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a b s t r a c t

A surface plasmon resonance (SPR) immunobiosensor assay was developed and validated to detect micro-
cystin toxins in Spirulina and Aphanizomenon flos-aquae blue-green algae (BGA) food supplements. A
competitive inhibition SPR-biosensor was developed using a monoclonal antibody to detect microcystin
(MC) toxins. Powdered BGA samples were extracted with an aqueous methanolic solution, centrifuged
and diluted in HBS-EP buffer prior to analysis. The assay was validated in accordance with the performance
eywords:
PR-biosensor
icrocystins

lue-green algae
ood supplements

criteria outlined in EU legislation 2002/657/EC. The limit of detection (LOD) of the assay was calculated
from the analysis of 20 known negative BGA samples to be 0.561 mg kg−1. The detection capability (CC�)
of the assay was determined to be ≤0.85 mg kg−1 for MC-LR. The biosensor assay was successfully applied
to detect MC-LR toxins in BGA samples purchased on the Irish retail market. MC-LR was detected in sam-
ples at levels ranging from <0.5 to 2.21 mg kg−1. The biosensor results were in good agreement with an

say. T
says a
established LC–MS/MS as
compared to chemical as

. Introduction

Microcystins (MCs) are potent toxins produced by a number
f cyanobacterial genera (often referred to as blue-green algae,
GA) most notably, widespread Microcystis aeruginosa, from which
hese toxins were first isolated and their name derived [1]. BGA
s the former name for what we now call cyanobacteria, but for
he purpose of this paper blue-green algae is used to be consis-
ent with the term used for food supplements. MCs have now
een shown to be produced by species of the planktonic genera
nabaena, Aphanocapsa, Hapalosphon, Microcystis, Nostoc, Oscilla-
oria and Planktothrix, though not all strains of these organisms
roduce toxins [2,3]. The cyanobacterial toxins are bound to the
ell, but they are released in water when the cell dies, when it
s lysed or compromised. MCs are a large group of 800–1000 Da
yclic heptapeptides with five non-protein and two protein amino
cids (Fig. 1) [4]. It is these two protein amino acids that distin-

uish MCs from one another, while the other amino acids are more
r less constant between variant MCs. Using amino acid single let-
er code nomenclature, each MC is designated a name depending
n the variable amino acids which complete their structure. The

∗ Corresponding author. Tel.: +353 1 8059500; fax: +353 1 8059550.
E-mail address: martin.danaher@teagasc.ie (M. Danaher).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.01.036
he assay is advantageous because it employs a simple clean-up procedure
nd allows automated unattended analysis of samples unlike ELISA.

© 2011 Elsevier B.V. All rights reserved.

most common and highly toxic MC-LR [5] contains the amino acids
leucine (L) and arginine (R) in these variable positions. The other
MCs which are naturally widespread and dangerous for humans
and animals are MC-LW, -YR, -LF, and the structurally related nodu-
larin [6].

The biological effect of MCs is mainly based on the inhibition
of the key enzymes in cellular regulation, namely protein phos-
phatases 1 and 2A, to which they bind covalently [7]. No antidotes
are known. Symptoms of acute poisoning from MCs include skin
irritation, vomiting, diarrhea, and fatal acute liver failure [8]. A long-
term effect from exposure to small doses of MCs in humans also
includes primary liver cancer, which has also been reported [9] and
studied by experimental models [10].

The major route of human exposure to cyanobacterial toxins is
through the consumption of contaminated drinking water and this
issue has received increasing attention around the world as a pub-
lic health concern [11]. A less common route is the recreational use
of lakes and rivers but absorption through skin contact is unlikely
as the toxin does not readily cross cell membranes [12]. Poten-
tial risks from exposure to toxins in contaminated BGA health food

products have received less attention [13]. BGA are harvested to
produce blue-green algae food supplements (BGAS) advertised as
healthy nutritionally balanced natural source of vitamins, minerals,
and amino acids. However, the occurrence of toxic species during
harvesting can result in the contamination of BGA products. The
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by adding methanol:water (75:25, v/v,10 mL) and stirred for 1 h on
ig. 1. Structure of different microcystin congeners. Adapted from Zeck et al.
28], Copyright (2001), with permission from Elsevier. Nodularin has the structure
yclo(d-erythro-�-methylisoAsp-l-Arg-Adda-d-iso-Glu-N-methyldehydroAla).

ccumulated information on the MC toxicity, results of the BGAS
urveys showing contamination of the BGAS with MCs [13–15]
nd increased interest in health foods and supplements including
GAS, lead to the discussion of the guideline for MC contents in
GAS and their Tolerable Daily Intake (TDA) [16–19]. The Oregon
ealth Division and the Oregon Department of Agriculture estab-

ished a regulatory limit of 1 mg kg−1 for MCs in BGA-containing
roducts [16]. This limit is enforceable for food supplements on
ale in the State of Oregon. No federal guidelines set for micro-
ystins in food supplements in the United States or in the European
nion.

