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Quantification of Multi-class
Cyanopeptides in Swiss Lakes with
Automated Extraction, Enrichment and
Analysis by Online-SPE HPLC-HRMS/MS
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Abstract: The frequency and intensity of cyanobacterial blooms continue to increase in freshwater systems
across the globe. Cyanobacteria can release toxins and several bioactive secondary metabolites and analytical
methods are needed to effectively assess their concentrations in surface waters. Since blooms can evolve rap-
idly in parts of a lake, high resolution of spatial and temporal sampling increases the complexity of monitoring
efforts. Here, we present the validation of an automated, online-solid phase extraction (SPE) high performance
liquid chromatography (HPLC)-high resolution tandem mass spectrometry (HRMS/MS) method. This online-SPE
HPLC-HRMS/MS method enables quantitative monitoring of surface waters for 17 cyanobacterial peptides (cy-
anopeptides), spanning 5 distinct cyanopeptide classes, including: microcystins, anabaenopeptins, nodularins,
cyclamides and cyanopeptolins. The method can quantify these cyanopeptides in the low ng/L-range with high
accuracy (85-116%) and low relative matrix effects (<25%). We demonstrated its application to Swiss lake waters
(Zurichsee, Hallwilersee, Greifensee), which also highlighted the value of adding cyanopeptides beyond common
microcystins when monitoring surface waters for cyanobacteria.
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1. Introduction

Cyanobacteria can produce toxins and compromise water
quality, especially during dense bloom events.!!2l With increas-
ing nutrient input and changes in thermal and hydrological con-
ditions, cyanobacterial blooms are becoming more frequent and
intense, posing risks to human and animal health, and disrupting
activities of socio-economic importance associated with affected
water bodies.[3] Blooms frequently occur in lakes*! and drink-
ing water reservoirs across the globe.l>! Swiss waters are also af-
fected by seasonal increases in cyanobacterial loads, including
the peri-alpine lakes, lake Ziirichsee, lake Greifensee and lake
Hallwilersee. el Stakeholders concerned with the use and man-
agement of water resources are prompted to develop strategic
action plans to react to bloom events. These strategies include
monitoring of cyanobacterial cell counts and toxin concentrations
in the water.[’l Direct quantification of toxins is essential because
the production dynamics of toxins is currently not predicted ad-
equately based solely on the abundance of cyanobacteria cells.
Microcystin-LR, cylindrospermopsin, anatoxin-a, and saxitoxin
are cyanobacterial metabolites recognized as toxins and included
in the water quality guidelines by the World Health Organization.”!
Cyanobacteria co-produce several secondary metabolites along
with these known toxins. Indeed, to date, more than 2000 cyano-
bacterial metabolites have been identified, ranging in mass from
100 to 2500 Da.[8! Approximately 65% of cyanobacterial metab-
olites are categorized as peptide-based organic molecules, called
cyanopeptides.[39 Cyanopeptides can be further classified based
on similarities of their structural motifs for example as microcyst-
ins, nodularins, cyanopeptolins, anabaenopeptins and cyclamides
(Fig. 1). Cyanopeptides can fulfill diverse roles in defense against
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other organisms (antibiotics, herbicides, fungicides, efc.), in fa-
cilitating symbiosis as metal transporting agents, and as photo-
protectants, antioxidants, differentiation effectors or allelochemi-
cals." Unique and characteristic substructures and alterations of
monomers define different variants within each class. One cyano-
peptide can be produced by different cyanobacterial taxal2b-111 and
one cyanobacterial species can harbour the biosynthesis pathways
for cyanopeptides of different classes.[!1£12] Consequently, these
cyanopeptides occur just as frequently in surface waters across
the globe as toxic microcystins but their analytical identification
and quantification is still challenging.[#a52b.13] There are two main
advantages to include other metabolites in monitoring studies be-
yond Microcystin-LR (MC-LR), cylindrospermopsin, anatoxin-a,
and saxitoxin. First, other bioactive metabolites may be easier to
detect if they occur in higher abundance or their analytical detec-
tion limits are lower compared to the toxins included in the WHO
guidelines. Second, other bioactive metabolites can contribute to
toxic effects posed by cyanobacteria that cannot be explained by
the presence of known toxins alone.[4e.14.15]
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While instrumental detection limits in the low ng/L range can be
achieved by LC-MS/MS, enrichment and matrix removal from
natural samples is often required, for example using solid-phase
extraction (SPE). In the past decade automated loading and elu-
tion of a SPE cartridge directly coupled to the LC-MS/MS was
accomplished for the simultaneous analysis of a wide range of
micropollutants using column switching techniques and a tri-di-
rectional autosampler system.!'7 These online-SPE—LC-MS/MS
systems achieve higher reproducibility and sample throughput,
decrease the manual labour time by more than five-fold, and re-
duced costs of SPE cartridges by 75% by realizing the analysis of
up to 500 samples with one extraction cartridge. Recent studies
demonstrate that online-SPE can also be successfully applied in
the analysis of microcystins and other cyanopeptides.!$!

In this study, we evaluated the performance of an
online-SPE-HPLC-HRMS/MS method as a tool for monitoring
multi-class cyanopeptides in lake waters, including 10 microcyst-
ins, 3 anabaenopeptins, 2 cyanopeptolins, aerucyclamide A and
nodularin-R. For each compound, the validation procedure included

Anabaenopeptins

R
Compound class Compound name X z R1 R2 R3 R4
Microeystin Microcystin-LR leu  Arg -CH; -CHs H =
Microcystin-LA Leu Ala -CHz -CHz -H
Microcystin-LF Leu Phe -CHs -CHs -H
Microcystin-LY lew  Tyr CHs -CHs H
Microcystin-LW leuw Trp CHs CHs H
Microcystin-RR Ag Ag CHs -CHs H
Microcystin-YR Phe  Arg -CHz -CH3 H
Microcystin-HilR Hil Arg -CHs -CHs -H
(D-Asp*IMC-LR leu  Ag H -CHs H
[D-Asp’,EDhE/IMC-RR ~ Arg  Arg H H -CH
inA - - H -H -
Anabaenopeptin B - - -0OH -H
Oscillamide Y - - -OH =CH5 - -
[« i Cy lin A - - Arg Leu Phe Val

Cyanopeptolin D NoNedimethyllys  Leu  Phe  Val

Fig. 1. Structural overview of the five cyanopeptide classes included in the validation tests, showing one representative compound per class:
microcystin-LR; nodularin-R, oscillamide Y, cyanopeptolin A, and aerucyclamide A. Numbers indicate loci of the ‘building blocks’ for each com-
pound class, with letters ‘X’ and ‘Z’ corresponding to the most common loci for chemical structural variability among microcystins. The inset table
indicates the chemical structures found at each building block location in targeted cyanopeptides belonging to classes microcystin, anabaenopeptin
and cyanopeptolin. All structures drawn using ChemSketch Freeware version 2021.1.1.

