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• A method for microcystins analysis in
fish was optimized by factorial design.

• Use of matrix matched calibration in-
situ generated MMPB for improved ac-
curacy.

• Validation included a 96-h exposure
test, where toxins accumulated in the
liver.

• Low concentration of microcystins were
detected in sixteen rainbow trout fillets.

• High concentration of microcystins
were detected in ten rainbow trout
livers.
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Microcystins are toxic heptapeptides produced by cyanobacteria in marine and freshwater environments. In bi-
ological samples such as fish, microcystins can be found in the free form or covalently bound to protein phospha-
tases type I and II. Total microcystins in fish have been quantified in the past using the Lemieux Oxidation
approach, where all toxins are oxidated to a common fragment (2-methyl-3-methoxy-4-phenylbutyric acid,
MMPB) regardless of their initial amino acid configuration or form (free or protein bound). These studies have
been carried out using different experimental conditions and employed different quantification strategies. The
present study has further investigated the oxidation step using a systematic approach, to identify the most im-
portant factors leading to a higher, more robust MMPB generation yield from fish tissue in order to reduce the
method detection limit. Field sampleswere quantified using an in-situ generatedMMPBmatrixmatched calibra-
tion curve by isotope dilution with d3-MMPB via liquid chromatography coupled to time-of-flight mass spec-
trometry (LC-QTOF MS). This approach improves method's accuracy by taking into account of potential matrix
effects that could affect the derivatization, sample prepation and instrumental analysis steps. The validated
method showed 16.7% precision (RSD) and +6.7% accuracy (bias), with calculated method detection limits of
7.28 ng g−1 Performance of the method was assessed with the analysis of laboratory exposed Rainbow Trout
(Oncorhynchus mykiss) to cyanobacteria as a positive control, where no microcystins were detected in the pre-
exposure fish liver and fillet, low levels in the exposed fillet (65.0 ng g−1) and higher levels in the exposed
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all).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.140209&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.140209
mailto:xavier.ortiz@ontario.ca
https://doi.org/10.1016/j.scitotenv.2020.140209
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 M.T. Anaraki et al. / Science of the Total Environment 737 (2020) 140209
liver (696 ng g−1). Finally, the method was employed for the analysis of 26 fillets (muscle) and livers of Walleye
(Sander vitreus) and Yellow Perch (Perca flavescens) from Lake Erie, showing very low concentrations of
microcystins in the fillet and higher concentrations in liver, up to 3720 ng g−1.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Microcystins are potent hepatotoxins produced by freshwater
cyanobacteria including Anabaena, Chroococcus, Microcystis, Nostoc,
Oscillatoria, and Planktothrix (Christoffersen and Kaas, 2000). It has been
well-documented that microcystins inhibit serine/threonine protein
phosphatases 1 and 2A in the liver of humans and animals, causing cyto-
skeletal damage, breakdown of hepatocytes, pooling of blood followed by
hemorrhaging and organ failure (Christoffersen and Kaas, 2000). These
toxins can also cause reproductive and gastrointestinal toxicity, and affect
the immune system of different species (Chen et al., 2016; Kubickova
et al., 2019; McLellan and Manderville, 2017; Svirčev et al., 2019).
Microcystins have been the causes of sickness and death in humans,
mammals, fish, birds, mussels, and zooplankton, and continue to threaten
freshwater ecosystems (Gene et al., 2019; Huisman et al., 2018;
Shahmohamadloo et al., 2019b; Shahmohamadloo et al., 2020).

Microcystins have a cyclic heptapeptide structure, comprising differ-
ent amino acids; however, all known congeners contain an uncommon
β-amino acid, with a 3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4(E),6(E)-dienoic acid structure (Rinehart et al., 1988),
generally known as Adda. The different amino acid substitutions in the
microcystin cyclic peptide structure can lead to thousands of theoretical
configurations, among which approximately 250 have been identified
and reported to date (Martens, 2017; Bouaïcha et al., 2019). Although
the Adda amino acid can present different substitutions in themethoxy
group (acetylation or hydrogen substitution), themethoxylated moiety
is found in about 80% of the known variants, as well as the most com-
monly observed microcystins in cyanobacterial blooms worldwide,
such as microcystin-LR (Bouaïcha et al., 2019). Although microcystins
are found in the unbound, free-form inside the cyanobacterial cells or
dissolved in water (also known as intra- and extracellular microcystins,
respectively), studies reveal that they can bioaccumulate into animal
tissues (Humbert, 2009) where they exist as both free and covalently-
bound to protein phosphatases type 1 and 2 (Robinson et al., 1991).
The World Health Organization has set 0.04 μg kg−1 body weight per
day as the tolerable daily intake guideline value for microcystin-LR,
the most commonly detected variant (WHO, 2008).

Various analytical techniques have been applied to determine the
presence and concentration of microcystins in fish tissue. Enzyme linked
immunosorbent assay -ELISA- (Metcalf et al., 2000; Nagata et al., 1995)
and protein phosphatase inhibition assay -PPIA- (Ward et al., 1997) are
cost-effective approaches for the analysis of microcystins in tissue that
allow the integration of all microcystin variants in a sample. However,
studies have demonstrated that this approach might be prone to false
positive detections of microcystins due to matrix effects interfering with
the test (Geis-Asteggiante et al., 2011; Lawrence and Menard, 2001;
Moreno et al., 2011). Extraction of free microcystin fractions combined
with liquid chromatography-mass spectrometry (LC-MS) based tech-
niques is one of the most common procedures to test for microcystins
in fish tissue. These methods follow microcystin extraction procedures
using several solvents that mostly target free microcystins (Mekebri
et al., 2009; Schmidt et al., 2013). Unlike the previouslymentioned bioas-
says, LC-MS differentiates between microcystin congeners, though it
limits users to the determination of congeners that are not covalently
bound to proteins and for which standards are available.

