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Multiply charged ion profiles in the UHPLC-HRMS
analysis of palytoxin analogues from Ostreopsis cf.
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Analogues of palytoxin (PLTX), one of the most potent marine biotoxins, are produced by some species of the

marine dinoflagellates of the genus Ostreopsis. The proliferation of these species in different coastal zones

represents a potential threat of seafood poisoning in humans because the produced toxins can be
transferred through marine food webs. Thus, the determination of the concentration of PLTX analogues

(ovatoxins—OVTXs, ostreocins—OSTs and isobaric PLTX) in different matrices (seawater, marine fauna, etc.)

is necessary to protect human health. This study is addressed to overcome some of the challenges that

the chemical complexity of these molecules poses to their quantification by ultra-high-performance liquid
chromatography high-resolution mass spectrometry-based techniques (UHPLC-HRMS). In particular, the
mass spectra of the palytoxin analogues show the presence of a large number of ions (including mono-

and multiply charged ions) whose nature, relative abundances and behavior can lead to quantitation errors

if the correct ions are not selected. In this work, the variability of the PLTX and OVTX profiles under

different instrument conditions, including the use of diverse electrospray generation sources and different

quantitation methods, is studied. Moreover, the extraction protocol in seawater containing Ostreopsis sp.
ovata cells is also evaluated. The use of a heated electrospray operating at 350 °C and a quantitative
method including ions from different multiply charged species provides a more robust and reliable method
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for overcoming the problems due to the variability in the toxin's mass spectrum profile. A single MeOH :

H,O (80: 20, v/v) extraction is proposed as the best and reliable procedure. The overall method proposed
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1. Introduction

Certain benthic dinoflagellates, which grow preferentially
attached to biotic and abiotic substrates in the seabed, are of
special interest because some of them can produce toxic
compounds that affect marine fauna and humans. In partic-
ular, Ostreopsis, a genus of tropical origin, has been increasing
its biogeographic distribution to temperate waters since the
beginning of the 21st century and producing recurrent blooms
on certain Mediterranean beaches.' Some Ostreopsis species
can produce palytoxin analogues (ovatoxins—OVTXs, ostreo-
cins—OSTs and isobaric palytoxin—iso-PLTX)*” that have
been related, although not completely proven yet, to dramatic
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was applied to quantify OVTXs (-a to -g) and iso-PLTX along the 2019 Ostreopsis cf. ovata bloom. The
cells contained a total toxin concentration of up to 20.39 pg per cell.

seafood poisonings in tropical areas.® In the Mediterranean,
iso-PLTX, OVTX-a and OVTX-b were found in the tissues of
some bivalve (mussels, clams, and hairy mussels) and other
marine fauna collected from Greek, French and Italian coasts,
but seafood-borne poisonings have not been (luckily) detected
in humans after their consumption.’** However, respiratory
and cutaneous irritations, general malaise and other relatively
mild symptoms have been documented in beach users of
certain areas (in Algeria, Croatia, France, Italy and Spain)
where Ostreopsis spp. proliferations occur.’>° Massive mass
mortalities of benthic marine fauna have also been found
concurrently with high concentrations of Ostreopsis species.
For this reason, the recurrence of Ostreopsis proliferation in
touristic areas in summer and the potential risk of food
poisoning have raised concern and incentivized monitoring to
prevent impacts on human health."?* The biogeographic
expansion of Ostreopsis spp., likely linked to climate change
and anthropic pressures on the coasts, is also a matter of
study,** especially after the important bloom episodes in the
Bay of Biscay (France) affecting between 700 and 3000 people
in 2021.%
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Methodological advances in the last few decades have
allowed the efficient and reliable development of extraction and
analytical determination methods (chromatography and mass
spectrometry) for the most common phycotoxins (saxitoxin,
domoic acid, lipophilic toxins, and microcystins) whose pres-
ence in seafood and drinking water is strictly controlled by
European regulations.”*** However, the analogues produced by
Ostreopsis have not yet been included in routine monitoring as
blooms of these microalgae are still an emerging and poorly
characterized issue that requires fundamental research of their
dynamics and impacts on human health and the environment.
Furthermore, it is also necessary to overcome some analytical
methodology limitations related to the quantitative analysis of
toxins produced by Ostreopsis in different matrices.