The most reliable and sensitive method for quantifying individ-
ual cyanopeptides is liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS). Even though more than 1300
cyanopeptides including 279 microcystins have been structurally
identified to date,!8! only a few reference standards are commer-
cially available and commonly used. These include nodularin and
various microcystins variants: MC-LR, MC-LF, MC-LA, MC-LY,
MC-LW, MC-RR and MC-YR. In recent years, several biorea-
gents have also been offered commercially with slightly lower pu-
rity for approximately 10 additional microcystins and a few dozen
other cyanopeptides, expanding opportunities for targeted analy-
sis. Studies quantifying absolute concentrations of cyanopeptides
beyond microcystins in lake samples, using in-house gravimet-
ric reference standards or commercially available bioreagents,
have shown that microcystins are not always the dominate class
of cyanopeptides reaching drinking water treatment plants.[94:16]

determination of methodological limits of detection and quantifica-
tion (mLOD and mLOQ), accuracy, intra- and inter-day precision,
matrix effects (in lake water), recovery and carryover, based on cali-
bration curves ranging between = 1-1000 ng/L. We then applied
this method to quantify cyanopeptides directly in water samples
collected from three Swiss lakes, with the results emphasizing the
benefits of including additional cyanopeptides beyond known tox-
ins for strategic monitoring and risk assessment of cyanobacteria.

2. Experimental Section

2.1 Materials

Microcystin-LA (MC-LA), microcystin-LF (MC-LF), micro-
cystin-LR (MC-LR), microcystin-LW (MC-LW), microcystin-LY
(MC-LY), microcystin-RR (MC-RR), microcystin-YR (MC-
YR), microcystin-HilR (MC-HilR), [D-Asp*]microcystin-LR
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([D-Asp’IMC-LR) and nodularin-R (Nod) standards were pur-
chased from Enzo Life Sciences (= 95% (>95% purity by HPLC).
Cyanopeptolin A, cyanopeptolin D, oscillamide Y, anabaenopep-
tin A, anabaenopeptin B were purchased from CyanoBioTech
GmbH (all >90% purity by HPLC) as well as [D-Asp*,(E)-Dhb’]
microcystin-RR (>95% purity by HPLC). Aerucyclamide A was
kindly provided as a purified bioreagent in dimethylsulfoxide by
Prof. Karl Gademann (University Zurich, Switzerland). Solvents
and mobile phase additives were purchased from the following
suppliers: methanol and acetonitrile (Optima LC-MS grade) from
Fisher Scientific; formic acid (98—100%, analysis grade) and eth-
anol (absolute; glass bottle) from Merck. A Nanopure water puri-
fication system was used to generate water (18.2 MQ cm™) used
in the preparation of solutions and for HPLC-HRMS analyses.
Individual cyanopeptide stock solutions were prepared around 50
mg/L in ethanol from 17 cyanopeptide standards or bioreagents
(exact concentrations vary slightly), as depicted in Fig. 1 and
Table 1, below. Stock solutions were combined to generate a pool
of the 17 cyanopeptides and diluted in either nanopure water or fil-
tered lake water (lake Greifensee, 28" May 2020) to generate cal-
ibrants with concentrations ranging between 0.4 and 1000 ng/L.
Lake matrix calibrants were stored at —20 °C after preparation to
account for the freeze-thaw cycle applied to lake water samples.
Nanopure water-based calibrant solutions were prepared fresh im-
mediately prior to analysis and stored at 4 °C until loaded on to
the autosampler. Lake water samples were collected from three
Swiss lakes between June and November 2019 using 5 L Niskin
bottles, with the depth of collection corresponding to the chlo-
rophyll-a maximum for lakes Ziirichsee and Hallwilersee, and
at 3 m for lake Greifensee. The contents were passed through
a coarse gauze mesh (90 um nylon) into 2 L clear-glass Schott
bottles for transport to the laboratory inside a cooler box (dark,

ambient temperature). Within 2 hours of sampling, native pH was
recorded and adjusted to pH 9 using 1 M NaOH (aq.) and 1 M
HCI (aq.). Thereafter, samples were individually filtered under
vacuum (GF/F, 0.7 um, 47 mm; Whatman) using a glass, bot-
tle-top filtration device. From each resulting 1 L filtrate, a 40 mL
aliquot was stored in a glass vial at —20 °C until analysis. Prior
to online-SPE HPLC-HRMS/MS analyses, thawed lake filtrates
and lake matrix-based calibrant solutions were filtered through
GF/F syringe filters (0.7 pm, polypropylene syringes) into glass
autosampler vials and kept at 4 °C in the dark until loaded onto
the autosampler on the day of analysis.

2.2 Online-SPE and HPLC Conditions

Online-SPE cartridges were prepared by dry-packing 20+1 mg
of Oasis HLB sorbent (15 um, Waters) into stainless steel car-
tridges (20 x 2.1 mm, BGB Analytik AG, Germany) fitted with
two stainless steel frits (0.3 um, VDS optilab) and a PTFE O-ring
(M6, VDS Optilab).

All online-SPE-HPLC-HRMS/MS analyses were performed
using a PAL RTC autosampler coupled to an Ultimate3000 mod-
ular UHPLC system. The PAL RTC autosampler was fitted with
a 10 mL stainless steel sample loop, a 60-position sample tray,
three six-port two-position valves and an online-SPE cartridge (at
room temperature). The Ultimate3000 comprised three distinct
pump modules, referred to as ‘gradient pump 1’ (GP1), ‘gradient
pump 2’ (GP2) and ‘loading pump’ (LP), as well as a column
oven and an in-line degasser. Mobile phases A and B consisted
of 0.1% v/v formic acid in nanopure water and methanol, respec-
tively, and were loaded onto GP1 and GP2. Mobile phase C and
D consisted of 100% nanopure water and 0.5% v/v formic acid
in acetonitrile, respectively, and were loaded onto LP. Analytes
were separated over a Kinetex C,, HPLC column (2.1 x 100 mm,

Table 1. Cyanopeptides included

cyanopeptide molecuar - Monolsotopic mass - dominant precursorion oL monosctoic
2 -P.) and m/z value mass, and dominant precursor
ion form with associated mass-

Aerucyclamide A C,H,NO,S, 534.20830 [M+H]* 535.21557  to-charge (m/2) ratio.
Anabaenopeptin A C, H,N.O, 843.41669 [M+H]* 844.42397