Several analytical methods, including ELISA immunoassay
14,20], protein phosphatase immunoassay [14], liquid chromatog-
aphy (LC) with UV [15] or mass spectrometric (MS) detection
14,20], ultra performance liquid chromatography coupled to
rthogonal acceleration time of flight mass spectrometry [21], and
ultiplex PCR [22], have been described for detection of MCs in

GAS. Affinity-based immunosensor techniques have been used
ecently to exploit the potential for analyte detection through the
oupling of a biospecific binding protein i.e. antigen interaction
ia optical, piezoelectric or electrochemical signal transducers. A
ommercially available Biacore Q biosensor system based on the
urface plasmon resonance (SPR) optical phenomenon exploits the
on-labeled interaction of a specific binding protein with the cova-

ently immobilised analyte of interest on a carboxymethyldextran
odified gold sensor surface. The SPR detector monitors changes

n resonance angle due to molecular interaction at the interface
hich is directly proportional to the change of mass at the sur-

ace. SPR biosensor assays employ label-free detection and have
roven to be versatile, robust and capable of producing rapid and
eliable results with minimum sample preparation [23]. In the past,
ssays have been developed using SPR instrumentation to anal-
se a wide range of analytes including veterinary drug residues
24,25], mycotoxins [26] and paralytic shellfish poisoning toxins
27].

In this work, a SPR-based immunosensor assay was used to
etect MC-LR levels (<1 mg kg−1) in BGAS using a simple sample

reparation procedure that negates the need for lengthy clean-up
rocedures compared to chemical assays resulting in a reduction

n solvent usage in the laboratory [14,15]. In comparison, to other
creening assays the method is advantageous because of the auto-
a 84 (2011) 638–643 639

mated real-time analysis of extracts, which eliminates the plate
washing and incubation steps required for ELISA [14]. This should
make the transfer of assays between laboratories easy through the
reduction of operator effects normally associated with ELISA. The
developed method was evaluated and cross reactivity of other MC
congeners was determined. Following method validation, it was
then used to detect MC-LR in naturally contaminated BGAS samples
and the data were compared to those generated using an estab-
lished LC–MS/MS method.

2. Materials and methods

2.1. Chemicals and reagents

Dimethylsulphoxide, DMSO, acetonitrile and methanol (all
HiPerSolv grade) were supplied by BDH/VWR international Ltd.
(Poole, England, UK). Dimethylsulphoxide, DMSO (Analar grade)
was purchased from Sigma Aldrich. Ultra-pure water (18.2 M� cm)
was generated using an in-house Milli Q Synthesis system. Sodium
hydroxide (Analar grade) and sodium hypochlorite (GPR grade)
were purchased from BDH/VWR international Ltd. CM5 sen-
sor chips (research grade), an amine coupling kit containing,
NHS (100 mM N-hydroxysuccinimide in water), EDC (400 mM 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride in
water), 1 M ethanolamine and HBS-EP buffer (10 mM HEPES pH
7.4 with 0.05 M NaCl, 3.4 mM EDTA and 0.005% P20 (v/v) were all
obtained from GE Healthcare (Uppsala, Sweden). Cetyltrimethyl-
ammonium bromide (CTAB) was from Sigma Aldrich (Steinheim,
Germany). MC-LR, -RR, -YR, -LF, -LW and nodularin were from
Alexis Biochemicals (San Diego, U.S.A.). MC-LA and MC-LR Refer-
ence Material (RM), 1 �g mL−1 solution in ethanol (no. 33893) were
from Sigma–Aldrich. Monoclonal antibody (MC10E7) raised against
MC-LR coupled to a cationised ovalbumin carrier protein was pur-
chased in its lyophilized form Squarix Biotechnology GmbH (Marl,
Germany). The production and characterization of this antibody has
been reported elsewhere [28]. Whatman ReZist syringe Filter units
(polytetrafluoroethylene (PTFE), 13 mm/0.45 �m) were purchased
from Fisher Scientific (Dublin, Ireland).