An alternative approach for the analysis of total microystins —in-
cluding all variants, in free and protein-bound forms— is the Lemieux
Oxidation method. The Lemieux Oxidation reaction was originally ex-
plored by Lemieux and Rudolff in 1955 (Lemiuex and Rudloff, 1955)
for the oxidation of olefins by sodium metaperiodate, in the presence
of potassiumpermanganate as a catalyst. Regardless of its original struc-
ture, oxidizing every microcystin congener under Lemieux condition
will produce the following common fragment from the Adda [(2S, 3S,
8S, 9S)-3-amino-9- methoxy-2, 6, 8-trimethyl-10-phenyldeca-4E, 6E-
dienoic acid] amino acid: 2-methyl-3-methoxy-4-phenylbutyric acid
(MMPB). Several laboratories have successfully employed this approach
for the analysis of total microcystins in complexmatrices such as harm-
ful algal blooms or fish tissue (Mohamed et al., 2019; Roy-Lachapelle
et al., 2015; Duncan et al., 2018; Flores et al., 2018; Bieczynski et al.,
2013; Cadel-Six et al., 2014; Foss et al., 2017; Foss and Aubel, 2015;
Greer et al., 2017, 2018; Neffling et al., 2010; Ott and Carmichael,
2006; Roy-Lachapelle et al., 2014; Suchy and Berry, 2012; Vudathala
et al., 2017; Wu et al., 2009); however, experimental conditions be-
tween studies varied substantially. Table 1 summarizes recent studies
that have used the Lemieux Oxidation method to analyze microcystins,
including a comparison between experimental conditions. As it can be
observed in the table, there is little consistency between the amount
of sample used (from10 to1000mg), oxidation time (from1 to 4 h), po-
tassium permanganate concentration (2 to 500 mM) or even choice of
internal standard (if any), just to name a few experimental conditions.

Considering differences in the experimental conditions and quantifi-
cation strategies presented thus far in the literature, here we optimize
an LC-MS-based determination of total microcystins in fish tissue (e.g.,
liver, muscle) using a Lemieux Oxidationmethod through an experimen-
tal design, pairedwith an in-situ generation ofmatrix-matched calibration
standards. A fractional factorial designwas applied to the Lemieux Oxida-
tion method to investigate how different experimental factors can affect
the MMPB oxidation. Furthermore, an in-situmatrix-matched calibration
curvewas generated by oxidation of fourmicrocystin standards spiked to
blank Oncorhynchus mykiss liver and muscle tissue to account for matrix
effects and correct for the yield of MMPB generation. Ultra-performance
liquid chromatography-quadrupole/time-of-flight mass spectrometry
(LC-QTOF-MS) in tandem mode (MS/MS) was employed in the present
study to achieve detection limits of microcystin as low as 7.28 ng g−1 of
dried Oncorhynchus mykiss tissue.

2. Experimental

2.1. Standards and reagents

All microcystin standards (-LR, -YR, -RR, and -LA) were purchased
from Enzo Life Sciences (Farmingdale, NY, USA). Potassium carbonate,
potassium permanganate, sodiummetaperiodate, sodium bisulfite, sul-
furic acid, methanol, and formic acid (FA) were purchased from Fischer
Scientific (Markham, Canada). Solvents used in this study were LC-MS
grade. A standard of MMPB (2-methyl-3-methoxy-4-phenylbutyric
acid) and its deuterated form, d3-MMPB (internal standard), were pur-
chased from Wako Chemicals (Richmond, VA, USA). Waters Oasis HLB
3 cc (400 mg) LP extraction cartridges were purchased from Waters
(Milford, MA, USA). Water (18.2 MΩcm, organic carbon content
≤8 μg l−1) was obtained from a Millipore Milli-Q A10 (Etobicoke, ON,
Canada) station.

2.2. Microcystis aeruginosa culture preparation

Microcystis aeruginosa strain CPCC 300 was acquired from the Cana-
dian Phycological Culture Centre (University of Waterloo, Waterloo,
Canada). Growth of this strain was unicellular, and the diameter of



Table 1
Review of Lemieux oxidation conditions for the determination of microcystins in fish reported in the recent and relevant publications.

References Matrix Quantification strategy Internal
standard

Sample amount (g) Oxidation
time (hr)

[KMnO4]
(M)

[NaIO3]
(M)

pH Method
detection
limits

Instrumental
analysis

(Mohamed
et al., 2019)

Fish muscles External calibration
curve

N/A 0.01 dried tissue 3 0.1 0.1 9 N/A LC-MS

(Duncan et al.,
2018)

Algae MMPB-d3 dilution
calibration

d3-MMPB 0.02 dried 1 0.2 0.5 9 1 μg L−1 LC- MS/MS

(Brown et al.,
2018)

Dolphin liver Matrix spikes and matrix
standard curve

No IS 0.01 dried 2.5 0.1 0.1 N/A 1.3 μg g−1 LC–MS/MS

(Flores et al.,
2018)

Fish liver and
muscle

N/A N/A N/A N/A N/A N/A N/A N/A GC–MS

(Greer et al.,
2018)

Pig liver Matrix matched
calibration curve, MMPB
spiked after pH
adjustment

No IS 0.05 dried 2 0.2 0.2 N/A N/A UPLC-MS/MS

(Foss et al.,
2017)

Periphyton,
Fish liver and
whole juvenile

In situ matrix matched
calibration curve

No IS dried 2 0.25 0.25 N/A 2 ng g−1

periphyton
3 ng g−1

liver and
whole
juvenile

LC-MS/MS

(Greer et al.,
2017)

Fish muscle Matrix matched
calibration curve, MMPB
spiked after pH
adjustment

No
IS/Nodularin

0.05 dried 2 0.1 0.1 N/A N/A UPLC-MS/MS

(Vudathala
et al., 2017)

