB) were prepared to develop a
sensitive fluorescent strip assay using a monoclonal
antibody of broad specificity for detecting various MCs
and nodularins. To apply this test to field samples, an
easy-to-use and portable fluorometer allowing reading of
the strips was also evaluated. Environmental and cyano-
bacterial culture samples were successfully analyzed via
this ICT and the results were further confirmed using a
sensitive competitive enzyme immunoassay (EIA) and
LC-MS/MS.

Materials and methods
Reagents

Unless otherwise mentioned, all chemicals were from
Sigma, (Saint Louis, MO, USA). Sephadex G25 was from
GE Healthcare Bio-Sciences Corporation (Piscataway, NJ,
USA). The nitrocellulose membranes (Prima 40), the
sample, and absorbent pads (standard 14 and Cellulose
grade 470, respectively) were from Whatman (Dassel,
Germany).

Microcytins (MCs) were from Sigma. Synthetic Adda
analog GC-300 was kindly provided by Prof Renard
(Université de Rouen, IRCOF, France). Nodularin and
Har-nodularin were purified by HPLC from Nodularia
culture (Pasteur Collection, PCC 7804) and characterized
by mass spectrometry.

MCs containing samples (standard or analogs, bloom
samples or cell cultures) require handling precautions, due
to the toxicity of MCs. Appropriate laboratory attire should
be worn, including a lab coat, gloves, and safety glasses.
MC-contaminated materials were inactivated by immersion
in bleach solution for 24 h.

The production and selection of monoclonal anti-
microcystin MC178 mAD used for this study were described
previously [19].

Preparation of MC-LR-coupled BSA

H,oN-MC-LR was prepared according to the procedure of
Moorhead et al. [20]. H,N-MC-LR was conjugated to
N-succinimidyl S-acetylthioacetic acid (SATA) and coupled
to BSA using N-succinimidyl-4-(N-maleimidomethyl)-
cyclohexane-1-carboxylate (SMCC) in a molar ratio SH/
maleimide = 4 as previously described (Khreich et al. [19]).
MC-LR-coupled BSA was purified using a G25 Sephadex
column with sodium phosphate buffer 0.1 M pH 7.4+
0.15 M NaCl (PBS). The absorbance of the collected

fractions was measured at 280 nm. The concentration of
MC-LR-coupled BSA was evaluated using a BCA protein
assay Kkit.

Preparation of Adda-coupled BSA

The analog of Adda named GC 300 (MW 331.46; see Fig. 1)
was conjugated to N-succinimidyl S-acetylthiopropionic acid
(SATP) via its NH, function and purified using a chromolith
performance RP 18E (100-4.6 mm) column (Merck) as
already detailed in Khreich et al. [19]. Collected fractions
containing GC300-SATP were then pooled. After reaction
with N-hydroxylamine to generate a free thiol function,
G300-SH was coupled to BSA, previously reacted with
SMCC, using a molar ratio GC300-SH/BSA-SMCC=50 for
3 h at 20°C with rotation. The mixture was purified by sieve
molecular chromatography using a Sephadex G25 column
allowing the separation of unreacted BSA-SMCC. The
concentration of the adduct GC 300-BSA was evaluated
using a BCA protein assay Kkit.

Labeling of anti-MC mAb and goat anti-rabbit
immunoglobulin antibodies

Labeling of antibodies using either liposomes encapsulating
SulfoRhodamine B (SRB) or colloidal gold particles uses
previously described protocols [21]. Briefly, the colloidal
gold solution was prepared by adding 4 ml of gold chloride
and 1 ml of 1% sodium citrate solution to 40 ml of boiling
water with constant shaking. After the appearance of a
purple color, the preparation was allowed to cool to 20°C
and stored at 4°C in the dark. 25pg of anti-MC mAb were
added to 1 ml of colloidal gold solution before mixing with
100 ul of 20 mM Borax buffer pH 9.3. The reaction mixture
was incubated for 1 h at 20°C leading to the ionic
adsorption of the antibodies on the surface of the colloidal
gold particles. 100pul of 20 mM Borax buffer pH 9.3
containing 1% BSA was then added and the mixture was
centrifuged at 15,000xg for 50 min at 20°C. The
supernatant was discarded and the pellet was suspended
in 250ul 2 mM Borax buffer pH 9.3 containing 1%
BSA, sonicated for a few seconds and stored at 4°C in
the dark.