2.2. Negative and positive control samples

Spirulina samples purchased in local shops and determined to be
negative for MC residues by LC–MS/MS were used as negative con-
trols for the biosensor detection system. Klamath Lake BGA found to
contain <0.5 mg kg−1 were used as negative controls for LC–MS/MS.
Klamath Lake BGA samples purchased in local shops and deter-
mined to contain MC-LR residues between <0.5 and 3 mg kg−1 by
LC–MS/MS were used to measure the performance of the biosensor
assay.

2.3. SPR-biosensor assay

2.3.1. Extraction procedure
The assay was suitable for detection of MC toxins from BGA food

supplement samples in liquid, powder, capsule and tablet forms.
Liquid (1 mL) or powder (1 g) samples were directly extracted. Rep-
resentative samples of BGAS were prepared from the contents of
10 capsules or grinding 10 tablets into a fine powder with a mor-
tar and pestle. Powder from a BGAS sample (1 g) was weighed out
into a glass vial suitable for subsequent centrifugation, extracted
a magnetic stirrer. The sample extracts were centrifuged at 4500 g
for 10 min. A 100 �L aliquot of the supernatant was then carefully
transferred into a glass vial and diluted 100 fold in HBS-EP buffer
(9.9 mL).
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.3.2. SPR-biosensor chip preparation
Stable biosensor chip surfaces were produced through immobil-

sation of MC-LR using an amine coupling procedure in the presence
f CTAB at pH 7.4 in an overnight incubation at room tempera-
ure. This chip surface was found to be stable for at least 1000
ycles. In brief, a CM5 chip was then equilibrated to room tem-
erature and placed in a covered tray with wet paper to maintain
igh humidity environment. A solution of NHS/EDC (1:1, v/v, 50 �L)
as then added to the chip surface to activate the surface. This solu-

ion was removed after 20 min and replaced with pre-mixed 25 �L
f 5 mg mL−1 MC-LR and 25 �L of 0.6 mM CTAB in 10 mM HEPES
H 7.4 for overnight incubation. This MC-LR solution was replaced
ith 50 �L of 1 M ethanolamine–HCl pH 8.5 for 20 min to deac-

ivate the surface. The surface was washed with water and dried
nder nitrogen. The surface response saturated with antibody was

n the range of 120,00–16,000 RU. Each new flow cell was treated
ith the regeneration solution (40 mM NaOH, 20% acetonitrile) by
ve injections for 60 s at flow rate of 20 �L min−1 to condition the
urface prior to using the cell for concentration analysis.

.3.3. SPR-biosensor analytical cycle
The antibody concentration of 1 �g mL−1 was found to give the

reatest sensitivity under the assay conditions. The stock antibod-
es diluted with HBS-EP to 1 �g mL−1 were mixed with a sample or

ith a MC-LR calibration solution prior to injection across the sur-
ace. The sample/calibration solution injection parameters were as
ollows 10% fraction of the antibody solution (1 �g mL−1) at the flow
ate of 13 �L min−1 for 960 s. The injection time is longer than typ-
cal SPR biosensor cycles but results in more sensitive detection of

icrocystin toxins. This improvement in sensitivity eliminates the
eed for lengthy sample concentration steps, which is generally the
ost time consuming step in residue analysis. This time saving can

ncrease sample throughput and allow the potential reporting of
est results during the day analysis. Regeneration of the surface was
arried out by injecting 40 mM NaOH, 20% acetonitrile (v/v) across
he chip surface at 20 �L min−1 for 30 s. The binding of antibody to
he chip surface was measured in arbitrary resonance units (RU) as
he change in surface plasmon resonance (SPR) signal between two
eport points, 10 and 30 s before and after each sample/calibration
njection.

.3.4. Biosensor calibration
MC-LR calibration curves at concentrations of 0.40, 0.59, 0.89,

.33 and 2.00 ng mL−1 (1.5-times serial dilution) were prepared in
BS-EP buffer. This calibration range was selected because it cov-
red the range typically found in BGAS. HBS-EP buffer was used
s the zero concentration point. Biacore Q Control Software (3.0.4)
as used to generate inhibition assay standard curves based on
four-parameter equation. The MC concentration in test samples
as then read directly from the calibration curve.