Fish liver and
plasma

In situ matrix matched
calibration curve

No IS 0.5 liver wet
0.4 g plasma

3 0.2 0.2 ≥9 6.2 ng g−1

liver
5.2 ng g−1

plasma

LC-MS/MS

(Foss and Aubel,
2015)

Water In situ matrix matched
calibration curve

4-PB N/A 0.5 0.15 0.15 N/A 0.05 μg L−1 LC-MS/MS

(Roy-Lachapelle
et al., 2015)

Fish muscles
and whole

Matrix matched
calibration curve, MMPB
spiked before SPE

4-PB 1 wet 2 0.5 0.5 9 2.7 ng g−1 LDTD-APCI-MS/MS

(Cadel-Six et al.,
2014)

Fish liver,
intestines,
gills, and
muscles

MMPB standard
calibration curve

No IS 0.06 dried intestinal
tissue 0.01 dried
liver, gills, and
muscles

4 0.1 0.1 9 1.5 ng mL−1 LC-MS/MS

(Roy-Lachapelle
et al., 2014)

Water Internal calibration 4-PB N/A 1 0.5 0.5 9 0.2 μg L−1 LDTD-APCI-MS/MS

(Bieczynski
et al., 2013)

Fish intestine
and liver

MMPB generated by
MC-LR oxidation

No IS 1 wet overnight 0.002 0.09 9 0.2 ng g−1 GC–MS

(Suchy and
Berry, 2012)

Fish liver and
muscle

Me-MMPB calibration
curve

4-PB 1 mL of (7 g
homogenized in
5 mL water)

3 0.36 0.096 9 40 ng g−1 SPME-GC/MS

(Neffling et al.,
2010)

Snail tissue
and serum

N/A N/A 0.01 dried tissue
Serum: 1 mL

3 0.1 0.1 9 N/A LC-MS/MS

(Wu et al.,
2009)

Cyanobacteria MMPB standard
calibration curve

No IS 0.05 dried 1–4 0.5 0.2 9 1 ng g−1 HPLC

(Ott and
Carmichael,
2006)

Liver In situ matrix matched
calibration curve

4-PB 1 wet 3 0.02 0.02 9 5 ng g−1 LC-MS
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cells ranged between 1 and 2 μm.M. aeruginosa CPCC 300 produces two
microcystin congeners, microcystin-LR and [D-Asp3]-microcystin-LR.
M. aeruginosa CPCC 300 cultures were prepared according to
Shahmohamadloo et al. (2019a). Briefly, cultures were maintained in
BG-11medium under continuous light (600±15 lx cool-white fluores-
cent light) with a specified temperature (24.0 ± 1 °C) for 16: 8 h of
light: dark cycle in a growth chamber. Cultures were grown for at
least 1 month prior to cell lysis for use in the experiment. Prior to run-
ning our study, we investigated whether BG-11 medium could result
in lethal or growth impairment in the test organism, O. mykiss. Results
confirmed that O. mykiss did not experience lethality or growth impair-
ment from exposure to BG-11 medium.

M. aeruginosa cultures were pooled into one vessel with a final cell
density of 1.88 × 107 cell ml−1.Water sampleswere collected for chem-
ical analysis at the Toxic Organics Section of theMinistry of the Environ-
ment, Conservation and Parks in Etobicoke, Canada, following the
protocol of Ortiz et al. (2017). Results confirmed that M. aeruginosa
produced 446 μg l−1 of total microcystins (24.8 fg cell−1), which was
comprised of 296 μg l−1 microcystin-LR (16.5 fg cell−1) and
150 μg l−1 [D-Asp3]-microcystin-LR (8.34 fg cell−1).M. aeruginosawere
lysed by a 3 × freeze-thaw cycle in order to prepare extracellular
microcystins, as described in Ortiz et al., 2017.

2.3. Method validation experiments with Oncorhynchus mykiss

2.3.1. Lemieux Oxidation optimization using fractional factorial design
Factorial designs are widely used in experimental investigations and

screening portion of experiments (Boddy and Smith, 2011; Ortiz et al.,
2011; Plackett and Burman, 2006). Fractional factorial designs enable
users to eliminate some redundant experimental conditions and
hence the number of experiments. Factorial design experiments allow
studying a given number of factors (e.g., experimental condition such
as time and temperature) at two different levels (e.g., 1 h vs 2 h). Facto-
rial design of limited set of variables with two levels has advantage over
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the conventional methods which vary single parameters per trial. The
fractional factorial design results enable to define the variables, their
levels of contribution, and their optimal ranges to gain themaximum in-
formation possible with running theminimum number of experiments.
Furthermore, factorial experiment allows to study the effect of each fac-
tor separately and in interactions with other factors. For the optimiza-
tion of the Lemieux Oxidation method in this study, seven factors at
two levels were investigated. Applying fractional factorial design en-
abled us to reduce the number of treatment combinations from 128 to
8 experiments.

In this study, the the Lemiuex Oxidation of microcystins to MMPB
detection was optimized using a saturated fractional factorial design.
Based on preliminary experiments, seven factors that could influence
the oxidation of microcystins were chosen (Table 2A): pH, concentra-
tion of potassium permanganate and sodium metaperiodate, oxidation
duration, fish tissue, fish tissue amount, and initial volume of oxidation
solution. Table 2B illustrates the oxidation conditions of the experimen-
tal design, allowing to study seven factors at two different levels with
only 8 treatment combinations.