Anabaenopeptin B C,H,N, O, 836.45447 [M+H]* 837.46175

Oscillamide Y C, H,N.O,, 857.43234 [M+H]* 858.43962

Cyanopeptolin A C,H,N O, 956.53312 [M+H]* 957.54039

Cyanopeptolin D C HNO, 956.55827 [M+H]* 957.56555

MC-LR C,H N, O, 994.54877 [M+H]* 995.55604

MC-HilR C, H,N, O, 1008.56442 [M+H]* 1009.57169

MC-LA C,H,NO, 909.48477 [M+H]* 910.49205

MC-LF C,H, NO, 985.51607 [M+H]* 986.52335

MC-LW C, H NO, 1024.52697 [M+H]* 1025.53425

MC-LY C,H,N.O,, 1001.51099 [M+H]* 1002.51826

MC-RR C,H N O, 1037.56581 [M+2H] ** 519.79018

MC-YR C,H N, O, 1044.52803 [M+H]* 1045.53531

ﬁé‘fﬁg’w )-DhYT ¢ g NO, 1023.55016 [M+2H]> 51278236

[D-Asp’]MC-LR C,H, N O, 980.53312 [M+H]* 981.54039

Nodularin-R C,H N.O 824.44324 [M+H]* 825.45052

417760" "8 T 10
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2.6 um; Phenomenex) maintained at 40 °C, using a binary linear
gradient of mobile phases A and B supplied at 0.255 mL/min,
as follows: 20.04/28.63/50.04/70.02/100/100/20.04/20.04% B at
0/12/16/32/32.1/37/37.1/42.1 min.

As depicted in Fig. 2, the online-SPE-HPLC-HRMS/MS
method comprised three distinct stages, namely: (a) sample load-
ing; (b) enrichment; and (c) elution and loop washing, as pre-
viously described in the context of micropollutant screening.!!7]
To increase the efficiency of the online-SPE-HPLC-HRMS/MS
analysis procedure, the stages are configured such that stage (c)
is followed by stage (a) and, finally, by stage (b). Hence, during
an analysis sequence, the sample loaded onto the online-SPE car-
tridge during stage (b) of injection ‘i’, is analysed during stage (c)
of the following analysis, i.e. injection ‘i’ + 1.

Sample elution and loop washing (0—13 mins.): Analytes re-
tained on the online-SPE cartridge (during the ‘sampling load-
ing’ stage of the previous injection) were back-flushed from the
cartridge by GP1 toward the head of the analytical LC column,
at a flow rate of 0.073 mL/min. Here, a binary gradient of mobile
phases A and B was applied over the SPE cartridge, increasing
from 70 to 100% B between 0 and 12 min and then held at 100%
B until 13 min. Meanwhile, mobile phase A was continually sup-
plied between 0 and 13 min by GP2, at a flow rate of 0.182 mL/
min, and mixed prior to the analytical column with the SPE eluent
stream generated by GP1. The resulting flow over the analytical
column was 0.255 pL/min and the volume percentage of mobile
phase B arriving at the HPLC column was always <30% v/v to
refocus the analytes head of the analytical column. While analytes
were eluted from the SPE cartridge towards the HPLC column,
LP was used to flush the sample loop with 100% mobile phase
D at 1.7 mL/min between 0 and 6 min (4.2 mL total), followed
by 100% mobile phase C at 1.5 mL/min between 6 and 13 min
(10.5mL total). Autosampler valve 3 was used to split loop efflu-
ent into organic and aqueous waste receptacles.

Sample loading and analysis (13-21 min.): 6.2 mL of sample
was loaded into the sample loop using the PAL dilutor tool. The
PAL dilutor tool was flushed with 20 mL of methanol, and then
with 20 mL of 9:1 v/v nanopure water:methanol, between injec-
tions. During this stage, the online-SPE cartridge was washed
with a binary linear gradient of mobile phases C and D, sup-
plied by LP at 1.7 mL/min, which increased from 0 to 100%
D between 13.1 and 15 mins and then returned to 0% D by 17
min. The flow rate was thereafter dropped to 0.5 mL/min until
21 min during re-equilibration of the SPE cartridge (total of 2

Loading pump

SPE cartridge

Analytical column

Samples
Column aven

Autosampler

mL). The combined flows of GP1 and GP2, meanwhile, supplied
the user-defined HPLC elution gradient over the analytical LC
column.

Sample enrichment (21-42 min): LP pumps nanopure water
at 0.55 mL/min through the sample loop towards the equilibrat-
ed SPE cartridge to enrich analytes (21.1-42 min). During this
stage the LC elution gradient generated by GP1 and GP2 is com-
pleted, ending with re-equilibration of the analytical LC column
in preparation for analysis of the next sample.

2.3 HRMS/MS Conditions

Analytes eluted from the HPLC column were introduced to
a Fusion Lumos mass spectrometer via a heated electrospray
ionisation source operated in positive ionisation mode with the
following settings: 3.5 kV spray voltage, 40 arbitrary units (AU)
of sheath gas, 10 AU of auxillary gas, 0 AU of sweep gas, 275 °C
vaporizer temperature and an ion transfer capillary temperature
of 320 °C. Analytes were detected using a full-scan data-depend-
ent-MS? acquisition procedure. Full-scan data were acquired
between 450-1350 m/z at 120000 resolution (full width half
maximum at 200 m/z, FWHM, ) in profile mode, using: 1¢’
auxillary gain control (AGC) target, 50 ms maximum ion injec-
tion time, 1 microscan, and wide quadrupole isolation. Tandem
mass spectrometry data were acquired at 15000 resolution
(FWHM,, ) in centroid mode for the top-3 ions from the
preceding full-scan, using: 1 Da quadrupole isolation width
and 0 Da isolation offset; le* AGC target; 22 ms maximum ion
injection time; 2e*ion intensity threshold. For each target ion,
higher-energy C-trap dissociation (HCD) MS? spectra were ac-
quired, independently, at normalised collision energies of 15, 30
and 45%, followed by addition of the target ion’s m/z value to the
dynamic exclusion list for 8 seconds. An exclusion list, generat-
ed from a solvent blank analysed at the start of the acquisition
sequence, was used to prevent the top-100 background ions, de-
tected in 5-min intervals throughout the 42-minute method, from
triggering MS? scans. An inclusion list was used to guide MS?
data acquisition and included the m/z values for all compounds
in CyanoMetDB!!% within the full scan m/z window for [M+H]*
and [M+2H]?* ion forms. When fewer than 3 m/z values on the
inclusion list were detected above the MS? intensity threshold in
the preceding full-scan, MS? data were instead acquired for the
most intense ion(s).

