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Abstract

Human-driven environmental change has increased the occurrence of harmful cyanobacteria 

blooms in aquatic ecosystems. Concomitantly, exposure to microcystin (MC), a cyanobacterial 

toxin that can accumulate in animals, edible plants, and agricultural soils, has become a growing 

public health concern. For accurate estimation of health risks and timely monitoring, availability 

of reliable detection methods is imperative. Nonetheless, quantitative analysis of MCs in many 

types of biological and environmental samples has proven challenging because matrix 

interferences can hinder sample preparation and extraction procedures, leading to poor MC 

recovery. Herein, controlled experiments were conducted to enhance the use of ultra-performance 

liquid-chromatography tandem-mass spectrometry (UPLC–MS/MS) to recover MC-LR and MC-

RR at a range of concentrations in seafood (fish), vegetables (lettuce), and environmental (soil) 

matrices. Although these experiments offer insight into detailed technical aspects of the MC 

homogenization and extraction process (i.e., sonication duration and centrifugation speed during 

homogenization; elution solvent to use during the final extraction), they centered on identifying 

the best (1) solvent system to use during homogenization (2–3 tested per matrix) and (2) single-

phase extraction (SPE) column type (3 tested) to use for the final extraction. The best procedure 

consisted of the following, regardless of sample type: centrifugation speed = 4200 × g; elution 

volume = 8 mL; elution solvent = 80% methanol; and SPE column type = hydrophilic–lipophilic 

balance (HLB), with carbon also being satisfactory for fish. For sonication, 2 min, 5 min, and 10 

min were optimal for fish, lettuce, and soil matrices, respectively. Using the recommended HLB 

column, the solvent systems that led to the highest recovery of MCs were methanol:water:butanol 

for fish, methanol:water for lettuce, and EDTA-Na4P2O7 for soils. Given that the recommended 
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procedures resulted in average MC-LR and MC-RR recoveries that ranged 93 to 98%, their 

adoption for the preparation of samples with complex matrices before UPLC–MS/MS analysis is 

encouraged.
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1. Introduction

Cyanobacteria blooms have increased in aquatic ecosystems worldwide, owing to human-

driven eutrophication, with their prominence expected to increase with continued climate 

change (Michalak et al., 2013; Paerl and Huisman, 2008). This increase is problematic 

because excessive cyanobacteria can both directly and indirectly degrade ecosystem services 

vital to humans (Saqrane and Oudra, 2009). One prominent negative feature of 

cyanobacteria blooms is the production of toxins that can reduce the availability of clean, 

safe water for recreation (e.g., swimming), human and livestock consumption, and crop 

irrigation (Brooks et al., 2016; Manubolu et al., 2014; Lee et al., 2017b; Saqrane and Oudra, 

2009). Among the many types of cyanotoxins that have been documented, microcystin 

(MC), a liver toxin, is the most frequently occurring in freshwater environment, and hence, 

has been widely investigated (An and Carmichael, 1994). While MC contamination of 

drinking water and recreational waters can pose an immediate threat to humans (Brooks et 

al., 2016; Lee et al., 2017b; Saqrane and Oudra, 2009), food consumption also can be an 

exposure route, as MCs can accumulate in the edible tissues of animals and plants (Li et al., 

2014; Qian et al., 2017; Saqrane and Oudra, 2009; Schmidt et al., 2013; Vasconcelos, 1999). 

In addition, because MCs can negatively affect the development, growth, and survival of 

both fish and plants (Jacquet et al., 2004; Lee et al., 2017a; Oberemm et al., 1999; Prieto et 

al., 2011; Saqrane et al., 2008), their common occurrence in eutrophic water bodies and 

surface waters used for irrigation (e.g., retention ditches, ponds, reservoirs) in many parts of 

the world can pose a threat to the production of edible seafood and terrestrial crops (Ferrao 

and Kozlowsky-Suzuki, 2011; Zanchett and Oliveira-Filho, 2013). For these reasons, interest 

in accurately quantifying cyanotoxins in the tissues of edible animals and plants, as well as 

agricultural soils, has increased (Bouaïcha and Corbel, 2016; Corbel et al., 2014; Li et al., 

2014).

With the growing prominence of MC-producing cyanobacteria blooms in aquatic ecosystems 

worldwide (Schmidt et al., 2013), the need to develop accurate, robust, and ideally 

inexpensive methods for quantifying MCs in biological and environmental samples has 

become paramount. Unfortunately, reliable quantification of MCs in such sample types has 

proven difficult, owing to matrix interferences associated with complex tissues and soils that 

can lead to reduced recovery of MCs, and hence their underestimation (Geis-Asteggiante et 

al., 2011b). Most problematic have been difficulties associated with (1) freeing bound MCs 

from the tissue or soil matrix during the homogenization process, and (2) removing non-MC 

materials and molecules that can lead to false positive results during the final phase of the 

MC extraction process (termed “sample cleanup”).
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These difficulties highlight the need for testing of various materials and methods used during 

the pre-analytical, sample preparation phase. For example, during the homogenization phase, 

different solvent systems can be used to extract MCs into solution and the duration of 

sonication can be varied to optimize the lysing of tissue membranes (to free bound MCs). 