2.3.2. Laboratory exposed fish validation test
A 96-hourmethod validation testwas conducted onO.mykiss (130 g

average size) exposed to extracellular microcystins produced by
M. aeruginosa CPCC 300. The test was comprised of a water-only control
and a single extracellular microcystins treatment (89.2 μg l−1 of total
microcystins). Each treatment had 4 replicates of 20 L pails with three
O. mykiss per replicate, totalling 24 fish for the test. Water parameters
(i.e., temperature, pH, conductivity, dissolved oxygen, and total ammo-
nia)weremeasured at 0 h and 96 h.Water sampleswere collected at 0 h
and 96 h to measure the total of MCs at the beginning and end of the
test. Liver and muscle tissue were individually collected from all
O. mykiss at 96 h and frozen at−80 °C until analysis by the Lemieux Ox-
idation method.

2.3.3. Environmental samples
The number of reported algal blooms in Lake Erie has been increas-

ing steadily the last few years (Carmichael and Boyer, 2016), posing a
potential drinking water thread affecting over 11 milion people
(Wituszynski et al., 2017). The validated analytical method was used
to analyze several Walleye (Sander vitreus) and Yellow Perch (Perca
flavescens) samples, as these fish species are the most commonly har-
vested sport and commercial fish in Lake Erie. The samples were
Table 2
A. Selected factors and their levels for factorial design, with best conditions in bold.
B. Experimental design matrix.

A

Selected factors

Potassium permanganate (mM)
Sodium metaperiodate (mM)
pH
Fish amount (mg d.w.)
Fish matrix
Oxidation duration (hr)
Initial volume of oxidation solution (mL)

B

Run Potassium permanganate
(mM)

Sodium metaperiodate
(mM)

pH Fish amount
(g)

Fish
matri

1 20 20 7.7 100 Liver
2 0.3 20 7.7 50 Fillet
3 20 5 7.7 50 Liver
4 0.3 5 7.7 100 Fillet
5 20 20 8.5 100 Fillet
6 0.3 20 8.5 50 Liver
7 20 5 8.5 50 Fillet
8 0.3 5 8.5 100 Liver
collected from Lake Erie during fall of 2015, and stored at−80 °C until
analysis. These samples were analyzed to validate the performance of
the Lemieux Oxidation method with real fish liver and muscle environ-
mental samples. The total number of O. mykiss samples analyzed were
10 liver and 18 muscle tissues, which were not paired.

2.4. Sample preparation

Approximately 500 mg of liver and muscle tissue from each sample
was homogenized, and frozen at −80 °C. Frozen tissues were freeze-
dried using a Labcono Freezone 2.5 freeze-drier from Fischer Scientific,
(Markham, ON, Canada) for a minimum of 24 h, after which samples
were ground to a fine powder using a pestle and mortar. Freeze-dried
samples were individually stored in labelled vials at −40 °C until anal-
ysis. Fish sample (100 mg of freeze-dried liver or fillet) spiked with in-
ternal standard (d3-MMPB), were oxidized at pH 8.5 using potassium
permanganate (0.3 mM) and sodium periodate (20 mM) for two
hours. More detailed information about how these experimental pa-
rameters were optimized can be found in the Results and Discussion
section.

Excess of oxidizing solution was quenched with sodium bisulphite
and pH adjusted to 3 with 10% sulfuric acid. Oasis HLB 3 cc (400 mg)
LP extraction cartridges were used for extraction and clean-up of
MMPB and d3-MMPB. Catridges were initially conditioned with 10 mL
ofmethanol and 10mLof 0.1% FAmilli-Qwater. Samplewas then loaded
and washed with 10 mL of 0.1% FA milli-Q water and 10 mL of 50%
methanol. Analytes were eluted with 4 mL of methanol. Collected sam-
ples from the elution step were dried down to 250 μL using a gentle ni-
trogen stream at 35 °C, and then diluted to 1 mL using 0.1% FA milli-Q
water. Samples were filtered prior to instrumental analysis using Pall
GHP filters (Mississauga, ON, Canada).

2.5. Quality assurance and quality control

For each batch of 20 processed samples, a blank fish sample (freeze-
dried O. mykiss liver/muscle raised in the laboratory under controlled
conditions, spiked with d3-MMPB) and a spiked fish sample
(500 ng g−1 of total microcystins) were included. No detectable levels
of microcystins were expected to be found in the blank, whereas con-
centration determined in the spiked sample was expected to be within
±30% of 500 ng g−1.
Level (-) Level (+)

20 0.3
20 5
7.7 8.5
50 100
Filet Liver
3 2
Low (~5) Large (~20)

x
Oxidation duration
(h)

Initial volume of oxidation solution
(mL)

MMPB conversion
(%)

2 5 21.8
2 20 26.9
3 20 7.4
3 5 19.6
3 20 4.4
3 5 23.4
2 5 33.3
2 20 25.7
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2.6. Chromatography and mass spectroscopy conditions

For the chromatographic separation, a Waters Acquity I Class Chro-
matograph by Waters Corporation (Milford, MA, USA) was employed.
Two different liquid chromatograph (LC) configurations were investi-
gated for the analysis: conventional LC—limiting the maximum sample
amount to be injected to 20 μL—, and on-line solid phase extraction
mode (Ortiz et al., 2017)where up to 500 μL can be injected and trapped
prior to the gradient LC separation.

For the conventional LC experiments, mobile phases used were
0.1% formic acid in water (mobile phase A) and 0.1% formic acid in
methanol (mobile phase B), at a constant flow of 0.35 mL min−1.
The gradient program started at 95% mobile phase A during the
first 3.75 min (isocratic), linearly ramping to 95% mobile phase B at
minute 12.25, and held until 14 min. The system was set back to its
initial conditions during the last 2 min, for a total chromatographic
run time of 16 min. The chromatographic column used was a Waters
BEH C18, 50 × 2.1 mm, 1.7 μm particle size by Waters Corporation
(Milford, MA, USA).