Fig. 2. Schematic representation
of the online-SPE HPLC-HRMS/
MS configuration including: (A)
sample loading and analysis, in
which a fresh sample is loaded
into the sample loop using the
dilutor tool while LC-MS analysis
is performed for the previously
enriched sample; (B) sample
enrichment, in which the sample
in the sample loop (loaded in

Loading pump

SPE cartridge

E?.';T step ‘A’) is pumped over the
) online-SPE cartridge for analyte
vaeme enrichment, while LC-MS analy-

sis continues for the previously
loaded sample; (C) sample elution
and loop washing, in which the
sample constituents enriched on
the SPE cartridge in step ‘B’, are
eluted towards the analytical LC
column while the sample loop is
rinsed in preparation for loading
of the next sample.

e

o0

Orbitrap Fusion Lumos
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2.4 Online-SPE HPLC-HRMS/MS Validation and Data
Processing

For validation of the online-SPE HPLC-HRMS/MS method, an
analysis sequence was setup over five consecutive days, as follows:
one full nanopure water-based calibration curve was analysed on
days 1, 2 and 3, while three full nanopure water-based calibration
curves were analysed on day 4; one full matrix-based calibration
curve was analysed on days 1 and 3, and three matrix-based cali-
bration curves were analysed on day 5; triplicate lake water sam-
ples, collected on a given date from a given lake, were analysed
on days 1, 2 and 3, following the analysis of calibration curves.
Nanopure water blanks were injected after each calibration curve
and after each set of triplicate lake water samples.

2.4.1 Data Processing

LC-MS/MS data files were processed using Compound
Discoverer v3.1. Herein, chromatographic peaks and associated
MS/MS spectra were extracted from instrumental raw files us-
ing manufacturer-recommended settings for Tribrid-type mass
spectrometers (5 ppm mass tolerance, 30% intensity tolerance,
50000 minimum peak intensity). Next, chromatographic peaks
were grouped across samples into so-called ‘Compounds’ using
a 12 s retention time tolerance and 5 ppm m/z tolerance, with-
out retention time correction. A gap-filling procedure, based on
re-evaluation of raw data, was used to fill in any missing peak ar-
eas for each Compound and sample combination. Identities were
thereafter assigned to ‘Compounds’ based primarily on compar-
ison of experimental MS/MS spectra to the mzCloud library (10
ppm precursor and fragment mass tolerances, 50% match factor
threshold, matched activation type with 20% energy match toler-
ance). Identities were secondarily assigned based on comparison
of HRMS data to a CyanoMetDB mass list (5 ppm precursor mass
tolerance, retention time tolerance ‘false’). Finally, all assigned
identities were manually inspected, and where necessary adjusted,
to ensure that target cyanopeptides were assigned correctly — here,
calibrant samples enabled high-confidence identity assignment.

An in-house Python script (v 3.8.10, including SciPy v1.7.1,
Numpy 1.21.2, Matplotlib-base v3.4.3, Pandas v1.3.2, statsmod-
els 0.12.2) was used for downstream data processing and anal-
ysis procedures. This included extraction (SQLalchemy 1.4.1)
and subsequent summing of all peak areas from the Compound
Discoverer results file associated with a given Compound and
sample combination. Sample metadata was merged with the re-
sulting peak matrix and duplicated peak areas resolved (summing
of duplicated peak areas associated with a single compound iden-
tifier for a given sample, followed by retaining only the largest
peak area in instances where more than 1 compound identifier
was assigned to a unique target compound). Peak areas were then
filtered to retain only those detected in at least 50% of a given
sample type, i.e. lake-matrix calibrant, nanopure water calibrant,
lake sample, blanks, etc. The resulting peak matrix was used to
establish method performance metrics, as described below.

2.4.2 Permutation-based Hypothesis Testing

When establishing calibration curves, permutation-based hy-
pothesis testing was used to assess the null hypothesis that raw
peak areas for cyanopeptide-spiked calibrant solutions came from
the same ‘population’ as non-spiked (0 ng/L) calibrant solutions,
i.e. that they were indistinguishable from one another. For each
cyanopeptide, permutation hypothesis testing was performed 1e4
times per cyanopeptide, per concentration level, to generate a set
of ‘permuted test statistics’, though less repetition would have
been sufficient given the number of samples used in this study.
The p-value of the permutation procedure was calculated as the
proportion of ‘permuted test statistics’ that were equal to, or great-
er-than, the ‘observed test statistic’ (i.e. akin to a one-sided para-
metric #-test). If the p-value was less-than 0.01, the null hypothesis

was rejected. To account for multiple-testing errors, Benjamini-
Hochberg correction was applied to calculated p-values on a com-
pound-by-compound basis. The same procedure was applied for
blank-filtering of lake sample cyanopeptide peak areas.

2.4.3 Generating Calibration Curves and Estimation LOD
and LOQ

Linear least-squares regression analysis (statsmodels
v0.12.2, including constant) was used to generate calibration
curves for each of the detected method validation compounds,
in each calibrant matrix type. Models built using raw peak areas
and calibrant concentrations generally showed heteroscedascity
of residuals (i.e. increasing variance with increasing concen-
tration). To address this, peak areas and calibrant concentra-
tions were natural log-transformed prior to regression analysis.
Data were excluded from the linear least-squares fit procedure
if: 1) permutation-based hypothesis testing failed to reject the
null hypothesis that peak areas recorded in spiked and non-
spiked (i.e. 0 ng/L cyanopeptide calibrant solution) calibrant
solutions came from the same ‘population’, as detailed above,
or; 2) the absolute Studentised residual for a given sample was
greater-than 3, or; 3) fewer-than 3 replicates were available (af-
ter filtering based on 1 and 2) for calculation of both repeatabil-
ity and intermediate precision, at a given calibrant concentration
level.

For each cyanopeptide, instrumental limits of detection
(iLOD) and quantification (iLOQ) were estimated from the as-
sociated nanopure water-based calibration curve (regression)
model according to Eqn. (1), below. The lower bound for the
calibrations was set at the first calibration level equal to, or ex-
ceeding, the estimated LOD for each compound and for which
at least three replicates were available for evaluating both re-
peatability (intra-day precision) and intermediate (i.e. inter-day)
method precision. Methodological LOD and LOQ values were
likewise estimated, albeit using matrix-matched calibration
models.

k=33 1)
k=10

m

iLOD or mLOQ,
iLOQ or mLOQ,

((ln[e(a+ [kx 8resias]) — ea]—c)>
e - {

where: a is the median of natural log-transformed peak areas for
0 ng/L calibrants; m, c and 0__are the slope parameter, intercept
and standard deviation of relative residuals of the linear regression

model, respectively; & is a constant.