During later phases of MC extraction, decisions need to be made about what centrifugation 

speed to use to concentrate MCs before the final extraction, what solid-phase extraction 

(SPE) filtration column to use to remove non-MC materials/molecules, and what elutant to 

use to reconstitute the MCs for analysis after cleaning them (Silva-Stenico et al., 2009). 

Because the properties (e.g., degree of organic material, membrane structure, polarity) of 

animal, plant, and soil matrices differ, one might expect the optimal sample preparation 

protocol to also vary among these sample types.

Towards identifying an efficient, effective approach for quantifying MC-LR and MC-RR in 

animal, plant, and soil samples using ultra-performance liquid-chromatography tandem-

mass spectrometry (UPLC-MS/MS), a set of controlled laboratory experiments was 

conducted. These experiments focused on two key aspects of the sample preparation phase 

during which extracting bound MCs and removing non-MC materials can be difficult (Fig. 

1). First, to improve the ability to extract bound MCs during the homogenization phase, the 

efficacy of several commonly applied solvents systems was tested (2 to 3 per matrix type; 

see below for details). Second, because SPE is critical to minimizing LC-MS matrix 

interferences that are caused by non-MC materials (i.e., cleaning up the sample) (Frazier et 

al., 1998; Rodriguez-Mozaz et al., 2007), especially when MCs are in low abundance, the 

performance of three SPE filtration column types (activated charcoal; hydrophilic-lipophilic 

balance, HLB; and carbon, C18) was tested at environmentally relevant concentrations 

(Merel et al., 2013). To determine the best combination of homogenization solvent system 

and SPE column, a full-factorial laboratory experiment was conducted (i.e., 2–3 solvent 

systems crossed with 3 SPE columns) for each sample type. These experiments were 

conducted using common sonication times, centrifugation speeds, and SPE elution solvents 

from a related set of experimental trials.

The experiments focused on maximizing the recovery of MC-LR and MR-RR, which are 

highly toxic and the most abundant MC congeners in many aquatic ecosystems (Yang et al., 

2013). For these reasons, these two congeners have been of concern to regulatory and 

management agencies worldwide (Geneva, 1998; Giddings et al., 2012; Meriluoto et al., 

2005). This research also helps to fill an information gap as comparative studies that have 

tested the ability to recover multiple MC congeners in fish, plants, and soil samples using 

UPLC-MS/MS are sparse (Ame et al., 2010; Pekar et al., 2016; Yongtao and Joshua, 2015). 

Finding recovery rates ranging 93% to 98%, this study offers much-needed guidance on how 

to prepare animal and plant tissues, as well as soil samples, for the maximal recovery and 

detection of MC-LR and MC-RR using UPLC–MS/MS.

2. Material and methods

2.1. Sample preparation and spiking

Described below are the early steps of the sample homogenization process and the procedure 

for spiking samples with MC-LR and MC-RR for eventual extraction and detection with 
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UPLC–MS/MS. All hardware, glassware, and utensils (e.g., cleaver, fillet knife, blender, 

mortar and pestle, etc.) were thoroughly cleaned with soap and hot water, rinsed with 

distilled water, and wiped down with pesticide-quality acetone before and after use.

2.1.1. Fish—Walleye (Sander vitreus) muscle tissue was used to assess MC-LR and MC-

RR recovery levels in fish. The walleye used in this study (n = 2) were collected during 

September 29 through October 6, 2015 from Ohio waters of western Lake Erie (USA) via 

gillnet surveys conducted by the Ohio Department of Natural Resources-Division of 

Wildlife (ODNR-DOW). Upon collection, individuals were filleted, with the fillets wrapped 

in analytical-grade aluminum foil before being frozen at −80 °C until homogenization.

The homogenization protocol for the samples of fish muscle followed procedures used by 

the Ohio Environmental Protection Agency (Ohio, 2007; Schmidt et al., 2013). In brief, the 

fillets were chopped into small chunks using a meat cleaver and then combined with dry ice 

(~50% of the tissue volume) before being ground in a meat grinder (Power Zen 125, Fisher 

Scientific, Pittsburgh, PA, USA). Each sample was passed through the meat grinder twice to 

ensure complete pulverization. Samples were ground to a powder using a mortar and pestle, 

with dry ice added as necessary to keep the samples frozen. Samples were split into 1 g 

aliquots (n = 3 per MC concentration per solvent system per SPE column) after processing, 

which were then wrapped in aluminum foil and frozen at −80 °C until spiking with MCs 

(see below).

With exception of aliquots used as controls, each sample of homogenate used in this study 

was spiked with MC-LR and MC-RR (Beagle Bioproducts, Columbus, OH, USA) that was 

greater than 95% pure. To do so, samples were thawed and MC-LR and MC-RR were added 

in a concentration of 0.25 μg g−1 or 1 μg g−1 of wet mass (thawed fish tissue). The spiked 

samples were then incubated in glass vials (13 × 100 mm, 8mL capacity, Fisher scientific, 

Pittsburgh, PA, USA) at room temperature for 20 h in the dark, to allow the formation of 

covalently bound MC complexes (Craig et al., 1996). After spiking and incubation, a tissue 

probe homogenizer (Power Zen 125, Fisher Scientific, Pittsburgh, PA, USA) was used to 

further homogenize the sample.

2.1.2. Lettuce—The greenhouse-grown lettuce used in this study was purchased from a 

local grocery store in Columbus, OH, USA (cultivated by Queen Victoria, CA, USA). 