For the on-line SPE experiments, the trapping stage was carried out
with a secondary binary pump, where mobile phases used were 0.1%
formic acid in water (mobile phase C) and 0.3% formic acid in a 2:1
Fig. 1. LC-QTOFMS instrumental analysis optimization, showingMMPB signal-to-noise ratio fo
(1b) modes, and in-situ generated MMPB from 500 ng g−1 of microcystins in fish (fillet) in con
methanol-water mixture (mobile phase D) at 2 mL min−1. The mobile
phase was set to 100% C during the first 3.5 min (trapping stage), then
95%Duntil 6min (to rinse the trapping column), and then back to initial
conditions until 12min. The chromatographic column used for the trap-
ping stagewas aWaters XBridge C8, 30 × 2.1mm, 10 μmparticle size by
Waters Corporation (Milford, MA, USA). For the gradient separation
stage, conditions were the same as described for conventional LC.

A quadrupole time-of-flight-mass spectrometer (QTOF-MS) was
employed for the detection of the compounds. MMPB showed better
sensitivity in positivemodeduring full scan analysis (MS),whereas neg-
ative mode had better sensitivity for the MRM transition (MS/MS). For
this reason, the instrumentwas operated in positivemode forMS acqui-
sition and negative for MS/MS acquisition modes, at 2.5 kV capillary
voltage, 40 V sampling cone, 125 °C source temperature and cone gas
(nitrogen) at 50 L h−1. During the method development stage, two ac-
quisition modes where compared: high resolution (25,000), high mass
accuracy (b 2 ppm) full scan mode, and tandem mass spectrometry
(MS/MS) mode for the 207.1027 → 131.0874 transition at 10 eV colli-
sion energy (210.1210→ 131.0874 for the d3-MMPB internal standard).
Although not monitored in the present study, tansitions
193.0870→ 131.0874 and 235.0976→ 131.0874 can additionally be in-
cluded to accoult for the less common desmethylated and acetylated
r: 0.375 ngMMPB on-column standard injection in negative MS (1a) and negative MS/MS
ventional LC (1c) and on-line SPE (1d) modes by negative MS/MS.



Fig. 2. On-line SPE injection volume and solvent composition optimization.
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Adda substitutions, respectively. For the full scanMS andMS/MS exper-
iments, the target enhancement feature of the selected ion was enabled
to increase the sensitivity of the target compounds.

3. Results and discussion

3.1. LC-QTOF chromatographic and mass spectrometric optimization

Prior to the optimization of themicrocystin oxidation conditions, in-
strumental conditions for the detection of MMPB had to be determined.
The present study was carried out using a QTOF-MS, a versatile instru-
ment that can acquire data in different modes. In full scanMSmode, se-
lectivity towards measurement of the target compound is enhanced by
measuring its m/z with high resolution and high mass accuracy, being
able to distinguish the exact mass of the analyte from other interfering
isobaric compounds with nominal mass. Alternatively, in MS/MS
mode selectivity for targeted compounds is increased by monitoring a
specific precursor to product ion transitions. For this reason, the best
MS acquisitionmethod forMMPB analysis was investigated prior to op-
timizing the LC conditions, by injecting 15 μL of a 25 ng mL−1 MMPB
standard solution (0.375 ng on column). MMPB showed very poor ion-
ization efficiency in positive mode, about nine times less than negative
mode. Fig. 1 illustrates the results for the analysis of MMPB in negative
mode full scanMS (Fig. 1a, m/z=207.1027) and negativemodeMS/MS
(Fig. 1b, m/z= 131.0874 fragment), with collision energymanually op-
timized at 10 eV. As evident in this figure, sensitivity was substantially
increased (about 3.5×) when switching from negative MS to MS/MS
mode. MS data also showed some interferences around 7.8 min that
were not observedwithMS/MS due to its higher selectivity. For this rea-
son, MS/MS in negative mode was selected for the analysis of MMPB.

Conventional LC methods typically inject 5 to 20 μl of sample, to
avoid problems such as ion suppression or chromatographic peak
broadening. Larger amounts of sample can be injected when instru-
ments are configured for on-line SPE, with an extra pump and trapping
column. In brief, up to several mL of sample are injected and trapped in
thefirst column, cleaning up the sample from themost polar-interfering
compounds. Using a six-port valve, analytes are desorbed in reverse
flow by a secondary pump, and separated in time by gradient chroma-
tography (Ortiz et al., 2017; Fayad et al., 2015). This principle can also
be used for injecting equivalent amounts of analyte in the instrument
while reducing the need to evaporate under a stream of nitrogen,
which is regarded as one of the most time consuming steps of sample
preparation.

There are two key parameters that should be optimized for on-line
SPE coupled to LC, injection volume and solvent composition. If the in-
jection volume is too low it will not increase the method's sensitivity
enough. If injection volume is too large tagteted analytes could not be
focused efficiently, breaking through the trapping column. It could
also lead to ion suppression matrix effects if the volume injected is not
properly washed. As for the injection solvent, higher contents of water
could lead to solubility problems of organic compounds,whereas higher
contents of organic solvent (e.g. methanol) could prevent the analytes
for being trapped in reverse phase chromatography. Fig. 2 shows the
on-line SPE optimization results using injection volumes from 50 to
500 μl of sample (0.5 ng μl−1 MMPB), in mixtures of water:methanol
ranging from 0 to 100% organic content.