The extraction of PLTX analogues from samples or cultures
of Ostreopsis spp. is conducted on cell pellets obtained by
centrifugation or filtration (nylon filters). Toxins are extracted
using mixtures of MeOH : H,0O (50:50 or 80 :20)>"'>?%%” with,
sometimes, the addition of small percentages of acetic or formic
acid to improve recovery.”*>° Despite some differences in the
extraction used in the published studies, the obtained recov-
eries are similar to those reported by Ciminiello et al, i.e. 91-
98%.”

Nowadays, PLTX analogues are mainly determined by mass
spectrometry (MS)-based techniques, since they offer high
detection capabilities and provide exhaustive structural infor-
mation and accurate quantitative analysis with a relevant
degree of selectivity. Different OVTX analogues (OVTX-a to -i)
produced by Ostreopsis spp. have been identified by multiple-
stage mass spectrometry (MS”) and high-resolution mass spec-
trometry (HRMS),>* and the isobaric palytoxin molecule
produced by the microalga has also been identified as a struc-
tural isomer of the palytoxin produced by the soft coral Palythoa
tuberculosa.”

PLTX analogues are chromatographically separated by
UHPLC using reversed-phase C18 columns”®® and detected by
mass spectrometry using electrospray ionization (ESI) as an
ionization technique and a hybrid mass spectrometer such as
a linear ion trap-Orbitrap (LIT-Orbitrap).***** By electrospray,
a large number of mono- and multiply charged ions are mainly
generated by proton transfer in addition to adducts formed with
monovalent and divalent cations (Na*, K", Ca®*, Mg?", and Fe*").
Additionally, some fragment ions because of in-source
collision-induced dissociation (in-source CID) processes can
also be generated. The ESI-HRMS spectrum profile is used as
a fingerprint for the identification of both iso-PLTX and OVTXs
produced by Ostreopsis cf. ovata.

So far, the quantitative estimation of iso-PLTX and OVTX
analogues has been based on the selection of only two ions: [M +
2H"-H,0]*" as representative of doubly charged ions and [M + H
+ Cal’* or [M + 2H + KJ*" for triply charged ions depending on
the ion abundance observed.****>* However, the large number
of ions that can be generated by ESI from each molecule and the
subsequent variation of the mass spectral profile*® (depending
on the working conditions) can have relevant implications for
the correct quantification of the concentration of each
analogue.
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In this work, two key aspects in the quantitative determina-
tion of the PLTX analogues produced by O. cf. ovata are studied:
the variability of the PLTX analogue mass spectral profiles
under different instrument conditions, including the use of
different electrospray sources and different extraction solvents.
The proposed method was then applied to determine the
concentrations of PLTX analogues along the 2019 natural O. cf.
ovata bloom.

2. Materials and methods

2.1. Chemicals and materials

The PLTX standard (from Palythoa tuberculosa) was purchased
from Wako Chemicals GmbH (Germany) (lot number:
SAH7036), and it was used to prepare standard calibration
solutions. Water, acetonitrile (ACN), methanol, formic acid and
acetic acid (LC-MS grade >98%) used to prepare mobile phases
and standard solutions and as extraction solvents were
purchased from Sigma-Aldrich (Steinheim, Germany).

PLTX stock standard solution (100 ug mL ™) was prepared by
weight in MeOH : H,O (50: 50, v/v). PLTX calibration working
solutions were prepared at concentration levels ranging from
0.005 to 3 ug mL~" by dilution of the stock standard solution in
MeOH : H,O (80: 20, v/v). All standard working solutions were
stored at —20 °C until their use.

Solvents used for the mobile phase were filtered through 0.22
pm nylon membrane filters (Whatman, Clifton, NJ, USA) before
use. Nitrogen (99.95%) supplied by Linde (Barcelona, Spain)
was used as the sheath gas and auxiliary gas in a heated elec-
trospray ionization (HESI) source. GF/F glass fiber filters
(25 mm diameter) were provided by Whatman (Clifton, NJ,
USA). Neutral Lugol solution was prepared with I, and IK, from
Merck, Darmstadt, Germany.**