Samples of fresh lettuce were ground using a mortar and pestle, portioned into 1 g aliquots, 

and then placed into glass test tubes (13 × 100 mm, 8 mL capacity, Fisher Scientific, 

Pittsburgh, PA USA). Each aliquot was spiked with MC-LR and MC-RR, incubated, and re-

homogenized using the same methods described for the fish samples above.

2.1.3. Soil—The soil used in this study was purchased from Professional Growing Mix 

(Sung Gro Horticulture, Agawam, MA, USA). Its composition consisted of Canadian 

Sphagnum Peat Moss (80%) and Coarse Perlite (20%). After homogenizing the soil samples 

with a mortar and pestle, 1 g subsamples were placed into 13 × 100 mm (8 mL) glass test 

tubes (Fisher Scientific, Pittsburgh, PA, USA). Afterwards, each sample was spiked with 

MC-LR and MC-RR and incubated for 20 h at room temperature, as described above (see 

Section 2.1.1).
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2.2. Optimization of extraction conditions

2.2.1. Homogenization solvent system—Towards maximizing the movement of 

bound MCs from the homogenate into solution, the efficacy of three solvent systems was 

tested for both fish and lettuce, whereas only two systems were tested for the soil samples 

(Fig. 1). For the fish samples, three common solvent systems were tested, including 80:20 

methanol: water (hereafter, 80% methanol) (Smith and Boyer, 2009), 15:4:1 (75:20:5 

vol:vol:vol) methanol:water:butanol (Cadel-Six et al., 2014; Ernst et al., 2005; Jia et al., 

2014; Xie and Park, 2007b; Zhang et al., 2009), and 5% acetic acid and 0.01 M EDTA 

(hereafter, AA-EDTA Dai et al., 2008; Guo et al., 2014; Ríos et al., 2013; Schmidt et al., 

2013; Wu et al., 2010). For lettuce, two previously used solvent systems, 50:50 

methanol:water (hereafter, 50% methanol) (Gutiérrez-Praena et al., 2014) and 80:19:1 

methanol:water: trifluoroacetic acid (Li et al., 2014), as well as AA-EDTA were tested. 

Finally, for the soil samples, solvent systems consisting of Na4P2O7 and 0.1 M EDTA 

(hereafter, EDTA-Na4P2O7; Chen et al., 2006; Corbel et al., 2016; Li and Pan, 2015) and 

AA-EDTA were compared, the latter of which had yet to be used for soil samples.

To extract the MCs from the homogenate, 10 mL of a solvent was added to each 

homogenized sample and incubated for 10 min in the original glass test tube at room 

temperature. Afterwards, the homogenized extract was sonicated in its original test tube in a 

water bath (Branson 2510, Danbury, CT, USA) for 2, 5, and 10 min for fish, lettuce, and soil 

samples respectively. These sonication times were determined experimentally (Fig. S1). 

After sonication, the extracts were centrifuged (Thermo Sorvall™ Legend™ XT/XF) at 

4500 × g for 20 min, with the centrifuge speed determined experimentally (Fig. S2). After 

centrifugation, the resulting supernatant was collected. This entire process (i.e., adding 10 

mL of the homogenization solvent through collecting the supernatant after centrifugation) 

was repeated three times for each sample, with the resulting supernatants pooled afterwards. 

The samples were now ready for the final sample cleanup using an SPE column.

2.2.2. SPE cleanup procedure—Three SPE column types were tested (i.e., HLB, C18, 

and activated-charcoal; Fig. 1) to assess their ability to remove interfering compounds. The 

SPE system consisted of a 24-port vacuum manifold (Sigma-Aldrich, St. Louis, MO, USA). 

The HLB (Oasis, PRiME, part # 186008718) and Sep-pak C18 (end-capped, bonded phase, 

silica-based; part # 186004620) SPE columns used were purchased from Waters Corporation 

(Milford, MA, USA), whereas the activated-charcoal SPE columns (part # 12252201) were 

purchased from Agilent Technologies (Santa Clara, CA, USA). The bed size of all SPE 

columns was 500 mg (6 mL capacity). The SPE columns were preconditioned with 6 mL of 

methanol, followed by 6 mL of ultrapure water. Samples (approximately 30 mL) were 

applied to the column slowly, and then rinsed afterwards with 20% methanol. Samples were 

then eluted from column using 25 mL of 80% methanol, with the methanol concentration of 

this elution solvent being determined experimentally (Fig. S3). The final eluent was 

evaporated to dryness under a gentle stream of nitrogen (N2) gas, with the residue suspended 

in 1 mL of 80% methanol and then subsequently filtered through 0.2 mm 

polytetrafluoroethylene (Ultrafree®-MC, Sigma, Bedford, MA, USA).
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2.3. Chemicals and reagents

All of the chemicals and reagents used in this study were purchased from Sigma-Aldrich 

(Prague, Czech Republic), with exception of MC-LR and MC-RR (Beagle Bioproducts, 

Columbus, OH, USA). All of the extraction and sample reconstitution solvents were LC-MS 

grade. Ultrapure water (Milli Q, Millipore, Bedford, MA, USA) was used throughout the 

entire analytical process.