As it can be obserbed, very poor trapping efficiency was obtained
using 100% methanol, as MMPB would not be retained in the reverse
phase trapping column. Results slightly increased using 75% methanol,
but trapping efficiency plateaued when larger volumes of samples
were injected (300–500 μl). Mixtures containing 25 and 0% methanol
showed similar results, with much better retention. Best results were
obtained with 50% methanol mixtures, with no substantial signal im-
provement between 400 and 500 μl injected volumes. For this reason,
the optimized on-line SPE conditions for MMPB analysis were injecting
400 μl of sample in a 50:50 water:methanol mixture.
In order to compare the LC andon-line SPE approaches, two different
sample preparation workflows were carried out using in-situ generated
MMPB from spiking the fish fillets at 500 ng g−1: injecting 15 μl from a
300 μl extract in conventional LC mode (Fig. 1c) and 400 μL from a
1000 μl extract in on-line SPE mode (Fig. 1d). Signal-to-noise (calcu-
lated as peak to peak) doubled from 23.2 to 52.5 when using the on-
line SPE configuration. For this reason, combined with the fact that it
also entails less sample pre-concentration, the on-line SPE chromato-
graphic configuration was preferred. This technique also offers an
extra clean-up step, reducingmatrix effects of complex samples. Never-
theless, the increase in sensitivity is only a factor of two compared to
conventional LC, which means that comparable method performance
could be obtained by using conventional LC when the on-line SPE is
not available.

3.2. Lemieux Oxidation factorial design results

Generally, the LemieuxOxidationmethod of freeze-driedfish tissues
formicrocystin determination begins by the addition of oxidant solution
to the sample, previously spiked with internal standard (Table 1). The
oxidant solution contains potassium permanganate and sodium
metaperiodate in alkaline condition ranging from pH 7 to 10 (Lemieux
and Rudloff, 1955). More oxidation solution is added if the colour of
sample solution turns from purple to yellow/brown until the colour
turns to purple again, to make sure the oxidizing agent is not the limit-
ing reagent. Based on previous studies (Table 1), the duration of the ox-
idation step is carried out within two or three hours at room
temperature. The reaction is quenched by adding sodium bisulphite
until the sample is colourless, and 10% sulfuric acid solution is added
until the pH of the solutions becomes acidic (~2) prior to the SPE
clean-up stage.

Previous studies by Lemieux and Rudloff show that pH, potassium
permanganate, and sodiummetaperiodate concentrations affect the ox-
idation yield (Table 1). Therefore, thesewere chosen in two levels in the
factorial design experiment. Moreover, the primary target organ of
microcystin toxicity is the liver (Falconer, 1991). However, studies
show that organic anion-transporting polypeptides, which mediate
the transportation of microcystins to the liver, are also expressed in
other organs such as the stomach (Žegura et al., 2011). Bearing in
mind that muscle tissue is most commonly consumed by humans,
liver and muscle tissue in two different amounts (50 and 100 mg)
were chosen as the fish matrix and fish amount factors, respectively.
The length of oxidation (2 and 3 h) and initial volume of oxidation solu-
tion (5 mL and 20 mL) were chosen as two additional factors.

Blank fish tissues were spikedwithmicrocystin-LR, -RR, -YR and -LA
(125 ng g−1 each, 500 ng g−1 total). Eight runs incorporating a combi-
nation of the seven factors (Table 2B) were conducted. Mass labelled
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d3-MMPB was used throughout the experimental design as an internal
standard, spiked before the oxidation step at 500ng g−1. As it can be ob-
served in the table, MMPB conversion yieldswere heavily influenced by
the experimental conditions, with recoveries ranging from 4.4% (exper-
iment 5) to 33.3% (experiment 7). Although it is difficult to identify
which factors influenced these recoveries due to the number of experi-
mental parameters changed between each experiment, the results sug-
gest that lowest recoveries (experiments 3 and 5) were carried out
during 3 h of oxidation, whereas the highest recoveries (experiments
1, 2, 7, 8) were carried out during 2 h.

The effect of modifying these different factors on the generation of
MMPB can be more accurately quantified and visualized by calculating
the effect (%) of each selected factor (Eq. (1)). This effect represents
how the measured output (MMPB generation) increased or decreased
moving from levels (-) to (+), in %.

Effect %ð Þ ¼ Average result levelþð Þ− Average result level−ð Þ
Average result levelsþ and−ð Þ

� 100 ð1Þ

Calculation of the effect (%) froma selected factor in an experimental
design.

As Fig. 3 illustrates, with the exception of pH, the various factors ex-
hibited similar effects on MMPB and d3-MMPB recovery. The factorial
design demonstrates that when going from lower pH (7.7) to higher
pH (8.5), the MMPB generation will have 30% higher recovery while
this is opposite to the internal standard that leads to decrease in its re-
covery to b50%. As discussed earlier, moving from 3 to 2 h of oxidation
duration gave better results of about 30 and 40%, for d3-MMPB and
MMPB, respectively. The factorial design results also indicated little dif-
ference between the two fish tissues used (liver or muscle) and
a10–15% negative effect on d3-MMPB andMMPBwhen a lower amount
of fish tissue (50 mg) was used compared to higher amount (100 mg).
Potassium permanganate at lower concentration (0.3 mM) indicated
about 25% and 10%positive effects onMMPBand d3-MMPB recovery, re-
spectively. The concentration of sodium metaperiodate had litte effect
Fig. 3. Effects of studied factors on MMPB generation (A) and d3-MMPB recovery (B).
on MMPB yield, for this reason the highest concentration is preferred
(20 mM) to ensure that the oxidizing agent is still in excess by the
end of the reaction. A larger initial volume of oxidant solution
(~20mL) gave ~10% better recovery for both d3-MMPB andMMPB com-
pared to 5 mL. In most cases, samples starting with5 mL oxidizing
volumehad to be topped up to 20 mL after half an hour.

The LemieuxOxidationmethod optimized factors obtained from fac-
tional factorial design is shown in Table 2. Factorial design revealed pH
and oxidation duration are the two most important factors that affect
the oxidation yield. While oxidation duration of 2 h is best for both d3-
MMPB and MMPB, pH has the opposite effect. This means that higher
pH will not only oxidize the Adda amino acid and generate more
MMPB but also oxidize d3-MMPB from the start of the experiment. To
compromise generation of MMPB and oxidation of d3-MMPB the opti-
mized pH was set to 8.0 for the Lemieux Oxidation method. Moreover,
factorial design indicated a negative effect of 10–15% on d3-MMPB and
MMPB using high amount of fish tissue (100 mg). However, to increase
the limit of detection and since the effect is negligible, 100mg of freeze-
dried fish tissue was set for the optimized oxidation process.