The preparation of antibodies labeled with liposome
encapsulating SRB involves first the preparation of the
liposomes. These liposomes were prepared via a reversed-
phase evaporation method [22, 23], using a lipid mixture of
dipalmitoylphosphatidylcholine, cholesterol, dipalmitoylphos-
phatidylglycerol, and dipalmitoylphosphatidylethanolamine
(5/5/0.5/0.25; molar ratio). One hundred micromoles of the
lipid mixture were first dissolved in 10 ml of a solvent
mixture of chloroform, isopropyl ether, and methanol (6/6/1;
viv/v), followed by a 1-min sonication at 45°C under nitrogen
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before adding 1.5 ml of 150 mM SRB in 0.1 M potassium
phosphate buffer pH 7.4. After sonication of the solution for
6 min at 45°C under nitrogen, the organic solvents were
removed at 45°C using a rotary vacuum evaporator, resulting
in a dark purple suspension of liposomes. Three milliliters of
SRB solution were then added before 5 min sonication at
45°C wunder nitrogen. The liposome preparation was
incubated in a 45°C water bath for 30 min before
extrusion through polycarbonate filters of decreasing
pore size (three times through a 1.2-um polycarbonate
filter (isoporeTM membrane, Millipore, Billerica, USA)
followed by three times through a 0.4-um filter).The
resulting lipid dispersion is a homogenous formulation of
vesicles whose mean diameter reflects the theoretical
pore size of the last used filter. This solution (liposome
diameter close to 0.4 um) was centrifuged at 45,000 rpm
for 30 min at 4°C (Optima L-90 K Ultracentrifuge,
Beckman Coulter, Fullerton, CA, USA). The resulting
pellet was suspended in PBS (0.1 M potassium phos-
phate buffer pH 7.4+NaCl 0.15 M) before performing
size exclusion chromatography using a Sephadex G 25
column to remove any residual non-encapsulated dye.
The liposome solution was centrifuged again to eliminate
the excess buffer. The pellet was finally resuspended in
2 ml of PBS and stored at 4°C in the dark.

Then the liposomes were derivated with SATP. Seventeen
microliters of SATP (10 mg/ml in DMF) were added to 300
ul of SRB-encapsulated liposomes for 1 h reaction at 20°C.
After stopping the reaction with 150ul of 1 M Tris/HCI
buffer pH 9 for 15 min, purification was achieved via a
Sephadex G25 column eluted with PBS, followed by a
centrifugation at 45,000 rpm for 30 min at 4°C. The pellet
of SATP-liposomes was suspended in 225 ul of PBS and the
thiol groups were further deprotected by adding 25ul of
1 M hydroxylamine at pH 7.

Before their conjugation with the liposomes, the MC178
mADb needs to be derivated with SMCC. To 2 mg of MC178
mAb were added a 20-molar excess of SMCC (~9ul of a
10 mg/ml solution in DMF) for 1 h reaction at 20°C. After
stopping the reaction with 150ul of 1 M Tris/HCI buffer pH
8, the maleimido-mAbs were purified via size exclusion
chromatography using a Sephadex G25 column eluted with
PBS and monitored at 280 nm. The covalent coupling of
thiolated liposomes to maleimido mAb was achieved by
reacting 500pg of SMCC-mAb with the solution of
thiolated liposomes for 18 h at 4°C with agitation in the
dark. The liposome-labeled antibodies were separated from
unconjugated mAb via size exclusion chromatography
using a Sepharose CL-4B column eluted with PBS. The
liposome-mAb conjugates were collected and centrifuged at
45,000 rpm for 30 min at 4°C. The pellet was then
dissolved in 500ul of PBS containing 0.01% NaNj and
stored at 4°C in the dark.
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Preparation of the strips