.4. LC–MS/MS assay

.4.1. Sample extraction and clean-up
An LC–MS/MS method was developed to detect MC toxins in

lue-green algae based on the method developed by Lawrence et al.
14]. BGA samples (1 g) were weighed into tubes, methanol:water
75:25, v/v, 10 mL) was added and samples were homogenised
2.5 min) using a FASTH 21TM automated homogenisation unit. The
ystem was capable of unattended homogenisation of 24 samples
n a 15 min period. Sample extracts were centrifuged (2113 g) and

ltered through Whatman No. 2 filter paper (Cat No. 1002 090).
n aliquot of the sample extract (0.5 mL) was diluted with water

2 mL) and applied to a preconditioned Oasis® HLB SPE cartridge
60 mg, 3 mL). The cartridge was washed with methanol:water
30:70, v/v, 5 mL) and eluted with methanol:water (80:20, v/v,
a 84 (2011) 638–643

4 mL). Sample extracts were evaporated to dryness at 50 ◦C under
nitrogen. Extracts were reconstituted by sequential addition of
methanol (400 �L) and water (600 �L) and votexing after each
addition (2 min). Purified sample extracts were filtered through
0.45 �m PTFE filters and 10 �L was injected onto the LC–MS/MS
system.

2.4.2. Chromatographic conditions
Chromatographic separation was carried out on a Waters

Alliance 2795 HT separations module using a stainless steel Waters
Atlantis C18 column (3 �m, 100 × 2.1 mm i.d.) maintained at 40 ◦C.
The chromatographic separation was achieved using a binary gra-
dient system comprised of Mobile phase A, 0.01% formic acid
in water:ACN (90:10, v/v) and Mobile phase B, formic acid:ACN
(0.1:99.9, v/v) pumped at a flow rate of 0.3 mL min−1. Mobile phase
was prepared daily and filtered using 0.45 �m filter membrane
and degassed in an ultrasonic bath for 15 min. The gradient pro-
file was as a follows (1) 0 min, 100%B, (2) 3.33–7.33 min, 33%B, (3)
7.5–12.4 min, 100%B, (4) 12.5 min, 100%A. Chromatographic sepa-
rations were achieved in 14 min.

2.4.3. MS/MS conditions
MC-LR residues were detected using a Quattro Premier triple

quadrupole mass spectrometer equipped with ESI interface
(Waters, Milford, MA, USA). MS analyses were performed by atmo-
spheric pressure electrospray ionisation in positive ion mode using
selected reaction monitoring (SRM). The capillary voltage was set
at 1 kV. The source and desolvation temperatures were set at 140
and 400 ◦C, respectively. The MS/MS conditions were optimised by
tuning the cone voltage (75 V) and collision energy (CE) by infusing
a 1000 ng mL−1 MC-LR standard solution. The two most abun-
dant fragment ions produced from the molecular ions 995.5 > 213
(CE = 54) and 995.5 > 135 m/z (CE = 63). The nitrogen desolvation
and cone gases were set at 1000 and 150 L h−1, respectively. The
system was controlled by Masslynx software and the results were
processed by TargetLynx Software.

2.4.4. LC–MS/MS calibration
A 200 �g mL−1 working standard was prepared by dissolving

1 mg of MC-LR in 5 mL DMSO. Calibration curves were prepared
by using solvent standards at concentrations of 0, 10, 20, 40, 100,
200 and 400 ng mL−1 in methanol: water (40:60, v/v). The prepa-
ration of matrix matched standards was not possible due to the
low quantities and cost of the available MC-LR. Ion suppression and
enhancement effects were monitored in each run through the anal-
ysis of BGA samples spiked in duplicate at levels of 1 and 5 mg kg−1.

3. Results and discussion

3.1. Antibody studies

The specificity (CR, cross-reactivity) of the assay was evaluated
using MC-LR, -RR, -LA, -LW, -LF, -YR and nodularin toxins (Fig. 2).
The MC10E7 antibody recognises arginine amino acid residues in
MC structural analogues. Thus, it was expected that MC10E7 could
detect arginine containing MC-LR, -RR, -YR, and nodularin. Stud-
ies showed that the MC10E7 antibody was suitable for detecting
several arginine containing analytes with cross-reactivities of 69%,
61%, 73% and 100% to MC-RR, MC-YR, nodularin and MC-LR respec-
tively (Table 1). As expected, the MC10E7 antibody did not show
cross-reactivity to MC-LA, -LW, and -LF. The LD50 values for MC-