3.3. Oxidation duration

To further study the effect of oxidation duration on MMPB genera-
tion and d3-MMPB degradation, oxidation of microcystins in fish tissue
at different time points (from 0 to 4 h)was carried out applying the op-
timized Lemieux Oxidation conditions (Table 2A), which covers the
range of oxidation duration previously reported in literature (Table 1).
As illustrated in Fig. 4, generation of the MMPB fragment from
microcystins steadily increases over the first 2 h of oxidation to reach
a maximum yield of 30% of molar conversion. After this, the generated
MMPB is further oxidized to other degradation products. Also, d3-
MMPB concentration decreases over time since it was spiked at 0 h, re-
covering about 78% of the initial concentration after 2 h and 34% after
4 h of oxidation. Thus, the results indicate that 2 h of oxidation may
be the best compromise between MMPB generation from microcystins
and d3-MMPB internal standard recovery.

3.4. Calibration curve by in-situ generation of MMPB calibration standard

As Table 1 shows, different strategies have been previously used to
quantify microcystins in fish. Approaches that directly use MMPB stan-
dard for quantification might not take into account the variability of
Fig. 4. MMPB and d3-MMPB generation/decomposition curve at different oxidation
duration time points.



Table 3
MC-LR concentration determination results in the laboratory exposed and control fish
(O. mykiss, N = 10).

Liver MCs
(ng g−1)

Fillet MCs
(ng g−1)

Liver to filet
accumulation

8 M.T. Anaraki et al. / Science of the Total Environment 737 (2020) 140209
MMPB generation from microcystins in the presence of fish tissue. Like
any other analytical method, the choice of internal standard addition
and in what step of sample preparation the standard is added might
also affect the final results. In order to minimize the potential bias of
these fators, the present method employs for the first time (to our
knowledge) spiked microcystin-LR, -YR, -RR and -LA to in situ generate
theMMPB calibration curve in fish filet or liver, to account for variability
during the oxidation stage andmatrix effects. Furthermore, the method
is improved by the use of d3-MMPB internal standard, to account for
variable ionization efficiency at the exact retention time of the target
analyte during the LC-MS analysis. In order to do so, fish tissues
(100 mg of freeze-dried fillet or liver) were spiked with a fixed amount
of d3-MMPB (500 ngg−1) and amixture ofmicrocystins LR, LA, RR, YR to
give total concentrations ranging from 5 to 2000 ng g−1. Four different
variants were used instead of only one to better represent the different
conversion yields that individual microcystinsmight have. For quantifi-
cation purposes and yield recovery calculations using microcystins and
MMPB standards, it should be taken into account that the mass conver-
sion rate from microcystins to MMPB is approximately 5 to 1 (e.g.,
microcystin-LR has a molar mass of 995.2 Da and generates one
MMPB fragment of 208.2 Da), which means that a 5 ng g−1 microcystin
standard is equivalent to a 1 ng g−1 MMPB in-situ generated standard.

Fig. 5 shows an example of an in-situ MMPB generated matrix
matched calibration curve using d3-MMPB as an internal standard (or-
ange curve), including 11 calibration levels (0, 5, 10, 25, 50, 125, 250,
500, 750, 1000 and 2000 ng microcystin g−1). The method shows very
good linearity (R2 = 0.9956) considering that the target analyte is gen-
erated in-situ over a dynamic range of almost three orders ofmagnitude,
with all residualswithin+/− 30% from the linear regression. In order to
highlight the importance of how different quantification strategies can
affect the final results, a calibration curve using an MMPB standard
(not generated from microcystins) and d3-MMPB as internal standard,
added at the samemolar ratio as the matrix matched curve, is also rep-
resented in Fig. 5 (blue). Asmentioned previously, after 2 h of oxidation
the recovery of d3-MMPB (78.9%) is higher than the generated MMPB
(30.0%), thus leading to a lower relative response (MMPB/d3-MMPB)
than the calibration curve using the standards. The in-situ generated
MMPB curve slope is three times lower than the one using the MMPB
standards, which means that the latter one is underestimating the real
concentration by a factor of 3. Using one of the Lake Erie samples de-
tailed in the Section 2.3.2 as an example, a sample containing
3720 ng g−1 of microcystins (Liver sample #1) calculated using the in-
situ generated curve would only have quantified 1213 ng g−1 if a
curve using MMPB standards had been used instead, being biased low
Fig. 5. Calibration curves using in-situ generated MMPB and external MMPB standard.
as it doesn't take into account the different analyte and internal stan-
dard recovery ratio obtained during the oxidation stage. Very similar re-
sults would be obtained for samples quantified with an external
calibration curve (no internal standard correction), using in-situ gener-
ated MMPB from oxidized microcystins (≈30% conversion yield) or an
MMPB standard, where the latter approach would be underestimating
the final concentration by a factor of 3.3, as it would not take into ac-
count the actual MMPB conversion yield in real samples.