2.2. Instrumentation and analytical procedure

2.2.1. UHPLC-HRMS. The chromatographic separation was
performed in an ultra-high-performance liquid chromatog-
raphy (UHPLC) system equipped with an Accela 1250 pump, an
Accela autosampler, and a column oven (Thermo Fisher Scien-
tific, San José, CA, USA). The reversed-phase chromatographic
separation was performed on a Hypersil GOLD C18 column
(100 mm x 2.1 mm i.d., 1.9 um particle size) (Hypersil, Thermo
Fisher Scientific) packed with fully porous silica particles. The
chromatographic separation was performed in gradient elution
mode using water as solvent A and acetonitrile as solvent B,
both containing 0.1% formic acid. The gradient elution
program started with 30% solvent B for 1.5 min followed by
a linear gradient up to 35% solvent B in 12 min. Afterward, in
the third stage, solvent B was raised to 90% during 1.5 min and
these conditions were maintained in an isocratic step for one
additional minute before returning to the initial conditions.
The mobile phase flow rate was 300 pL, min~* and the column
temperature was held at 23 °C. This chromatographic system
was coupled to two mass spectrometers: System I was a quad-
rupole-Orbitrap (Q-Orbitrap) and System II was a linear ion
trap-Orbitrap (LIT-Orbitrap).

This journal is © The Royal Society of Chemistry 2023
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System I was a hybrid mass spectrometer equipped with a Q-
Orbitrap (Q-Exactive Orbitrap, Thermo Fisher Scientific) mass
analyzer and a heated electrospray of second-generation (HESI-
IT) as an ionization source, which operated in positive ion mode.
The HESI-II source used nitrogen as sheath gas, sweep gas and
auxiliary gas at flow rates of 60, 0 and 10 au (arbitrary units),
respectively. The temperatures of the vaporizer and ion transfer
tube were set at 350 °C (Method 1) or 25 °C (Method 2) and 275 °
C, respectively. The spray voltage was +3.5 kV and the S-lens RF
level was 70 au. The Q-Orbitrap mass spectrometer operated in
positive ion mode and full scan MS mode (m/z 800-1500) at
a mass resolution of 70000 at full width at half maximum
(FWHM) (m/z 200). The Xcalibur software v2.1 (Thermo Fisher
Scientific) was used to control the UHPLC-HRMS system and to
acquire and process the mass spectrometry data.

System II was a hybrid mass spectrometer equipped with
a LIT-Orbitrap (LTQ-Orbitrap Velos, Thermo Fisher Scientific)
and a classical electrospray of a second-generation (ESI) source
without thermal assistance (Method 3), which operated in
positive ion mode. The ESI source used nitrogen as sheath gas,
sweep gas and auxiliary gas at flow rates of 60, 0 and 10 au
(arbitrary units), respectively. The temperature of the ion
transfer tube was set at 275 °C. The spray voltage and the S-lens
RF level were +3.5 kV and 70 au, respectively. The LIT-Orbitrap
mass spectrometer operated in full scan MS mode (m/z 800-
1500) at a mass resolution of 70000 at full width at half
maximum (FWHM) (m/z 200). The Xcalibur software v2.1
(Thermo Fisher Scientific) was used to control the UHPLC-
HRMS system and to acquire and process the MS data.

Analytical standards for iso-PLTX and OVTXs are not avail-
able; thus, their quantitative determination was based on PLTX
equivalents. The calculation of the elemental formulae was
based on the monoisotopic mass with a mass tolerance of
<5 ppm and an isotope fit score of >80%. Extracted ion chro-
matograms for iso-PLTX and OVTXs were reconstructed using
the integrated signal of the ions selected (Table S2t) from the
different cluster ions observed for each toxin ([M + 3H-4H,0J*",
[M + 3H-3H,0]*", [M + 3H-2H,0]**, [M + 3H-H,O]*", [M + H +
Mg*, [M +H + Ca]*", [M + H + Fe]**, [M + 2H-3H,0]**, [M + 2H-
2H,0T", [M + 2H-H,O**, [M + 2H]*", [M + H + Na]*", and [M + H
+ KJ*"). The limit of quantitation of the PLTX standard was
estimated by injecting a blank sample filter extract spiked with
the PLTX standard at low concentration levels and considering
a signal-to-noise ratio (S/N) of 10.

2.2.2. Study of the presence of metal ions in the UHPLC-
HRMS system. Studies of the effect of the presence of alkali
metal ions (calcium and sodium) in the UHPLC-HRMS system
(System I, Method 1) on the mass spectrum toxin profiles were
performed through post-column addition (T-piece) of 1 mM
CaCl, and 3 mM NaCl at 5 uL. min " into the mobile phase (300
uL min~ ). Calcium and sodium concentrations in the mobile
phase after the post-column addition were 0.68 mgc, L™ and
1.15 mgy, L.