The strip (0.5 cm width; 4.5 cm length), includes three
components stuck to a backing card (sold with the
nitrocellulose membrane) (a) a sample pad (0.5 cm length),
(b) a nitrocellulose membrane (2.5 cm length), and (c) an
absorption pad (1.5 cm length,). The detection zone consists
of a test line (to detect MCs) and a control line (to verify that
the test works properly). During initial experiments, this
detection zone involved goat anti-mouse antibodies immo-
bilized as control line and MC-LR conjugated BSA as test
line (500pg/ml and Spg/ml in 10 mM sodium phosphate
buffer pH 7.4 containing 0.15 M NaCl, respectively), both
dispensed at 1pl/cm using an automatic dispenser (BioDot
Airjet XYZ 3050, Irvine CA, USA). The final improved
format of the strips involves rabbit antibodies immobilized
as control line and GC300-BSA as test line, both at 10pug/ml
in 10 mM sodium phosphate buffer pH 7.4 containing
0.15 M NaCl. After drying for 1 h at 40°C in an air oven,
the membranes are treated with a blocking solution (10 mM
potassium buffer containing 0.15 M NaCl and 0.5% BSA)
for 30 min at 20°C. After three washes for 1 min each in
ultra-pure water, the membranes were incubated for 20 min
at 20°C in 10 mM potassium buffer containing 0.15 M NaCl
and 0.1% Tween 20. Then, the membranes were dried for
15 min at 40°C before sticking the absorption and sample
pads to the top and the bottom of the membranes,
respectively. The membranes were finally cut into strips
of 5 mm width using an automatic programmable cutter
(Guillotine Cutting (CM4000), BioDot, Irvine, CA,
USA).

The ICT

To allow the assay and parallel measurement of a large
number of samples, 96-well microtiter plates were used for
support. The assay was performed at room temperature in
a total volume of 110ul/well (100 ul of the sample with 10
pul of colloidal gold or immunoliposome-conjugated
MC178 or of a mix (v/v) of two tracers MC178 and goat
anti-rabbit conjugated immunoliposomes for the final
improved format of the test). Unless otherwise stated, all
dilutions of tracers or samples were performed in the
analysis buffer (0.1 M potassium phosphate buffer pH 7.4
containing 0.1% BSA, 0.15 M NaCl, 0.01% NaNs3, and
0.5% Tween 20). After a 10-min reaction of the mixture
with shaking at 20°C in the dark, the strip was inserted
into the well. The capillary migration from the bottom end
of the sample pad to the absorption pad (cellulose pad) in
the upper position lasts about 15 min. At the end, the
absorption and the sample pad were removed and the strip
was dried for 5 min at 40°C in an air oven before
fluorescence signal measurement.
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Measurement method

The signal intensity of the test and control lines were
qualitatively estimated when using colloidal gold and
quantitatively measured for fluorescence for 1 min using a
2000MM Kodak Image Station (Carestream Molecular
Imaging, New Haven CT, USA) set up at 535 nm and
600 nm for the excitation and emission, respectively. The
strip pictures obtained were further analyzed using IMAGE
J software (Java image processing program) to quantify the
fluorescence signal (Rasband, W.S., IMAGE J, U.S.
National Institutes of Health, Bethesda, MD, USA, http://
rsb.info.nih.gov/ij/, 1997-2006). For the field application, a
hand-held fluorometer from Embedded System Engineering
(ESE, Stockach, Germany) set up at 520 and 600 nm for
excitation and emission, respectively, was used to read the
strips. The strip was placed in a plastic cassette designed to
fit the holder of the reader and was read individually.
Results obtained with the two readers were analyzed and
compared for validation of the portable reader for the field
measurement.

Standard curve in buffer

For fluorescence detection, the tracers, i.e., MC178 mAb
and goat anti-rabbit antibodies conjugated to liposomes,
were diluted 1/500 and 1/1,000, respectively. Serial
dilutions of MC-LR (2-0.03 ng/ml) were prepared before
analyzing in triplicate using the ICT while the nonspecific
binding (buffer alone devoid of MC-LR) was evaluated on
eight strips.