LR, MC-LA, MC-RR, MC-YR and nodularin were determined to be
50, 50, ≥500, ≥150 and 50 �g kg bw−1 in mice, respectively [29].
The analysis of BGAS demonstrates the risk of false positive results
is low, with good agreement between biosensor and LC–MS/MS
results, which indicates that MC-LR is the major arginine congener
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ig. 2. Standard curves prepared for different MC standards prepared using MC10E7
ntibody.

resent in BGAS. There is potential for false negative results due
o failure to detect non-arginine containing MCs. However, it has
een shown by several groups that MC-LR is the major MC toxin
etected in BGAS [14,15]. MC-LA has also been detected in samples

n BGAS but generally at lower levels than MC-LR. Therefore, it can
e concluded that the risk of false negative results is low and can be
urther reduced through the inclusion of MC-LA in the confirmatory
C–MS/MS assay.

However, all of the limits proposed for microcystins in water and
ood supplements use MC-LR as a marker residue. All of the interna-
ionally reported limits set for MC toxins in water use MC-LR (free
lus cell bound) as the marker toxin [4,30,31]. These guidelines are
elieved to protect human health against exposure to other MCs
total MCs, free plus cell bound) that may also be present. Therefore,
t can be concluded that the current assay, which uses an arginine
pecific monoclonal antibody is suitable for detecting microcystin
oxins in BGAS.

.2. Assay development

.2.1. Biosensor assay
The development of stable and reusable sensor chip surfaces is

ritical for SPR immunobiosensor assays. Several approaches were
nvestigated for immobilising immobilisation of MC-LR onto the
extran layer of the sensor chip surface. One of which was the
C-LR immobilisation using carboxyl groups (–COOH activation),

nother approach used the immobilisation of the amino group
–NH2) of MC-LR (amine coupling). The effect of different factors
n immobilisation were evaluated. These included MC-LR concen-
rations, acidic, neutral and alkaline conditions and the variation

f immobilisation times (from 2 h to overnight). MC-LR immo-
ilisation was carried out in the presence of a micelle forming
gent (cetyltrimethylammonium bromide, CTAB) to enhance MC-
R solubility in water and improve immobilisation level. The best
C-LR surface immobilisation was achieved at concentration of

able 1
ross-reactivity profile of MC toxins to MC10E7 antibody in HBS-EP buffer.

Analyte aCR (%)

MC-LR 100
MC-RR 69
MC-YR 61
Nodularin 73
MC-LW –
MC-LF –
MC LA –

a Cross-reactivity of antibody to test MC at 50% inhibition ((IC50 MC-LR/IC50 test
C) × 100) in HBS-EP buffer.
25.115.00
MC-LR (ng mL-1)

Fig. 3. Overlay of MC-LR calibration curves in HBS-EP buffer (n = 5 different days).

5 mg mL−1 using an amine coupling procedure in the presence
of CTAB at pH 7.4 in an overnight incubation at room temper-
ature. Optimised surfaces gave an Rmax with antibody MC10E7
>14,000 RU (concentration 200 �g mL−1, injection volume 75 �L,
flow rate 5 �L min−1). Various surface regeneration solutions and
assay conditions (contact time) were evaluated for the assay. A solu-
tion of 40 mM NaOH, 20% acetonitrile at an injection volume 10 �L
and flow rate 20 �L min−1 gave satisfactory regeneration of the sen-
sor surface. The variable parameters for the assay optimisation on
MC-LR spiked samples included MC antibody concentration, MC-LR
to antibody ratio, injection volume, and flow rate (or contact time).

The assay conditions were optimised to increase the assay
dynamic range for the analyte concentration range from 0 to
2 ng mL−1 (equivalent of 2 mg kg−1 of BGA supplement) approx-
imately from 450 RU to 250 RU on the chip surface. The assay
sensitivity was increased by decreasing the antibody concentration
to 1 �g mL−1 and antibody-to-analyte ratio down to 1:9. These con-
ditions were suitable for screening BGAS contaminated with MC-LR
under the regulatory limit 1 mg kg−1. Chip surfaces were found to
be very stable and showed good reproducibility over several days,
which is demonstrated in Fig. 3.