2.4.4 Accuracy, Intra-day and Inter-day Precision, Matrix
Effects, Recovery

Accuracy, I, was calculated for each cyanopeptide and calibra-
tion matrix type combination according to the Eqn. (2):

I= [E(Cc)

* 100] )

where, ¢ is the estimated concentration from the corresponding
calibration model, and E(c) is the expected concentration of a
cyanopeptide in a given calibrant solution.

Intra-day precision (i.e. repeatability) was calculated
from peak areas of at least three nanopure water-based calibrants
and three matrix-based calibrants, with each set measured over
a single day. Inter-day imprecision (i.e. intermediate precision)
was calculated using peak areas from the first calibration
curve replicate analysed on: days 1, 2, 3 and 4 for nanopure
water-based calibration curves; days 1, 3 and 5 for matrix-based
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calibration curves. Intra-day and inter-day precision were
calculated as the percent coefficient of variation (%CV) of peak
areas. Given that calibration curves were constructed
using In-transformed peak area and concentration data, the fol-
lowing equation was used to calculate %CV on the untrans-
formed scale:

%CV = Ve — 1 )

where O'l%z is the variance of estimated concentrations on the
In-transformed scale and e is Euler’s number.

Matrix effects were calculated as the ratio of lake matrix and
nanopure water-based (denominator) calibration slopes, multi-
plied by 100. To assess absolute recovery, three additional nano-
pure water-based calibration curves were prepared from working
solutions (without GF/F syringe filtration) and analysed using the
described online-SPE-HPLC-HRMS/MS method. Afterwards,
the system was reconfigured to direct injection mode and 20 L
aliquots injected directly onto the analytical LC column, without
prior online-SPE enrichment, to generate three HPLC-HRMS/MS
nanopure water-based calibration curves. Given that the HPLC-
HRMS/MS method had no online-SPE elution step, a slight-
ly modified binary linear gradient was used for analyte elution
from the HPLC column, as follows: 0/20/50/70/100/100/0/0%
B at 0/0.5/4.5/20.4/20.5/25/25.1/30 min. For each cyanopeptide,
absolute recovery was calculated at each concentration level as
the ratio of the average peak area recorded using the online-SPE-
HPLC-HRMS/MS method (numerator) to that recorded using the
HPLC-HRMS/MS (denominator) method, accounting for differ-
ences in mol loaded during the latter method.

2.5 Identification and Quantification of Cyanopeptides
in Lake Samples

Target compounds were identified in lake samples based on
exact mass (<5 ppm mass error) and accurate isotopic pattern of
the precursor ion, as well as matching of the measured retention
time and MS/MS fragmentation data against reference standards
or bioreagents. The peak areas for identified targets, for each com-

bination of lake and sampling date, were ‘blank filtered’, meaning
that they were compared to the corresponding peak areas from the
0 ng/L lake matrix standard using a permutation testing procedure
(described above). Associated peak areas were retained only if the
adjusted p-value (Benjamini-Hochberg correction across all esti-
mated p-values) was < 0.01. The concentrations in lake samples
were finally calculated from the corresponding lake matrix-based
calibration curve.

3. Results and Discussion

A total of 17 cyanopeptides, spanning 5 distinct structural
classes, were used to validate the online-SPE HPLC-HRMS/MS
method as a high-throughput and sensitive tool for monitoring
multi-class cyanopeptides in lake waters. For all compounds, base-
line chromatographic peak widths were generally less than 30 s,
with retention times ranging between 19-35 min, corresponding
to 622 min retention on the analytical column (Fig. 3, Table 2).
Method performance metrics including linear range, accuracy,
intra- and inter-day precision, matrix effects, recovery and carry-
over were estimated from nanopure water- and lake matrix-based
calibration curves, each being generated from calibrants injected
over the course of the 5-day validation procedure.

3.1 Calibration Range, Linearity, mLOD and mLOQ

The coupling of online-SPE with HPLC-HRMS/MS enables
large volume injection and automated clean-up of surface water
samples, prior to in-depth analysis. This process is both simple
and reproducible, while offering significant sensitivity improve-
ments over direct injection of lake water samples onto the an-
alytical column where injection volumes are limited to approx.
5-100 pL. In addition, matrix interferents, which can adverse-
ly impact detection sensitivity and reproducibility, are injected
alongside target analytes for direct injection methods. The need
for sensitivity and the importance of removing matrix interferents,
underpins the routine use of laborious manifold-based SPE in ex-
isting cyanopeptide analysis methods.[20!

Sensitivity of the online-SPE method was estimated from
calibration curves, the upper bounds were approx. 200 ng/L for
[p-Asp*,(E)-Dhb’]MC-RR and 1000 ng/L for all other cyanopep-
tides. The lower bound for calibration curves, meanwhile, was
defined as the first calibration level that was equal to or exceed-
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3.0E+07 1 pepiinB nanopure water and (B) identified
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Table 2. Online-SPE HPLC/HRMS/MS method performance parameters including: calibration range (ng/L) and correlation coefficient (r?); instrument
limits of detection (iLOD) and quantification (iLOQ) derived from nanopure water-based calibration curves; method limit of detection (mLOD) and
quantification (mLOQ), derived from matrix-matched calibration curves; matrix effects (%); absolute retention time (RT) in minutes and RT relative to
MC-LR (RT ); instrument response factor relative to MC-LR (RF ) in percent.

Calibration mLOQ matrix

] q B
Compound ;?:é? ;r(lllégl;(lf)a r’ tﬁ;)ﬂ]?) zﬁ;)/% 211;/2? — ftf;gct ﬁnTin.) RT ?;0‘ 3?:'
Aerucyclamide A 20-1000, 0.996 0.5 1.8 2.1 7.8 =5 29.93 1.26 23.8
Anabaenopeptin A 10-990 0.997 0.1 0.4 0.9 33 0 22.63 0.95 54.7
Anabaenopeptin B 10-992 0.997 0.2 0.8 0.5 1.9 -9 19.2 0.81 53.4
Cyanopeptolin A 20-991 0.992 1.2 5.3 5.1 21.2 -1 26.09 1.10 20.2
Cyanopeptolin D 50-986 0.970 1.1 4.2 16.6 94.3 1 26.07 1.09 14.1
MC-HilR 10-986 0.998 0.2 0.7 0.3 1.1 -3 25.02 1.05 135.7
MC-LA 11-1008 0.997 0.1 0.5 0.3 1.2 =5 30.49 1.28 107.8
MC-LF 20-992 0.996 0.3 1 0.6 2.4 -8 35.04 1.47 111.1
MC-LR 11-1007 0.998 0.1 0.6 0.5 1.9 -4 23.83 1.00 100.0
MC-LW 10 -996 0.993 4.2 20.3 1.4 6.6 24 34.36 1.44 80.9
MC-LY 10-992 0.997 0.1 0.5 1.0 3.7 1 31.17 1.31 59.2
MC-RR 11-1069 0.994 0.1 0.4 7.9 33.8 -1 20.38 0.86 110.2
MC-YR 20-990 0.996 0.2 0.6 1.4 52 -3 22.56 0.95 47.0
Nodularin-R 2-988 0.998 <0.1 0.1 0.4 1.4 -2 22.88 0.96 21.5
Oscillamide Y 124-990 0.927 0.8 2.7 40.2  260.9 5 23.8 1.00 6.9
_Asp3 (E)- 7