After fluorescence measurement on the Kodak station
and signal quantification using IMAGE J software, the
standard curve was obtained by plotting the MC-LR
concentrations (logarithmic scale) versus the ratio SB/
CB, corresponding to the fluorescence measured for the
specific band (SB, on the test line) and the control band
(CB). These fluorescence values were calculated as the
average of the fluorescence intensity (total fluorescence
intensity divided by the area of the band using the same
area value for the specific and control band) after
background subtraction.

When using the ESE fluorometer, the standard curve was
also obtained by plotting the MC-LR concentrations against
the fluorescence ratio SB/CB, values corresponding to the
fluorescence intensity of the specific and control bands.

In both cases, a nonlinear regression (4 parameters
function ¥ = minimal signal + (maximal signal — minimal
signal) /1 4 10(10€IC50-X)value of the slope) yag ysed to calou-
late the limit of detection (LOD) defined as the lowest
concentration of MC-LR producing a signal corresponding
to the mean of the eight SB/CB ratios of the negative
control (0 ng/ml of MC-LR) minus 3 SD.

Repeatability test

The inter-assay variations (on the same day) were evaluated
to assess the precision and the accuracy of the method by
using eight strips, from the same production batch, for each
concentration of MC-LR (1; 0.5; 0.25; 0.125; 0.065, and
0 ng/ml in the analysis buffer). For each concentration, the
coefficient of variation (CV) and mean were calculated for
CB signal, SB/CB ratio and measured concentrations. This
study was performed using the Kodak station and the ESE
fluorometer.

Competitive enzyme immunoassay

EIA was performed using 96-well microtiter plates coated
with goat anti-mouse immunoglobulin antibodies (5 pg/ml),
anti-MC mAb MCI159 and acetylcholinesterase-labeled
MC-LR as previously described [19].

Detection of MCs in true samples

Samples of cyanobacteria blooms were collected from the
lake of Villerest (France). Samples of Microcystis culture
were from the Pasteur collection (PCC 7820). MCs were
extracted and purified from lyophilized samples as previ-
ously described in Khreich et al [19]. After extraction, 1 ml
of the whole extract (dissolved in 2 ml of ultra-pure H,O
containing 0.1% formic acid and 10% of ACN) was
dispatched in a tube containing 1 ml of lyophilized analysis
buffer (for the ICT test) or 1 ml of lyophilized EIA buffer
(0.1 M potassium phosphate buffer pH 7.4 containing 0.1%
BSA, 0.15 M NaCl, and 0.01% NaN3) for the competitive
enzyme immunoassay. Serial dilutions of the whole extract
(10_1, 10_2, 10_3, 10_4, and 107 in the corresponding
buffer) were prepared and analyzed by ICT and EIA. For
both methods, MC concentration was calculated using a
standard curve included in the experiment (see above).
Each concentration was tested in duplicate and the negative
control (0 ng/ml) in quadruplicate.

Results

Development, characterization, and optimization
of the fluorescent ICT

Preliminary experiments for selecting the anti-MC mAb

For a rapid method allowing efficient detection of MCs in
water, antibodies presenting both high affinity and broad
specificity were required. The first set of experiments,
performed with the initial ICT format (see the ‘“Materials
and methods” section) involved different colloidal gold
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tracers, prepared with previously characterized monoclonal
antibodies with such properties [19]. Among the different
monoclonal antibodies evaluated, MC178 mAb gave the best
results. When analyzing its characteristics as shown by EIA
experiment using MC-LR labeled with acetylcholinesterase
as tracer, MC178 strongly recognized MC-LA, MC-YR,
nodularin, and Har-nodularin (CR%>76) and also Adda
analog GC300 (CR>67%; see Fig. 1).