2.4. UPLC-MS/MS method development

A UPLC chromatograph (1200 SL series, Agilent Technologies, Santa Clara, CA) that was 

interfaced with a triple quadrupole mass spectrometer (QTrap 5500, ABSciex, Concord, 

Canada) via an electrospray ionization (ESI) source was used. Reversed-phase 

chromatography was performed on an Eclipse plus C18 column (4.6 mm × 100 mm, particle 

size 1.8 μm) (Agilent Technologies, Santa Clara, CA).

Injection of 1 μL analytical volume was found suitable or maximal sensitivity while 

avoiding suppression (as indicated by the signal-to-noise ratio). A flow rate at 1 mL min−1 

was maintained with an initial mobile phase composition of 95% (A) water with 0.1% (v/v) 

formic acid and 5% (B) acetonitrile with 0.1% formic acid. Both MCs were eluted within 6 

min. During this time, the composition was changed linearly to 95% B, which was then held 

for 1 min. Starting conditions were re-established over an additional 3 min. The column 

oven temperature was maintained at 40 °C. Analyst software (version 1.4.1) was used for 

data acquisition and integration.

As the UPLC–MS/MS data were acquired on a triple quadrupole instrument, both positive 

and negative ionization modes were used in a single analysis without substantial negative 

impact on the duty cycle (polarity switches occurred less than 50 ms). The highest intensity 

Multiple Reaction Monitoring (MRM) transition of each cyanotoxin was used for 

quantitation with the optimal settings: source temperature 700 °C; electrospray voltage

+4500 V; curtain gas (N2) pressure 30 PSI; declustering potential of 100V; and collision-

induced dissociation affected with N2 gas.

Both MC congeners were quantified using the peak areas of chromatograms from samples, 

as well as external calibration curves and a correction based on recovery (see below). For 

MC-LR, a single transition in a negative MS/MS mode was used [MC-LR −H]−, m/z 993.5 

> 975.5, whereas a positive MRM mode was optimal for MC-RR using double charged 

precursor [MC-RR+2H]+2, m/z 519.8 ≥ 135, 447.5, 620.4 and 887.5. These settings were 

applied to quantify MC-LR and MC-RR for all three sample types (Fig. S4).

2.5. Calibration and recovery level estimation

To correct our estimate of MC-LR and MC-RR for incomplete recovery, as well as to assess 

matrix effects, a calibration curve was developed for each MC congener. These calibration 

curves were derived by measuring toxins in standard solutions consisting of 80% methanol 

(neat solvent solution) and a known concentration of MC-LR and MC-RR (0.125, 0.25, 0.5, 

and 1 μg g−1). By comparing the recovered level of MC-LR and MC-RR in each fish, 

lettuce, or soil sample to the known level (0.25 ug g−1 or 1 ug g−1), which was corrected 
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using the calibration curves developed from standard solutions, matrix interference could be 

assessed. Matrix enhancement would result recovery rates of >100%, whereas signal 

suppression would result in values <100%.

2.6. Analytical detection limits

The quantifier selected to determine limits of detection (LOD) and limits of quantitation 

(LOQ) was the MS/MS transition with the highest signal to noise ratio. The peak height of 

each quantifying MS/MS transition for both MC-LR and MC-RR for all three sample types 

are provided in Table S1. Signal:noise (S:N) values of 3 and 10 were used to define the LOD 

and LOQ, respectively. Both congeners were sufficiently low for use in this study, as their 

average (±1 standard deviation, SD) LOD were less than 0.026 ±0.009 μg g−1 and their 

average LOQ were less than 0.072 ± 0.022 μg g−1, regardless of sample type (Table S1).

2.7. Statistical analyses

Three-way analysis of variance (ANOVA) was used to evaluate how MC recovery levels 

varied with the different extraction/cleanup protocols. Six ANOVAs were conducted, one for 

each combination of sample type (fish, lettuce, and soil) and MC congener (MC-LR and 

MC-LR). The homogenization solvent system (n = 3 types for fish and lettuce; n = 2 types 

for soil), SPE column type (n = 3 types for all sample types), and the MC-spiking level (n = 

2 levels for all sample types) were included as main factors in the model, with all two-way 

and the three-way interaction also included. By including MC-spiking level in these 

analyses, the effectiveness of extracting different levels of MCs could be assessed. This 

knowledge is important, given that MC levels in fish tissues have been shown to vary in 

nature (Jia et al., 2014; Schmidt et al., 2013; Xue et al., 2016). All treatments (n = 18 for fish 

and lettuce; n=12 for soil) were replicated in triplicate in a balanced design. Because two 

independent ANOVAs were used to explore the recovery of MC-LR and MC-RR within a 

sample type, a Bonferroni-corrected p-value was used to denote significance (p = 0.05/2 = 

0.025). This correction reduced the chance of causing a Type I error. For those factors that 

were significant (p <0.025), a Tukey honestly significant difference (hsd) test was used to 

identify which treatments differed. All data used in the ANOVAs were normally distributed 

(Kolmogorov-Smirnov normality tests, all p ≥ 0.20). All analyses were conducted using 

Statistica Software (v13, TIBCO®, Palo Alto, CA, USA).