IE/I;CI-A‘RSIE (bhed 2-199 0.992 0.1 0.5 0.9 52 -12 20.28 086 84.6
[D-Asp*IMC-LR 1-995 0.998 0.2 0.8 0.8 3.0 -2 24.12 1.01 86.5

2 The effective linear working range of the method, including only those calibrant levels that exceed the mLOD and that were retained after permutation-
based hypothesis testing (i.e. blank filtering); Pabsolute retention time, RT, corresponds to the run time of the sample on the online-SPE—HPLC-MS/
MS, the effective retention time on the analytical column is equal to RT minus 13 min; °median response factor, calculated from all ratios between the
median peak area of a compound to that of the median peak area of MC-LR across approximately identical concentration levels and after correction

for differences in recovery.

ed the LOD. Across all compounds, lower bounds for nanopure
water-based calibration curves ranged between 0.2 and 10 ng/L,
while for lake matrix-based calibration curves lower bounds
ranged from 0.4 to 124 ng/L. Within these bounds, excellent
linearity was achieved for all nanopure calibration curves (1 2
0.996, exception MC-LW: r* = 0.981). For matrix-based calibra-
tion curves linearity was also acceptable within these bounds (r?
> 0.992, exception cyanopeptolin D: 1> = 0.970 and oscillamide
Y: 12=0.926).

Instrumental and methodological LODs and LOQs (Table 2)
were respectively estimated from the standard deviation of re-
siduals of the nanopure water and lake matrix-based calibra-
tion curves, according to Eqn. (1). Instrumental LODs ranged
from 0.1-4.2 ng/L and instrumental LOQs from 0.1-20.3 ng/L.
Methodological LODs and LOQs meanwhile, which consider the
effects of sample preparation steps such as freezing, thawing and
filtering, as well as matrix effects ranged from 0.3—40.2 ng/L and
1.1-261 ng/L, respectively. Overall, the online-SPE method was
sensitive enough to enable monitoring and quantification of cyan-
opeptides in surface waters in the low ng/L-range, which is four
to hundreds of times lower than the water quality guidelines, e.g.
1 ug/L for Microcystin-LR.[7I'This in turn opens the possibility for

earlier detection of cyanobacterial toxins and secondary metabo-
lites, such as at the onset of a cyanobacterial bloom. To achieve
comparable mLOD and mLOQ values with traditional methods,
one would need to collect, store and process much larger volumes
of lake water, e.g. 0.5-1 L, for purification and enrichment by
offline-SPE before LC-MS analysis.

3.2 Accuracy, Intra-day and Inter-day Precision

Besides offering excellent cyanopeptide detection sensitivity,
online-SPE HPLC-HRMS/MS is also a highly reproducible and
comparatively high-throughput approach. The combination of au-
tomated loading of aqueous samples and direct elution of analytes
into the LC-MS, promises high reliability of analytical results
because adverse impacts from manual handling during offline-SPE
are eliminated. We calculated the accuracy of the online-SPE
HPLC-HRMS/MS method for all target cyanopeptides as the av-
erage of the ratio of a calibrant’s estimated concentration, as de-
rived from the lake matrix-based calibration curve, to that of its
expected concentration. The average accuracy values of the on-
line-SPE method ranged between 85 and 116% across all ma-
trix-matched calibration levels. For all calibration levels at or
above estimated mLOQs (Fig. 4A), the 95% confidence intervals
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for these average accuracy values ranged between 67 and 137%,
of which 98% were between 70-130%, indicating adequate meth-
odological accuracy for quantitative analysis of target cyanopep-
tides in lake waters. Comparable average accuracy values were
recorded for cyanopeptides measured in nanopure water, where
values ranged between 85—117% (70-138% when considering the
95% confidence interval for each value).

Intra-day precision (i.e. repeatability) and inter-day precision
(i.e. intermediate precision) were estimated at each matrix-based
calibration level based on the relative standard deviation of cal-
ibrant peak areas analysed over a single day, or over multiple
days, respectively. As shown in Fig. 4C and 4D, both intra- and
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inter-day precision were <20% for most target compounds and
matrix-matched calibration levels, indicating adequate methodo-
logical precision.l2!l Here, the anabaenopeptin oscillamide Y was
the only notable exception, with inter-day precision of 18-38%.
We hypothesise that matrix-induced compound degradation un-
derpinned these elevated values. This is supported by the fact that
peak areas for oscillamide Y when measured in nanopure water
calibrants remained essentially constant throughout the valida-
tion experiment (nanopure standards were analysed on 4 out of
5 days), with intra- and inter-day precision <11%, suggesting no
obvious decrease in detector sensitivity or SPE efficiency towards
oscillamide Y during this time. Meanwhile, intra-day precision
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Fig. 4. (A) accuracy, (B) recovery, corresponding to recovery between injection and detection in the online-SPE HPLC-HRMS/MS method (i.e.
excluding any prior sample filtration procedures) (C) intra-day precision (n = 3 and (D) inter-day (intermediate) precision (n = 3) metrics for 17 target
cyanopeptides measured in lake matrix-based calibrants. Precision metrics are presented as relative standard deviation of peak areas, while reco-
very reflects the ratio of the median peak area measured by online-SPE-HPLC-HRMS/MS, to that measured through direct injection of an equivalent
concentration on to the analytical column without SPE enrichment. For visualisation purposes only, concentrations for all compounds except for
[D-Asp3,(E)-Dhb7]MC-RR have been rounded to the nearest value in the list: 1, 2, 10, 20, 50, 125, 250, 500 and 1000 ng/L. Nominal concentrations
for [D-Asp3,(E)-Dhb7]MC-RR have been rounded to the nearest value in the list: 0.2, 0.4, 2, 4, 10, 25, 50, 100 and 200 ng/L.
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of oscillamide Y peak areas when measured in lake matrix-based
calibrants were comparably consistent at <20%, suggesting ade-
quate within-day stability of peak areas. Finally, when looking at
the raw peak areas for oscillamide Y measured in lake-matrix cal-
ibrants over the course of the validation experiment, a decrease of
approximately 40% was observed, while peak areas for co-spiked
cyanopeptides showed no such trend. Collectively, these points
amount to the first quantitative demonstration of oscillamide Y’s
instability in lake matrix and serve as a reminder of the impor-
tance of considering compound stability over the course of ex-
tended analytical runs. Given that the cyanopeptide composition
of a sample is often unknown before analysis, nor is it known how
any such cyanopeptides might be chemically affected by matrix
constituents, we recommend to include quality control samples,
generated by pooling aliquots of all or a subset of study samples,
and inject those periodically throughout the sequence. This pro-
cedure adopted from metabolomics research enables monitoring
of analytical precision; signal (peak area) correction for analyti-
cal drift and (modest amounts of) compound degradation, and;
supports downstream data processing procedures such as feature
filtering and signal normalisation.(22]