Comparison of the performance of colloidal gold
and immunoliposomes in the ICT

Since colloidal gold is considered as reference for ICT,
MC178 mAb was labeled with both liposomes and
colloidal gold to make a comparison. Serial dilutions of
MC-LR were tested by the ICT (initial format) using both
MCI178 tracers (1/500 and 1/30 dilution for immunolipo-
somes and colloidal gold, respectively). For the colloidal
gold tracer, the colorimetric signal intensity of the test and
control lines was qualitatively eye-estimated, while for the
immunoliposome tracer, the fluorescent signal intensity was
measured using the Kodak station. As expected, since this
ICT works in a competitive format, the signal obtained is
inversely correlated with the concentration of MC-LR
present in the sample. For gold ICT (Fig. 2b), the first
concentration giving a lower signal than the signal of the
negative sample was 0.8 ng/ml, while the signal for 0.2 and
0.4 ng/ml concentrations were not significantly different.
When analyzing the fluorescent signal (Fig. 2a), 0.09 ng/ml
showed a strong difference with the negative sample.

a

0 009 019 038 0.75 1.5

3 MC-LR ng/ml

B D |

0 02 04 08 16 31 62 125

MC-LR ng/ml

Fig. 2 Comparison of the performance of the two tracers in the ICT in
detecting MC-LR: MC178 conjugated immunoliposomes (a picture
obtained with Kodak station) and the MC178 conjugated colloidal
gold (b image obtained with scanner). A serial dilution of MC-LR was
prepared in the analysis buffer in each case. The strip format includes
goat anti-mouse antibodies and MC-LR-BSA on the control and test
line, respectively

@ Springer

Quantification of the fluorescence with IMAGE J software
showed that immunoliposomes allowed the detection of
MC-LR within a large range of concentrations from 0.09 to
1.5 ng/ml. When comparing the signal for the MC-LR
samples versus the negative sample, a tenfold increase in
sensitivity was observed for the immunoliposome tracer
(0.09 ng/ml for the immunoliposomes versus 0.8 ng/ml for
colloidal gold).

Optimization of the ICT
Standard curve

During early experiments using the initial format of ICT,
the signal on the control line was related to the remaining
tracer, i.e., not bound on the test line, which was further
captured by the goat anti-mouse antibodies. Consequently,
the signal observed for the control line may vary and
depend on the analyte concentration. To obtain a stable
signal of the control line acting as an internal standard
independent of the analyte concentration, the corresponding
goat anti-mouse immunoglobulin antibodies were replaced
by rabbit polyclonal antibodies, while a new tracer, consisting
of liposomes conjugated with goat anti-rabbit antibodies, was
added and mixed with labeled MC178 mAb.

In this new improved format of ICT, competition occurs
on the test line for the MC178 tracer binding between the
analyte present in the sample and coated MC-LR-BSA,
while the other tracer (liposomes conjugated to goat
anti-rabbit antibodies) reacts with the rabbit antibodies of
the control line. The intensity of the signal of the control
band (CB) is thus independent of the MC concentration in
the sample and remains stable. Since the fluorescent signal
on the specific band (SB) is inversely proportional to the
concentration of MCs present in the sample, the ratio SB/
CB decreases when the concentration of MCs increases and
presents a maximal value in the absence of MCs (for
negative control). To achieve a large working range
allowing easy calculations, the maximal value of SB/CB
was set as above 1 by using an MC178 mAb tracer excess
as compared with the goat anti-rabbit antibody tracer.

Since GC300 appears quite well recognized by MC178
mAD as shown by EIA experiments (see Fig. 1), the adduct
GC300-BSA should be considered as an alternative for
MC-LR-BSA initially used on the test line. Due to its
chemical structure, GC 300 is easier to conjugate than
MC-LR and could be obtained in large amount by synthesis.
The sensitivity of the ICT using either GC300-BSA or
MC-LR-BSA immobilized on the test line was evaluated by
testing serial dilutions of MC-LR (2-0.03 ng/ml). After
fluorescence measurement and analysis via IMAGE J
software, two sigmoid curves showing a similar pattern
were obtained as shown in Fig. 3. The sensitivity of the ICT
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1.50 -~ GC300/BSA
: MC-LR/BSA

SB/CB

0.754

0.50

MC-LR (ng/ml)