3.2.2. Sample preparation
The objective was to develop a simple procedure for isolat-

ing MC toxins from BGA food supplements. Initial experiments
investigated the efficiency of different extraction solvent mixtures,
namely 0%, 25%, 50%, and 75% methanol in water. Water was found
to be an unsuitable extraction solvent because powdered BGA
samples formed into a colloidous suspension. Extraction solvents
consisting of 50% or 75% methanol gave best results. Although both
50% and 75% methanol extraction followed by centrifugation and
50- to 100-fold supernatant dilution are suitable for the optimised
assay conditions, 75% methanol extraction and supernatant dilu-
tion from 75- to 100-fold displayed minimal matrix effect. Influence
of methanol on the assay has been tested and no influence has been
seen at up to 2% methanol remaining in the sample after dilution.
Thus, sample extraction with 75% methanol followed by centrifuga-
tion and supernatant dilution has been chosen as the most suitable
method of sample preparation for the assay. A number of different
purification approaches were investigated to reduce non-specific
binding effects including (1) purification on Strata-X® columns or
Water Oasis® HLB SPE columns; (2) sample filtration through 0.22
and 0.45 �m nitrocellulose and PVDF membranes or their com-

bination (3) sample centrifugation with subsequent supernatant
dilution in HBS-EP buffer. Purification of sample extracts by SPE
resulted in a low total recovery of MC toxins. Filtration through
nitrocellulose and PVDF membranes resulted in a 20% loss in MC
recovery. As sample filtration did not show any improvement in
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Table 2
Summary of biosensor validation results.

Validation
parameter

Fortification
level (mg kg−1)

Mean
concentration
(mg kg−1)

Accuracy
(%)

CV (%)

LODa (n = 20) 0 0.561 – 3.1
CC�b (n = 20) 0.85 0.906 107 6.6
WLrc (n = 18
each level)

0.85 0.886 101 5.2
1.00 0.981 100 4.8
1.5 1.403 97 6.7
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Table 3
Comparison of biosensor assays and LC–MS/MS for the analysis of MC-LR residues
in negative and positive blue-green algae samples.

Sample Biosensor assay LC–MS/MS

Concentration
(mg kg−1)

Interpretation
(LOD = 0.561 mg kg−1)

Concentration
(mg kg−1)

1 ND Negative ND
2 1.821 Positive 1.89
3 1.826 Positive 1.89
4 ND Negative ND
5 2.531 Positive 2.21
6 0.583 Positive 0.64
7 0.812 Positive 0.99
8 0.609 Positive 0.66
9 0.68 Positive 0.65
10 ND Negative ND
11 ND Negative ND
12 0.769 Positive 0.93
13 0.546 Negative <0.5
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a The LOD (limit of detection) = response for 20 negative minus 2 × S.D.
b CC� was determined by spiking 20 samples at 0.85 mg kg−1.
c The within laboratory repeatability was determined by assaying samples spiked

t 0.85, 1.0 and 1.5 mg kg−1 (n = 6 each level) on three separate days.

limination of the matrix effect, centrifugation and supernatant
ilution were selected as the simplest sample clean up protocol
o perform. The final sample preparation protocol was rapid and
imple while maintaining high analyte recovery. The inclusion of
homogenisation step in the sample preparation protocol was

lso evaluated using naturally positive BGAS samples. This study
howed that the similar MC concentrations were determined with-
ut homogenisation.

.3. Method validation

The method was validated according to European method val-
dation criteria as outlined in 2002/657/EC legislation [32]. A
ualitative approach was used to validate the method to deter-
ine the performance factor, CC� (detection capability). CC� is

he concentration at which a substance can be identified as pos-
tive (>LOD) with a statistical certainty of (1 − �), where � = 5%. The
imit of detection (LOD) and selectivity of the assay were measured
hrough the analysis of 20 different negative Spirulina samples,
hich represent a cross-section/population of BGA products and

ample matrices. Spirulina is normally grown in artificial water
eservoirs under controlled conditions and is a pure culture with
o contaminants of other cyanobacteria. Therefore, Spirulina sup-
lements can be considered free of MCs and used as blank samples.
egative samples used for the LOD validation were determined to
e free of MC-LR toxin by LC–MS/MS. The LOD was 0.561 mg kg−1

nd determined from the mean background (508.8 RU) minus two
tandard deviations (2 × 15.8 RU). Subsequently, CC� was deter-
ined by spiking the same range of negative samples (n = 20) at a