3. Results

3.1. MC recovery from fish tissues

Both MC-LR and MC-RR were simultaneously recovered from homogenized fish muscle 

tissues with a high degree of success (Table 1, Fig. 2). While the homogenization solvent 

system, SPE filtration column, and spiking level each significantly affected MC recovery 

levels, their effects were interactive. Thus, only some combinations of these attributes led to 

high levels of MC recovery (Table 1). Average recovery levels were highest when a 75:20:5 

methanol:water:butanol solvent was used during the homogenization process, but only when 

used in conjunction with the HLB column (≥94% recovery) or the charcoal column (≥93% 

recovery) (Fig. 2); no differences were found between these column types, or between MC-

spiking levels, for either MC congener when this solvent system was used. By contrast, 

Manubolu et al. Page 7

Harmful Algae. Author manuscript; available in PMC 2020 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



when either of the other homogenization solvents was used (i.e., 80% methanol or AA-

EDTA), or a C18 SPE column was used, average MC recovery levels were significantly 

lower, ranging 43% to 78% (Table 1, Fig. 2).

Three-way ANOVA results showed that the homogenization solvent had the largest effect on 

MC recovery levels in fish tissues. Based on ratios of F-values, the effect of homogenization 

solvent was 2.2-fold (MC-LR) to 3-fold (MC-RR) larger than that of the SPE filtration 

column and 5-fold to 8-fold larger than that of the MC-spiking level (Table 1).

3.2. MC recovery from plant tissues

Similar to fish samples, MC-LR and MC-RR could be recovered with a high degree of 

success from lettuce samples (Table 1, Fig. 3). Unlike fish, however, average recovery levels 

were highest when a 50% methanol solvent was used during the homogenization process. 

Further, this solvent was only successful when used in conjunction with an HLB filtration 

column (≥93% recovery); the use of an activated-charcoal or C18 column led to significantly 

lower MC-recovery levels (i.e., 52%–77%; Fig. 3). Likewise, using 80:19:1 

methanol:water:trifluoroacetic acid or AA-EDTA as homogenization solvents led to 

significantly lower MC-recovery levels (i.e., 42% to 74%; Fig. 3).

As with the fish samples, the homogenization solvent had the largest effect on MC-recovery 

levels in lettuce samples. In the three-way ANOVAs, the F-value of the homogenization 

solvent was 3.2-fold (MC-LR) to 1.7-fold (MC-RR) larger than that of the SPE filtration 

column and 6.2-fold to 14.6-fold larger than that of the MC-spiking level (Table 1).

3.3. MC recovery from soil samples

The recovery of MC-LR and MC-RR in soil samples varied among the experimental 

conditions in a similar manner as the fish and lettuce samples. Average recovery levels were 

highest when an EDTA-Na4P2O7 homogenizing solvent was used, but only in combination 

with a HLB column (>95% recovery). When the activated-charcoal or C18 columns were 

used, recovery levels ranged lower (58% to 84%; Fig. 4). Likewise, when AA-EDTA was 

used as a homogenizing solvent, the average recovery of both MC congeners was 

significantly lower (ranging 40% to −69%), regardless of SPE column type (Table 1).

As with the biological samples, the homogenization solvent had the largest effect on MC 

recovery levels in soil samples. The effect of the homogenization solvent was 1.9-fold (MC-

LR) to 1.3-fold (MC-RR) larger than that of the SPE filtration column and 10-fold larger 

than that of the spiking level (see F-values in Table 1).

4. Discussion

Reliable quantification of MCs in many biological and environmental sample types has 

proven difficult, owing to interferences imposed by sample matrices that can hamper 

extraction procedures and lead to poor MC recovery (Smith and Boyer, 2009). Controlled 

experiments were conducted to more reliably extract and recover MCs from fish, plant, and 

soil samples, all of which have complex matrices. These experiments quantified the 

independent and combined effects of different homogenization solvent systems and SPE 
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filtration columns on the simultaneous recovery of MC-LR and MC-RR. Since MC 

concentrations in biological and environmental samples can vary considerably in nature 

(e.g.,. Jia et al., 2014; Schmidt et al., 2013; Xue et al., 2016), we tested the effects of both 

factors (homogenization solvent, SPE column) on MC recovery at low (0.25 μg/L) and high 

(1.0 μg/L) spiking levels.

The procedures used herein, which included experimentally-derived sonication times, 

centrifugation times, and elution solvent systems (Fig. S1–S3), led to MC-LR and MC-RR 

recovery levels that ranged 93% to 98%. These levels are comparable to or better than 

previously reported values (Table 2). Analyses of the experimental data revealed that an 

HLB column was most appropriate for all three sample types (with an activated-charcoal 

column also being satisfactory for fish samples). Nevertheless, these analyses showed that 

different homogenization solvent systems should be used, with methanol:water:butanol, 

methanol:water, and EDTA-Na4P2O7 leading to the highest MC recovery levels for fish, 

lettuce, and soils, respectively. In addition to providing quantitative support for these 

conclusions below, guidelines are offered on how to prepare samples with complex matrices 

to maximize the simultaneous recovery of MC-LR and MC-RR with UPLC–MS/MS.