Fig. 3 Standard curves of MC-LR obtained with the tracer MC178
conjugated immunoliposomes using ICT with either MC-LR-BSA
(filled square)or GC 300-BSA (filled circle) on the test line. LOD
obtained with MC-LR was 0.06 and 0.09 ng/ml for GC300-BSA and
MC-LR-BSA, respectively (fluorescence measurement performed for
1 min on the Kodak station). Each concentration was tested in
triplicate and the negative control was evaluated on eight strips

using GC300-BSA appears to be slightly improved when
compared with MC-LR-BSA, providing a LOD of 0.06 and
0.09 ng/ml, respectively. Hence, the combination of immu-
noliposome tracers with GC300-BSA and rabbit antibodies
on the test and control line, respectively, allowed detection of
MCs at very low concentrations, far below the guideline
value of 1 ng/ml proposed by the WHO. This ICT method
thus seems perfectly suitable for routine monitoring of
drinking water.

Furthermore, MCs could be quantified within a large
analytical range from 0.06 to 1 ng/ml, values corresponding to
the LOD and the concentration producing the minimal signal
(minimal SB/CB ratio), respectively (see Figs. 3 and 4).

Comparison of the performance of the Kodak station
and the ESE fluorometer

Owing to its usefulness, the present ICT could be used for
field sample testing, but the requirement of measuring

Control line

Test line

0 0.03 006 0.12 0.25 0.5 1

2 ng/ml MC-LR

Fig. 4 Picture of strips corresponding to a calibration range of MC-LR
obtained with the tracers MC178 and goat anti-rabbit antibodies
conjugated immunoliposomes. GC300-BSA and the rabbit antibodies
are immobilized (10 ng/ml) on the test and control line, respectively. The
tracers are diluted 1/500 and 1/1,000 in the analysis buffer. Fluorescence
measurement was made for 1 min on the Kodak station

fluorescence with a lab device (Kodak station) prevents any
“in the field” application. Recently, progress in designing
detection systems led to hand-held fluorometers, such as the
one developed by ESE.

To test the efficiency of the ESE fluorometer for
potential use “in the field”, the same standard curve was
analyzed using either the Kodak station or the ESE
fluorometer. As shown in Fig. 5, the instruments showed
similar LOD values: 0.056 and 0.065 ng/ml for the Kodak
station and ESE fluorometer, respectively. However, the
ESE curve had a greater slope and a larger dynamic range
(SB/CB) resulting in a better precision for the assay.

These results demonstrated that the ESE fluorometer
allows efficient measurements and the combination of the
present ICT and this hand-held device appears convenient
for field sample testing.

Validation of the ICT
Repeatability test

Signal inter-assay variations were evaluated to assess the
precision of the method by using 8 strips for each
concentration of MC-LR. The coefficient of variation
(CV) of the ratio SB/CB was calculated for each concen-
tration, after background subtraction, and was always less
than 13% for both the Kodak station and the ESE
fluorometer (see Table 1). The reproducibility of the signal
of the control band was also verified with both instruments.
For the same concentration of MCs, the CVs of the control
band signal were always less than 13% while when
comparing the means obtained for the different concen-
trations, the CV was 10.7% with the Kodak station and

2.0

1.6 7
-# Lecteur ESE

0.8

0 0.1 1 10
MC-LR (ng/ml)

0.4

Fig. 5 Standard curves of MC-LR obtained by the ICT analyzed by
the Kodak station (filled circle) and the ESE fluorometer (filled
square). The ICT uses MC178-conjugated immunoliposomes as
tracer, GC 300-BSA on the test line and rabbit antibodies on the
control line
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Table 1 Evaluation of the
repeatability of the ICT using
immunoliposomes as fluorescent