The in-situ generated MMPBmatrix matched quantification method
was validated by analyzing twelve blank samples spiked at 250 ng
microcystins g−1, including two different fish tissues (fillet and liver)
analyzed by two different analysts (3 fillets and 3 liver samples each).
Precision was determined within 16.7% RSD, with an accuracy bias of
+6.7% of the target value. The method showed good linearity between
10 and 2000 ng g−1, with R2 N 0.995 and individual residuals within
30% from the curve. Method detection limit (calculated as three times
the standard deviation at 10 ng g−1 spiked sample analyzed five
times) was 7.28 ng g−1, and method quantification limit (ten times
the standard deviation) was 24.3 ng g−1.
3.5. Determination of microcystins in liver and muscle tissue from 96-hour
exposure test

To evaluate the performance of the validated method, a fish expo-
sure test was carried out to obtain real (not spiked) fish tissue contain-
ingmicrocystins. Ten O. mykisswere exposed for 96 h to a lysed culture
of M. aeruginosa that produced a concentration of 89.2 μg l−1 of total
microcystins (59.3 μg l−1 of microcystin-LR and 29.9 μg l−1 of [D-
Asp3]-microcystin-LR), analyzed as per Ortiz et al. (2017). No proteins
were removed from the lysed extract.Ten other O. mykiss were kept in
the same conditions in water-only, as controls. Liver and muscle tissue
from exposed and control fish were analyzed separately with the opti-
mized method. As shown in Table 3, no microcystins were detected in
the control liver or muscle tissues. For exposed fish, microcystins were
ratio

Blank spiked at
500 ng g−1

503.3 Blank spiked at
500 ng g−1

518.8 –

Blank bLOD Blank bLOD –
Control 1 bLOD Control 1 bLOD –
Control 2 bLOD Control 2 bLOD –
Control 3 bLOD Control 3 bLOD –
Control 4 bLOD Control 4 bLOD –
Control 5 bLOD Control 5 bLOD –
Control 6 bLOD Control 6 bLOD –
Control 7 bLOD Control 7 bLOD –
Control 8 bLOD Control 8 bLOD –
Control 9 bLOD Control 9 bLOD –
Control 10 bLOD Control 10 bLOD –
Exposed1 1355 Exposed 1 121 11.2
Exposed2 553 Exposed 2 63 8.8
Exposed3 780 Exposed 3 75 10.4
Exposed4 724 Exposed 4 64 11.3
Exposed5 424 Exposed 5 21 20.2
Exposed6 482 Exposed 6 42 11.5
Exposed7 944 Exposed 7 104 9.1
Exposed8 804 Exposed 8 39 20.6
Exposed9 425 Exposed 9 70 6.1
Exposed10 463 Exposed 10 53 8.7
Avg. 696 Avg. 65 11.8
RSD % 42 RSD% 46 41



Fig. 6. Microcystin concentrations determined in Walleye and Yellow Perch collected from Lake Erie. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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detected in all the analyzed muscles at an average concentration of
65 ng g−1, whereas concentrations in liver tissue were much higher at
an average concentration of 696 ng g−1. Although the relative standard
deviation between replicates was near 40%, likely reflecting biological
variability due to the different sizes of each fish, the accumulation
ratio between liver and muscle remained fairly constant, evidencing
an accumulation of microcystins in the liver about 11 times higher
than in muscle tissue. This observation is in agreement with the wide
body of literature evidencing that the liver is a key target organ for the
accumulation of microcystins which could lead to hepatotoxicity
(Falconer, 1991). From a human risk assessment perspective, the signif-
icantly lower concentraitons in muscle tissue is encouraging since fish
muscle is usually the only part used for consumption, whereas liver
and other offal are usually discarded.

3.6. Determination of MCs in environmental samples

Tissue samples from twenty-six Walleye and Yellow Perch (16 fillet
and 10 liver) samples from Lake Erie were analyzed with the validated
method (Fig. 6). Unlike the exposure study described in Section 3.6, in
this case fillets and livers were not paired. Microcystins were only de-
tected in two of the sixteen fillets analyzed, at concentrations of 61.3
and 99.6 ng g−1, with an average microcystin concentration in fillet of
10.1 ng g−1 (averaging the 2 samples avobe and the 14 samples
below detection limits). Much higher levels were determined in the
livers, where microcystins were detected in nine out of the ten samples
processed. Values ranged from 52.1 to 3720 ng g−1, with an average
microcystin concentration in liver of 732 ng g−1.

4. Conclusion

A method for the analysis of microcystins in fish by Lemieux Oxida-
tion was optimized using a saturated fractional factorial design. Among
the seven parameters studied, pH and oxidation time were determined
as themost critical factors for the generation ofMMPB.When the oxida-
tion is carried out for 2 h, adjusting the pH to 8.5, with 20 mL of potas-
sium permanganate and sodium metaperiodate concentrations of 0.3
and 20 mM respectively, using 100 mg of freeze-dried sample (liver
or muscle indistinctly), MMPB generation yield from microcytsins in
the presence of matrix was around 30%. To the knowledge of the au-
thors, this is the first study to optimize the MMPB conversion using a
relatively large amount of sample (100 mg d.w.) and two different tis-
sues (fillet/liver), improving the method's robustness for matrix effects
and sample representativity. Moreover, in order to improve the
method's accuracy, a multi-level matrix matched calibration standard
curve with in-situ MMPB generation was used for the quantification of
total microcystins in fish, using d3-MMPB as the internal standard. The
analysis method was validated showing a 16.7% precision (RSD) and
+6.7% accuracy (bias), with calculated method detection limits of
7.28 ng g−1. The method validation was completed by analyzing a set
of samples from Rainbow Trout fish exposed toM. aeruginosa in a labo-
ratory; no toxinswere detected in control livers andmuscles, low levels
of microcystins were detected in muscle (average concentration of
65.0 ng g−1), and much higher levels detected in liver (696 ng g−1).
Total 26 liver and fillet samples of Walleye and Yellow Perch from
Lake Erie were analyzed with the validated method, showing very low
microcystin levels in fillets (average concentration of 10.1 ng g−1) and
much higher concentrations in livers (average concentration of
732.3 ng g−1, with a sample as high as 3719.7 ng g−1). To our knowl-
edge, this is the first time a method for the analysis of microcystins in
fish is validated with a real positive control (not spiked), evidencing
that fish can accumulate over 10 times more microcystins in liver
than muscle tissue.
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