4.1. MC recovery from fish tissues

While previous studies have shown that the homogenization solvent can influence recovery 

levels of MCs fish samples (Table 2) (Christoffersen and Kaas, 2000; Dai et al., 2008; Geis-

Asteggiante et al., 2011a; Moreno et al., 2005), the magnitude of this effect in this study was 

not anticipated. One important finding from this study was the superior performance of the 

15:4:1 methanol:water: butanol solvent relative to the 80% methanol or AA-EDTA solvent 

systems. This finding was a bit surprising, given that the previously published studies that 

used 15:4:1 methanol:water:butanol as a solvent had MC recovery rates that did not exceed 

88% (see Table 2). In addition, the single study that used 80% methanol as a solvent 

reported MC recovery levels that ranged 80% to 99% (Smith and Boyer, 2009), with all 

studies that used the AA-EDTA solvent system reporting maximum MC recovery rates 

ranging from 90% to 110% (Dai et al., 2008; Guo et al., 2014; Ríos et al., 2013; Schmidt et 

al., 2013; Wu et al., 2010).

Based on the published literature and the results presented herein, the recovery of MC-LR 

and MC-RR from fish tissues depends on many factors, not just the homogenization solvent 

system used. The significant solvent system X SPE column interaction term in the three-way 

ANOVAs used to analyze the data support this conclusion. Thus, to achieve maximal MC 

recovery, a15:4:1 methanol:water:butanol solvent system needs to be paired with a proper 

SPE column (HLB or activated charcoal) during the cleanup phase. When a different (i.e., 

C18) SPE column was used with this homogenization solvent system, MC recovery levels 

dropped from ≥ 93% to levels that ranged 43% to 78%.

The recommendations emanating from the experimental trials conducted with fish tissues 

are supported by the literature. Jia et al. (2014) and Xie and Park (2007a,b) have 

recommended the use of a15:4:1 methanol:water:butanol solvent system, albeit based on 

lower MC-recovery levels (see Table 2). In addition, the use of a HLB column with animal 

tissues has been suggested (Dai et al., 2008; Rita et al., 2014; Xie and Park, 2007a). Even so, 
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systematic investigations of the impact of SPE column types on MC recovery are lacking in 

the literature, with Cadel-Six et al. (2014) being the only other study to compare HLB 

column performance to another column type (Strata X 60 column, polymer based).

While these results strongly point the use of a 15:4:1 methanol: water:butanol solvent 

system in conjunction with an HLB or activated-charcoal SPE column, other methods also 

need to be taken into account. This notion is supported by two published studies that used 

this combination but only achieved MC recovery rates as high as 81% to 86% (Cadel-Six et 

al., 2014; Xie and Park, 2007b). The reasons for the higher recovery rates in this study 

relative to these two others is uncertain, but may emanate from the use of optimized 

sonication times, centrifugation times, and elution solvent systems (see Fig. S1–S3). 

Likewise, the differential use of these kinds of conditions during the sample preparation 

phase may help explain why the 80% methanol solvent system performed better in other 

studies that our own when paired with a C18 SPE column (MC recoveries ranged 80% to 

99%; Smith and Boyer, 2009) or the AA-EDTA solvent system when paired with an 

activated charcoal SPE column (Schmidt et al., 2013).

4.2. MC recovery from plant tissues

Relative to fish, fewer studies have used UPLC–MS/MS to quantify MC levels in plant 

tissues (Table 2). Of the five published studies that were found (Table 2), each used a 

different homogenization solvent system, including pure water (do Carmo Bittencourt-

Oliveira, 2016), 100% methanol (Järvenpää et al., 2007), 75% methanol (Corbel et al., 

2016), 50% methanol (Gutiérrez-Praena et al., 2014), and 80:19:1 

methanol:water:trifluoroacetic acid (Li et al., 2014). Similar to the studies conducted with 

fish, none systematically compared homogenization solvent systems, thus highlighting the 

importance of this investigation. In addition, 3 of these 5 studies did not quantify MC 

recoveries, thus limiting ability of practitioners to know which procedures are most 

appropriate to use.

Of those studies reporting MC recovery rates, their results were variable (Table 2). For 

example, the use of 80:19:1 methanol:water: trifluoroacetic acid as a homogenization 

solvent resulted in MC recovery rates ranging 61% to 117% (Li et al., 2014). This variation 

is no doubt partly due to their crossing this solvent with two different SPE column types 

(HLB and C18; see Table 2), as similar variation was found in this study when this solvent 

system was used different columns (see Fig. 3). Because the use of 50% methanol as a 

homogenization solvent led to higher recoveries in this study than with the other two solvent 

systems (80:19:1 methanol:water:trifluoroacetic acid and AA-EDTA), its use is 

recommended in future applications. Unfortunately, the only other published study (i.e., 

Gutiérrez-Praena et al., 2014) that used this solvent system did not report MC recovery 

levels nor did it use the recommended HLB column.

Comparative research aimed at assessing the impact of SPE filtration columns on MC 

recovery in plant tissues has been equally as limited, with Li et al., (2014) offering the only 

contrast. In that study, the ability to recover MC-LR, MC-RR, and MC-YR using C18 and 

HLB columns was tested in lettuce and nine other plants. In contrast to the results presented 

herein, Li et al. (2014) showed that the C18 column performed better than the HLB column 
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for MC-LR (>95% recovery), with both not performing as well for MC-RR (8085%). For 

this reason, plus the fact that the C18 column is less expensive than the HLB column, Li et 

al. (2014) recommended the C18 column. Unfortunately, an obvious explanation for the 

disparity between this study and Li et al. (2014) is lacking. Perhaps it is related to the 

solvent system used, as the optimal solvent system in this study (50% methanol) was not 

tested by Li et al. (2014). Alternatively, perhaps the disparity relates to different 

centrifugation, sonication, or elution procedures being used by Li et al. (2014), which 

improved the functionality of the C18 column. Regardless, given the consistently high 

recovery rates in plant samples analyzed herein, the use of 50% methanol as a solvent with a 

HLB SPE column is recommended for lettuce samples. Most certainly, investigations that 

assess the performance of this combination with other plant types is encouraged.