Concentration Kodak station ESE fluorometer

MC-LR (pg/ml)

tracers SB/CB: Measured SB/CB: Measured
mean (CV%) concentrations: mean (CV%) concentrations:
mean (CV%) mean (CV%)
1000 0.67 (2) 860 (10) 0.5(7) 821 (37)
500 0.7 (4.5) 572 (22) 0.6 (7.3) 525 (26)
250 0.8 (4.8) 286 (23) 0.8 (4.7) 265 (13)
125 1.1 (6.9) 93 (22) 1.1 (11) 111 (13)
Each concentration was tested 60 1.1 (13) 59 (72) 1.3 (10.5) 65.4 (38)
on eight strips using the Kodak 0 1.4 (10.2) 1.7 (11.4)

station or the ESE fluorometer

2.5% with the ESE fluorometer. These results show that the
signal on the control band presents only minor changes,
independent of the MC concentration, and thus can be used
as an internal standard and as a tool to verify the conditions
of the test. The ratio SB/CB allowed us then to set up the
standard curve. The accuracy and the precision of the
quantification were also checked (see Table 1). For both
Kodak station and ESE fluorometer, we obtained a classical
precision pattern for a competitive assay (higher CV for the
higher and lower concentrations). Even if the measured CV
appeared important, the mean presented a good correlation
with the expected values, showing that the present ICT
allows to quantify MCs in the sample.

Sample analysis
Comparison of immunoliposomes test strip and EIA

A parallel analysis using ICT and EIA was performed on
different dilutions of the extracts from Villerest bloom and
Microcystis culture; both samples including a large set of
MCs, as previously identified by LC/MS [19]. In both tests,
the quantification was achieved using a standard curve of
MC-LR. As shown in Table 2, both ICT and EIA provide
results in the same range with a correct correlation. However,
ICT always underestimated the samples concentrations as
compared to EIA (approximately 75% of the value). Even if
both mAbs, i.e., MC178 and MC159 used for ICT and EIA,
respectively, exhibit a broad specificity, further experiments
should be performed to better investigate the observed

differences and further confirm the large specificity of the
ICT. In spite of this drawback, these experiments document
the possibility of using ICT not only as a detection tool but
also to quantify MCs present in natural samples.

Discussion

Dye encapsulating liposomes were first introduced in test
strip assays by Durst and colleagues and further used to
detect toxic chemicals, toxins and bacteria, [24-28]. All
these previous studies reported visually estimated signals,
linked to the optical properties of the fluorescent dye in
intact liposomes. These results thus took no advantage of
the high sensitivity normally provided by the fluorescence
measurement associated with the large amount of dye
encapsulated in the liposomes. In fact, this high concentration
of encapsulated dyes generated a quenching phenomenon
resulting in the inhibition of the fluorescence. A procedure
was recently developed in our lab to solve this problem. The
strip was air-dried (for 5 min in the oven) to destroy the
structure of the liposomes allowing release and local
dispersion of SRB and further resulting in the recovery of
the fluorescence. The localized fluorescent signal observed on
the strips allowed a 15-fold increase in sensitivity as compared
with visual detection of colloidal gold when applied to detect
Staphylococcus aureus Enterotoxin B in a sandwich format
[21]. In the present study, this procedure also leads to a
tenfold enhancement of the sensitivity of the competitive
ICT, taking colloidal gold as reference since this ICT label

Table 2 Samples analysis of Villerest bloom and Microcystis culture extract by ICT and EIA

Quantification by ICT (ng/ml)

Quantification by EIA (ng/ml)

Sample Dilution in the analyzing buffer
Bloom of Villerest 1/10°

1/10*
Culture of Microcystis 1/10°

0.92 1.25
0.09 0.11
0.14 0.18

The quantification is performed using a standard curve of MC-LR in both methods. Each concentration is tested in duplicate and the negative

control is tested in quadruplicate
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has been largely used for detecting infectious diseases,
cancer, drug monitoring, or analyzing food safety [29].
Immunoliposomes encapsulating a fluorophore may thus be
useful in both immunological formats, i.e., sandwich or
competitive ICT.

On the other hand, detection of MCs is a rather difficult
problem due to the huge diversity of these compounds,
including more than 60 variants. Even if it is impossible to
verify that all the MCs can be detected, the present ICT
involves a monoclonal antibody, MC178, known to
recognize efficiently numerous available MCs, due to its
specificity towards the Adda residue common to all MCs.
The present ICT detected different MCs present in natural
samples and can thus be considered as an interesting tool
for MC analysis.