3.3 Matrix Effects, Recoveries and Carryover

Surface waters contain a diverse array of dissolved minerals
and organic matter of natural and anthropogenic origin, which can
cause enhancement or suppression of ionisation processes prior to
MS detection, leading to quantitative inaccuracies. We assessed
the extent of these so-called matrix effects following clean-up of
samples by online-SPE, using the ratio of slope parameters for lake
Greifensee matrix-matched and nanopure water-based calibration
curves. This revealed only minor matrix effects, for the majori-
ty of target cyanopeptides, with values ranging between —10 and
+5% (Table 2). [p-Asp?,(E)-Dhb’]MC-RR showed slightly larger
ion suppression effects at —12%, while for MC-LW matrix effects
amounted to —24%. Given the inherent complexity of environ-
mental matrices in such a lake water, these matrix effects were
deemed more-than adequate. We acknowledge, however, that dif-
ferent matrices may result in differing extents of matrix effects.
Correction for these effects would ideally be pursued through in-
ternal standardization of analyte peak areas against those of stable
isotope labelled reference standards, though such standards are
scarcely available for cyanopeptides. As a minimum, therefore,
we recommend inclusion of matrix-spiked calibration solutions
to assess and account for the matrix effects in each analysis se-
quence.

While SPE reduces matrix effects, it also bears the risk of in-
complete cyanopeptide recovery due to: 1) saturation of the SPE
cartridge and subsequent analyte breakthrough, 2) losses dur-
ing SPE cartridge washing, and 3) incomplete elution from the
SPE cartridge. Absolute recoveries associated exclusively with
the online-SPE component of the online-SPE HPLC-HRMS/
MS method, were estimated from the ratio of peak areas for
nanopure water-based calibrants analysed using this method, to
those measured using an equivalent HPLC-HRMS/MS method
without the online-SPE enrichment phase (scaled to match in-
jected quantity of cyanopeptides). As shown in Fig. 4B, absolute
recoveries ranged between 30% and 70% (median = 56%) across
all target cyanopeptides and calibration levels. These values are
in close agreement with recovery values reported for cyanopep-
tides enriched using bench-top Oasis HLB cartridges.[200-231 No
obvious relationship between the concentration loaded on to the
SPE column and observed recovery values was apparent, sug-
gesting neither SPE column saturation nor cyanopeptide break-
through as major causes of loss during online-SPE, within the
range of loadings tested. We also observed rapid cyanopeptide
elution from the SPE sorbent towards the HPLC column (data
not shown).

While striving to maximize recovery of cyanopeptide from the
online-SPE step, it is pertinent to highlight that the sample filtra-
tion prior to analysis can cause significant loss of cyanopeptide,
as demonstrated previously.!'824] In the work presented here, lake
matrix-based calibrants and lake samples were passed through
GF/F filters prior to analysis. We estimated loss by filtration by
spiking lake matrix with standards either before or after filtration.
Unlike Fayad et al. who reported 0% recovery of MC-RR, MC-YR
and MC-LR after glass fibre filtration,[2*! all target microcystins in
the present study were recovered with >77.8% efficiency. Partial
differences in filter material and matrix composition may have
contributed to these disparate results, though we suspect sample
pH played a more significant role; Fayad et al. acidified samples
(pH ~2) prior to filtration, while samples in the present study were
adjusted to pH ~9. With regards to recovery of other target cyan-
opeptides in the presented study, filtration recovery values were
(to 2 s.f.): 94% for aerucyclamide; 95% for anabaenopeptin A;
98% for anabaenoptpin B; 70% for cyanopeptolin A; 60% for cy-
anopeptolin D; 86% for nodularin-R and 49% for oscillamide Y.
Careful consideration needs to be paid to the effects of sample fil-
tration on analyte recovery, considering not only the filter materials
used, but also sample chemistry and filtration conditions applied.

In addition to matrix effects and incomplete cyanopeptide
recovery during SPE and filtration, the re-use of a single SPE
cartridge for enrichment of a sequence of samples bears the risk
of quantitative inaccuracies due to potential carryover effects. To
assess the magnitude of such effects, we calculated the ratio of
peak areas for cyanopeptides detected in the highest correspond-
ing matrix-matched calibrants (denominator) to those in nanopure
water ‘blanks’ (numerator) injected immediately thereafter. For
all 17 target cyanopeptides, carryover effects were consistently
below 0.9%. These values, while low, are not zero and as such
we recommend minimizing the impact of carryover on quantita-
tive analyses by injecting one ‘blanking’ nanopure water sample
after each block of related samples, e.g. replicate samples, or two
nanopure water samples after the analysis of highly concentrated
samples and calibration standards, according to previous online-
SPE-based cyanotoxin analysis methods.[?] In experiments be-
yond those reported in this work, we have used the method to
analyse over 250 calibrant and aqueous samples, without needing
to replace the SPE cartridge due to performance degradation.

To summarise, validation of the described online-SPE HPLC-
HRMS/MS method has shown the method allows for quantitative
monitoring of surface waters for 17 distinct cyanopeptides, span-
ning 5 unique structural classes. The method enables high-through-
put screening, on account of automated sample preparation, while
also supporting suspect and non-target cyanopeptide screening
through HRMS/MS detection. While absolute recovery values
were below 100% for the online-SPE HPLC-HRMS/MS method,
other methodological metrics such as reproducibility, accuracy,
sensitivity and matrix effects were generally excellent.