4.3. MC recovery from soils

Even fewer comparative studies have quantified MCs in soils than for plants and fish (Table 

2). Of the four studies found in the published literature, one used water as a homogenization 

solvent (Järvenpää et al., 2007), with the others using EDTA-Na4P2O7 (Chen et al., 2006; 

Corbel et al., 2016; Li and Pan, 2015). While water did lead to subpar MC recovery levels 

(Järvenpää et al., 2007), levels exceeding 90% were documented in the two studies that used 

the EDTA-Na4P2O7 solvent and reported MC recovery rates (Chen et al., 2006; Li and Pan, 

2015). Thus, the superior performance of EDTA-Na4P2O7 in this study is supported by the 

literature. Moreover, this finding is encouraging considering the hydrophilic nature of MC-

LR and MC-RR, which make them typically more difficult to extract from sediments and 

soils than biological samples (Chen et al., 2006; Tsuji et al., 2001). This ability to reliably 

recover MC-LR and MC-RR in soils is especially relevant, as the research has suggested that 

MCs can persist in agricultural soils for weeks, if MC-tainted water is used to fertilize crops 

(Lee et al., 2017a).

Interestingly, the experimental trials conducted herein demonstrated that the HLB SPE 

column performed best, the activated-charcoal column performed worst, and the C18 

column was intermediate. Thus, use of an HLB column with EDTA-Na4P2O7 as a 

homogenization solvent system appears optimal for quantifying MC-LR and MC-RR in 

soils, when used in conjunction with recommended sonication, centrifugation, and elution 

methods (Fig. S1–S4). Even so, the use of a different type of C18 column could work under 

some conditions, as both Chen et al. (2006) and Li and Pan (2015) successfully used this 

column type with an EDTA-Na4P2O7 solvent. This finding again points to the notion that 

procedural conditions and decisions beyond the general homogenization solvent and SPE 

column type can influence the success of MC recovery in environmental samples. For this 

reason, practitioners should (1) take care when making decisions about what exact C18 SPE 

column (for example) is used, and (2) take the time to report the chemistry of their SPE 

cartridges, including the exact model number(s) used.
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5. Study limitations

Despite this study partially filling an information gap by offering improved methods for 

extracting and quantifying MCs in three different and challenging matrix types, this study is 

limited in two key ways. These limitations are discussed below.

5.1. Applicability to other MC congeners

An important potential limitation to this study is its focus on only MC-LR and MC-RR. 

These MC congeners were chosen for study because of their known high toxicity and 

abundance in many north-temperate aquatic ecosystems worldwide, owing to the dominance 

of Microcystis spp. in typical harmful algal blooms (Beversdorf et al., 2013). Other MC 

congeners, however, can be more abundant in nature at times, including more hydrophobic 

ones such as MC-LF and MC-LW, which potentially could be equally as toxic, if not more 

toxic, than MC-RR (Fischer et al., 2010; Vesterkvist et al., 2012). Likewise, desmethylated 

MC variants can be common in blooms in some ecosystems, especially those dominated by 

Planktothrix spp. (Fastner et al., 1999; Messineo et al., 2009). Because MC-LF, MC-LW, 

and desmethyl MC hydrophobicity is expected to impede their recovery (Lawton et al., 

1994), yet data on the recovery of these variants is lacking, future assessment of whether the 

methods developed herein apply to these MC congeners is encouraged. Ideally, this 

assessment would be conducted on “naturally toxic” samples that have known 

concentrations of bound MCs.

5.2. MC-LR and MC-RR detection at low concentration

A noteworthy caveat relates to the ability of this study’s UPLC–MS/MS to detect MC-LR 

and MC-RR at extremely low concentrations. For MC-LR, although multiple electrospray 

ionization transitions were obtained, only a single (peak) quantifier was used to determine 

the MC-LR concentration. The choice to use a single quantifier was based on it being >20-

fold more sensitive than the potential qualifiers, and the LOQs achieved were reasonably 

low (e.g., 0.016 ± 0.005 ug g−1 for fish; see Table S1). By contrast, four transitions 

(confirmation ions) were used for MC-RR. Unfortunately, even after extensively optimizing 

the MC extraction and LC–MS/MS conditions, LOQs below 0.035 ± 0.009 ug g−1 could not 

be achieved for any of our sample types (see Table S1). Thus, at levels below these limits, 

the analytical approach used herein could only serve as a useful screening tool for MC 

speciation in contaminated environmental samples.