The final format of the ICT includes a stable control band,
useful as an internal control independent of the analyte
concentration, and further allowing plotting of a standard
curve using the ratio of the fluorescence signals of the specific
band versus the control band (SB/CB). As characterized via
this standard curve, the test using GC300-BSA-coated strips
showed slightly better sensitivity (LOD=0.06 ng/ml) than
with MC-LR/BSA (LOD=0.09 ng/ml). This probably results
from the lower affinity of MC178 mAb towards GC300 in
comparison with MC-LR, which makes the competition easier
between the tracer and the MCs present in the sample. Thus,
this new ICT has a very good sensitivity with an LOD well
below the guideline value of 1 ng/ml set by the WHO. This
result is very important because even if some authors reported
that this guideline value is suitable by reference to the toxicity
of MCs [30], others suggest a much lower guideline value,
especially for long-term exposure in complex matrices [31].

The present ICT also compares favorably with similar
recently published methods such as ICT using colloidal
gold [17] allowing a detection of MC-LR close to 1 ng/ml
and involving extraction of MCs via a supercritical fluid, or
fluorescence ICT [32] for MC-LR with an LOD in spiked
surface water close to 50 pg/ml using a laser fluorescence
scanner.

Furthermore, the sensitivity reached with the ICT using
immunoliposomes as tracer is comparable to that of
recently reviewed biological detection methods for MCs
[33, 34] and appears only six times less sensitive than the
EIA recently developed in our laboratory [19].

Since the main purpose of ICT corresponds to “in the
field” application, a simple and easy-to-use hand-held
fluorometer (from ESE) was identified. Using the present
ICT, this small device performs as well as the Kodak
station, thus permitting on-the-spot reading of the strips.
Preliminary experiments applied to natural samples allow
comparison of the ICT with classic EIA. The methods give
similar results, confirming the efficiency of the ICT and the
possibility of quantifying MCs. The ESE fluorometer can

include a small calculation software and a pre-recorded
standard curve from previously measured SB/CB ratios for
known concentrations of MC-LR. The combination of the
ICT with this precalibrated device may thus allow both
direct detection and quantification of MCs (as MC-LR
equivalent) during “in the field” testing. This is currently
being evaluated in our lab.

On the other hand, total MC measurement raises another
problem since MCs in a sample correspond to both
extracellular and intracellular toxins. Quantification of the
total MC concentration thus required an extraction, which
should be performed prior to ICT after “in the field”
sampling and possibly by unskilled people. We are
currently investigating a rapid (less than 10 min) and easy
method to extract MCs onsite. This method does not require
instruments or heavy equipment and could be performed by
untrained persons with minimum sample handling to reduce
possible loss of analytes.

Conclusion

Due to the toxicity of cyanobacterial hepatotoxins, the best
way to safeguard the health and wellbeing of humans and
animals is the prevention of exposure to these toxins.
Therefore, constant monitoring of drinking water, recreational
waters as well as other potential exposure like contaminated
sea food, is very important. In this study, a sensitive ICT using
fluorescent immunoliposomes as tracers was developed,
allowing rapid and simple detection of a large number of
MC and nodularin variants. The fluorescent signal generated
by these immunoliposomes can be measured and quantified
using a small, transportable, and easy-to-use fluorometer.
While colloidal gold provides a yes/no response indicating the
presence of the toxin, the fluorescence ICT could be used not
only as a sensitive detection tool but also as a quantification
assay applied to field samples. In addition, a very simple
method to extract cyanotoxins in the field is currently under
evaluation in our lab. This step, associated with a reproducible
standard curve memorized in the software of the fluorometer
will complete our goal to create an ICT for field quantification
of MCs. This method allows the sensitive detection of
MC-LR (0.06 ng/ml) and was able to successfully detect
and quantify MCs in bloom water samples and Micro-
cystis culture extract. Therefore, this ICT fulfills all the
criteria of a preliminary screening method prior to later
quantification or further identification of MC variants in
the sample using classical laboratory methods such as EIA
or LC-MS/MS.
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