3.4 Analysis of Lake Samples by Online-SPE-HPLC-
HRMS/MS

The online-SPE-HPLC-HRMS/MS method was applied to
Swiss water samples from lake Greifensee, Ziirichsee and
Hallwilersee sampled between July and November 2019.
Anabaenopeptins and one microcystin were detected in all lakes
in the ng/L range including anabaenopeptin A, anabaenopeptin B,
oscillamide Y and [D-Asp?,(E)-Dhb’]MC-RR (Table 3).

Oscillamide Y was the cyanopeptide detected at the highest con-
centration of 355 ng/L (Greifensee, 13 August) but it was below the
mLOQ in all other samples due to its high quantification limits. Data
in Fig. 5 compares the total concentration of anabaenopeptins to the
total concentration of microcystins only considering concentrations
above the mLOQ. When [p-Asp?,(E)-Dhb’]MC-RR was present, its
concentration exceeded the total concentration of anabaenopeptins
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Lake sample Oscillamide Y Anabaeno-
peptin A
(dd.mm)

Greifensee 16.07 (81.6 £51.3)" n.d. £
13.08 354.9 = 88.4 10.0+3.1
19.09 (170.6 £ 5.2)* 53+1.0
1510 (102.2 + 14.1) 35+02
05.11 (151.7 £ 21.8)* 58+0.6

Ziirichsee 04.09 (57.9 + 4.6)° 7.1+0.7
0611 (163.1 2466y 356117

Hallwilersee 17.07 (93.8 + 2.5) 122+ 14
18.09 (425 2.5)° 6411
13.11 (122.7 £ 33)* 292 +6.4

“Values were below the LOQ, non-detects (n.d.) were below the LOD.
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Fig. 5. Concentrations of freely dissolved cyanopeptides in lake water
(ng/L) analysed by online-SPE-HPLC-HRMS/MS showing the total
anabaenopeptide concentrations (sum of oscillamide Y, anabaenopep-
tin A, anabaenopeptin B) relative to the total microcystin concentration
of [p-Asp3,(E)-Dhb7]MC-RR for samples from lake Greifensee (blue
diamonds, n=5), Zirichsee (red triangles, n=2) and Hallwilersee (grey
circles, n=3) as average value from triplicate field samples.

in several lake samples (data below 1:1 line). However, anabaeno-
peptins were also present in several samples even when no micro-
cystins were detectable (data on the y-axis at x=0).

The highest concentration of freely dissolved microcystins
detected was 65.8 ng/L, well below the WHO guideline value of
1 pg/L."1 While the commonly monitored MC-LR was absent in
all tested samples, [D-Asp?,(E)-Dhb’]MC-RR was the dominating
variant of toxic microcystins. The detected cyanopeptides in the

Table 3. Quantification of

Anabaeno- [D-Asp’,(E)- cyanopeptides in lake samples
peptin B Dhb’IMC-RR  from 2019 by online-SPE HPLC/
HRMS/MS method (ng/L + one
standard deviation).
n.d. + nd =+
n.d. + nd =+
n.d. (5.1 £0.4)
(1.4 +0.0)* 20.5 0.7
(1.7 £0.1) 65.8+1.9
n.d = 7.0£0.6
17.5 £ 6.5 474 +64
59+0.6 424+ 1.8
45+0.8 22.0+£0.7
284+53 59.8+7.3

samples from 2019 in lake Hallwilersee are in agreement with pre-
vious data of anabaenopeptin A, anabaenopeptin B, oscillamide Y
and [D-Asp’,(E)-Dhb’]MC-RR detected in concentrated biomass
samples in 2002-2005.1¢l Qualitatively, we identified the same cy-
anopeptides in the three lakes, which are known to be inhabited
by the same cyanobacterium; Planktothrix rubescens.!460:261 The
results obtained for Swiss lakes are in line with findings for other
European lakes inhabited by Planktothrix rubescens where demeth-
ylated microcystin-RR variants were regularly identified.[?7]

4. Conclusions and Implications

We have presented the validation of an automated, online-SPE
HPLC-HRMS/MS method for multi-class cyanopeptide analy-
sis and demonstrated its application in detecting trace-levels of
cyanopeptides in Swiss lake waters. The method is shown to be
sensitive, accurate and reproducible, while offering two strong
logistical advantages over traditional workflows based on bench-
top SPE, specifically: 1) reducing the volume of sample required
for analysis and thereby easing activities associated with sample
collection and storage, and 2) minimizing the time required for
sample preparation before analysis. Through application to Swiss
lake waters, we have also demonstrated the value of adding cyano-
peptides beyond common microcystins when monitoring sur-
face waters for cyanobacteria. The methods can be extended to
other cyanobacterial metabolites that are compatible with the
SPE and LCMS settings presented. We expect that the method
is compatible to compounds of similar structural class, includ-
ing additional microcystins, anabaenopeptins, cyanopeptolins,
and aerucyclamides. Depending on the physiochemistry of other
metabolites, the SPE sorbent material and elution workflow, LC
column and eluent selection can be adopted as needed.

Based on method validation experiments, we set forth a se-
ries of recommendations for quantitative monitoring of cyano-
peptides in surface water by online-SPE HPLC-HRMS/MS.
Firstly, since isotopically-labeled standards are not available for
most cyanopeptides, matrix-matched calibrants should ideally
be used for analyte quantitation and injected periodically over
the course of multiday analysis sequences. Secondly, ‘blank-
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ing’ nanopure water samples should be injected after each set
of sample replicates or calibrants, to reduce quantification er-
rors linked to carryover effects. Thirdly, due to the potential
for compound instability in lake matrices, pooled quality control
samples should be analysed periodically throughout an analy-
sis sequence to monitor and potentially correct for such effects,
including for compounds for which standards are not
available.

Key challenges relating to the comprehensive assessment of
cyanobacterial metabolites remains their large structural diversi-
ty, alack of reference standards and isotopically labeled standards
for most compounds, and thus the need for advanced analytical
instrumentation to enable their accurate identification and quan-
tification, before further testing becomes feasible. Not only are
most compounds not available as standards, few reference mass
spectra are available in open access libraries that can be used to
enhance confidence in mass spectrometry-based metabolite iden-
tification. While more than 14000 reference mass spectra exist
for micropollutants (e.g. European MassBank),[281 <1% of known
cyanopeptides have associated, publicly-available MS/MS data
(e.g. The Global Natural Product Social Molecular Networking
platform, https://gnps.ucsd.edu). We argue, therefore, that focus
should now be applied to systematically recording MS/MS ref-
erence data for diverse cyanopeptides, ideally across multiple
laboratories and using diverse MS instrumentation and detection
conditions, with the resulting data shared via open-access portals
to support cyanopeptide dereplication in the future.
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