Despite these limitations for MC-LR and MC-RR quantification, the achieved LODs and 

LOQs were sufficiently low to reliably quantify MC-LR and MC-RR in samples analyzed as 

part of this study. In addition, they were quite comparable to the LOQs reported by other 

published studies (e.g., Dai et al., 2008; Li et al., 2014). Even so, the use of two or more 

transitions (confirmation ions) is strongly recommended in any future applications of this 

type, as it could improve the ability to reliably detect and quantify MCs at low concentration 

(Kohoutek et al., 2010). In addition, continued research into methods to improve the 

quantification capabilities of both MC-LR and MC-RR using UPLC–MS/MS are 

encouraged, especially if target detection levels (0.04 ug kg−1) by the World Health 

Organization are going to be achieved (Toxins, 2003).
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6. Summary & conclusions

In summary, this experimental approach used herein led to improved methods to 

simultaneously extract, recover, and analyze MC-LR and MC-RR from samples with 

complex matrices, including fish, plant (lettuce), and soils. Regardless of sample type, the 

best protocol had a centrifugation speed of 4200 × g, an elution volume of 8 mL, and an 

elution solvent that consisted of 80% methanol. A HLB SPE column was found to be the 

most suitable sorbent to use during the sample cleanup phase of the extraction process for all 

three sample types, with an activated-charcoal column also producing high MC-LR and MC-

RR recovery levels in fish samples. Most important, however, was the choice of the solvent 

system, with 15:4:1 methanol:water:butanol, 50% methanol, and EDTA-Na4P2O7 solvents 

performing the best for fish, plants, and soils, respectively. When this suite of methods was 

used in combination with sonication times of 2, 5, and 10 min for fish, lettuce, and soil 

matrices, respectively, average MC-LR and MC-RR recovery rates ≥93% could be 

consistently achieved.

Collectively, this study’s findings will aid efforts to measure the impact of cyanobacteria 

blooms on human health and some of the vital services that ecosystems provide. With 

improved methods to extract and quantify MC-LR and MC-RR in environmental and 

biological samples with complex matrices, agencies and decision-makers will be better 

positioned to assess whether cyanobacteria blooms are causing lost seafood or crop 

production in eutrophic water bodies or areas of the world where cyanobacteria-laden 

surface waters are used for crop irrigation (Ferrao and Kozlowsky-Suzuki, 2011; Zanchett 

and Oliveira-Filho, 2013). Likewise, these optimized extraction methods could be used in 

conjunction with behavioral research to explore whether MC exposure is leading to 

increased human health risk through the accumulation of MCs in the tissues of edible 

animals and plants that have been exposed to contaminated water. Given the potential 

benefits to assessing human welfare in the face of continued human-driven environmental 

change, continued research that assesses the general applicability of this study’s methods 

(e.g., test more hydrophobic MCs, different soil and plant types, and naturally toxic samples) 

is strongly encouraged.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic showing how samples with complex matrices (fish, lettuce, and soil) were 

prepared for microcystin (MC) quantification using UPLC-MS/MS in this study’s controlled 

experiments. An experiment was conducted with each sample type to optimize the recovery 

of MC-LR and MC-RR (spiking levels of 0.25 and 1 μg/g wet mass). These experiments 

sought to identify the best (1) solvent system to use during homogenization (2–3 tested per 

sample type) and (2) single-phase extraction (SPE) column type (3 tested) to use in the final 

purification (“sample cleanup”) step. These experiments also offered insight into other 

technical aspects of the MC homogenization and extraction process, including sonication 

and centrifugation speed during homogenization, as well as the elution solvent to use during 

the final extraction.
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Fig. 2. 
Mean (±1 standard error) percent recovery of A) MC-LR and B) MC-RR using UPLC–

MS/MS in fish muscle tissues using different combinations of homogenization solvents (5% 

acetic acid & 0.01 M EDTA, AA-EDTA; 80:20 methanol:water, 80% Meth; and 15:4:1 

(75:20:5 vol:vol:vol) methanol:water:butanol, Meth:Wat:But), SPE columns (carbon, C18; 

activated-charcoal; and hydrophilic-lipophilic balance, HLB), and microcystin (MC) spiking 

levels (0.25 and 1 μg/g wet mass). Bars with letters in common above them do not 
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statistically differ (three-way ANOVA, Tukey’s honestly significant different test; alpha-

level = 0.025).
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Fig. 3. 
Mean (±1 standard error) percent recovery of A) MC-LR and B) MC-RR using UPLC–

MS/MS in lettuce samples using different combinations of homogenization solvents (5% 

acetic acid & 0.01 M EDTA, AA-EDTA; 50:50 methanol:water, 50% Meth; and 80:19:1 

methanol:water:trifluoroacetic acid, Meth:Wat:TFA), SPE columns (carbon, C18; activated-

charcoal; and hydrophilic–lipophilic balance, HLB), and microcystin (MC) spiking levels 

(0.25 and 1 μg/g wet mass). Bars with letters in common above them do not statistically 

differ (three-way ANOVA, Tukey’s honestly significant different test; alpha-level = 0.025).
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Fig. 4. 
Mean (±1 standard error) percent recovery of A) MC-LR andB) MC-RR using UPLC–

MS/MS in soil samples using different combinations of homogenization solvents (5% acetic 

acid & 0.01 M EDTA, AA-EDTA; and Na4P2O7 and 0.1 M EDTA, EDTA-Na4P2O7), SPE 

columns (carbon, C18; activated-charcoal; and hydrophilic–lipophilic balance, HLB), and 

microcystin (MC) spiking levels (0.25 and 1 μg/g wet mass). Bars with letters in common 
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above them do not statistically differ (three-way ANOVA, Tukey’s honestly significant 

different test; alpha-level = 0.025).
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