oncentration above the LOD (Table 2). An arbitrary spiking level
f 0.85 mg kg−1 was selected for the CC� experiment. CC� is the
oncentration at which a substance can be identified as positive
>LOD) with a statistically uncertainty of 1 − �. In this experiment,
C� was determined to be less than 0.85 mg kg−1 because all spiked
amples were found to contain MC residues as positive (>LOD).
ecovery of MC-LR from spiked Spirulina samples was validated

n three independent experiments carried out on different Bia-
ore Q instruments on different days. Each experiment included
hree series of six replicates fortified with MC-LR at 0.85, 1.00, and
.50 mg kg−1 of BGAS. Coefficient of variation (CV) of the negative
amples fortified with 0.850, 1.000, and 1.500 �g of MC-LR per 1 g of
he supplement fell in the range from 2.5% to 5.7% for repeatability
f the assay. MC-LR recovery from the fortified samples was 101%
or 0.850 mg kg−1, 100% for 1 mg kg−1, and 97% for 1.50 mg kg−1. In
ddition, the ruggedness and reproducibility of the assay was eval-
ated through technology to the residue laboratories at Teagasc,
here the assay was verified to be fit for purpose.
.4. Application the assay to natural samples

The suitability of this assay was evaluated through its appli-
ation to a range of BGA food supplements that were purchased
Sample

Fig. 4. Evaluation of reproducibility of assay for detecting MC-LR in eight different
Klamath Lake blue-green algae samples (n = 6)

on the Irish retail market. Samples were initially screened using
the biosensor assay developed and samples were subsequently
analysed using a confirmatory LC–MS/MS based on the Lawrence
et al. method [14]. The presence of MC-LR residues in samples
was confirmed using retention time and ion ratio criteria as out-
lined in 2002/657/EC criteria. The results from this comparison
are shown in Table 3. The assay comparison included BGA sam-
ples determined to contain MC-LR between <0.5 and 2.21 mg kg−1.
This comparison showed good agreement between the two assays
and demonstrated that the immunobiosensor assay was an effec-
tive screening tool for MC toxins in BGA food supplements. The
results indicate a low false positive rate for the biosensor assay
compared to LC–MS/MS. The R2 value of a plot of biosensor results
versus LC–MS/MS results was 0.9893 (slope = 0.9455 and inter-
cept = 0.0568). The repeatability of the biosensor assay was also
tested through application to eight different naturally contami-
nated BGA samples from four different manufacturers (Fig. 4). The
repeatability of the assay for incurred samples was typically less
than 5%.

4. Conclusions

A new assay has been developed to detect MC algal toxins in BGA
food supplements. The assay uses a simple and rapid sample prepa-
ration step prior to detection by SPR immunobiosensor. The assay
is sufficiently sensitive to detect MC toxins to less than 1 mg kg−1.
The assay was evaluated through application to Klamath Lake BGA
samples purchased on the Irish market. The SPR biosensor assay

has been proven to be a robust analytical system for the detection
MC toxins in BGA food supplements. The results of the biosensor
assay show good correlation with an established LC–MS/MS assay
when applied to naturally contaminated BGAS. LC–MS/MS has been



Talant

u
a
i
a
T
o
b
a
p
m
b
B
B
K
t
p
t
o
c
e
e
a
p
v

A

m

R

[

[

[

[

[

[
[

[
[
[

[

[
[

[

[

[
[

[

[

[

[

[31] Health Canada (2002) Guidelines for Canadian drinking water quality:
T. Vinogradova et al. /

sed by several groups for the determination of MC toxins in BGAS
nalysis and is generally regarded as the gold standard because of
ts selectivity and sensitivity. This demonstrates that the biosensor
ssay is a viable alternative for the rapid screening of MC toxins.
he biosensor assay reported in this paper has several advantages
ver LC–MS/MS including rapid sample preparation, limited num-
er of consumables required and reduction in solvent waste. An
dditional advantage of the biosensor assay is that it can detect
otential contamination from emerging MC toxins in food supple-
ents. It is proposed that the technique can be used as a tool by

oth producers and regulatory laboratories to monitor the safety of
GAS. A mini-survey was carried out of Spirulina and Klamath Lake
GAS sold on the Irish market. In agreement with other studies,
lamath Lake BGAS were found to be contaminated with MC-LR in

he range <0.5 to 2.21 mg kg−1. Levels of MC-LR in Spirulina sam-
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hat the exposure to MC-LR from BGAS would be 8 �g day−1 based
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