2.2.3. Sample treatment. The PLTX analogues were extrac-
ted from benthic Ostreopsis cf. ovata natural samples collected
in the GF/F filters (see the next Section 2.3) using 2 mL MeOH :
H,O0 (80: 20, v/v) and an ice-cooled ultrasonic bath (5 min). The
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supernatant was centrifuged (3893 g, 4 °C, 5 min), filtered
through a 0.22 um nylon membrane and stored in amber glass
vials at - 80 °C until their analysis by UHPLC-HRMS.

This extraction protocol was applied to evaluate extraction
efficiency (EE%) and the matrix effect (ME%) using filters con-
taining O. cf. ovata cells obtained during the bloom and proved
to be free of any PLTX analog by previous analysis. These filters
will be referred to as “blank sample filters”.

For the EE%, three blank sample filters were spiked with a 2
ng PLTX standard and submitted to the indicated extraction
procedure, in order to obtain 1 pg mL ™" of the PLTX standard in
the final extract. In parallel, three non-spiked blank sample
filters were also extracted and the PLTX standard was added at
a final concentration of 1 ug mL ™" in the obtained extracts and
before the injection into the UHPLC-HRMS system. To evaluate
the EE%, the signal of the PLTX standard in the two obtained
extracts was compared.

The ME% has been evaluated by analyzing four different
extracts of the non-spiked blank sample filters (post-extraction).
The PLTX standard was added to four aliquots of each extract to
obtain four spiked concentration levels (0.035, 0.200, 0.500 and
1 ug mL™ ") that were injected into the UHPLC-HRMS system in
triplicate. The obtained areas were interpolated into an external
calibration PLTX curve to obtain the recovered concentration.
The ME% was estimated by correlating the recovered vs. the
spiked concentration of each extract [ME% = (1 — slope) x 100].

2.2.4. Comparative study of different UHPLC-HRMS
methodologies. A comparison of the quantification of toxins
using three different acquisition methods has been conducted.
All samples collected in the O. cf. ovata proliferation in 2019
were analyzed using the two mass spectrometers (System I and
System II). Moreover, the quantification was performed based
on two types of extracted ion chromatograms. Quantification
method A (QM-A): the most frequently used method in pub-
lished studies, where the integrated signal corresponds to the
two most intense ions observed. Quantification method B (QM-
B): where the integrated signal corresponds to the group of ions
selected in the present study, as explained earlier (see the last
paragraph of Section 2.2.1).

For clarity, Table S1f shows a summary of the analytical
methods tested with an indication of the instrumentation and
electrospray ionization systems used and the type of quantifi-
cation approach applied.

2.3. Study site and Ostreopsis cf. ovata bloom sampling in
2019

The natural samples for this study were obtained from the
benthic Ostreopsis cf. ovata bloom that occurred in the 2019
summer at the rocky beach of Sant Andreu de Llavaneres
(Catalan coast of Spain, 41°33.13'N; 2°29.54'E). At this sampling
site, the sedimentary substrate extends from the shoreline to at
least 5-7 m depth and is densely colonized by macroalgae,
mainly Ellisolandia elongata Ellis & Solander and jania rubens
(Linnaeus) J. V. Lamouroux. To these macroalgae, Ostreopsis
adheres and proliferates during the summer-fall period.'”**
From July 19th to November 7th, samplings were performed at
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a very shallow depth (20-50 cm) at three points (A, B and C)
separated by approximately 10 m among them, to monitor the
O. cf. ovata bloom and characterize the temporal toxin
variation.

On every sampling day, ca. 10-20 g of fresh macroalgae were
collected and transferred into a 250 mL plastic bottle and filled
with a known volume (200-300 mL) of the surrounding
seawater. Each collected sample was then vigorously shaken for
1 minute, and subsequently sieved through a 200 pm mesh. A
subsample of the percolated seawater (125 mL), which con-
tained O. cf. ovata and the accompanying microbiota, was
preserved with 0.5 mL of Lugol solution to estimate the
concentration of O. cf. ovata cells. Ostreopsis cf. ovata cell
concentrations were estimated by using a 1 mL Sedgwick-Rafter
counting cell chamber under a Leica-inverted light microscope.
This is a suitable counting method to quantify the number of
cells in the range of 10°-10° cells per Lyater, With a 5% confi-
dence limit. The sampling and counting method in this study
had an estimated global variation coefficient (CV%) of 20%. The
macroalgae were slightly wiped and weighed. Cell abundances
were expressed as cells per g of fresh weight (FW) of macroalga.
For toxin characterization, 5 to 30 mL subsamples of the
percolated water were filtered through 25 mm GF/F filters and
frozen at —80 °C until extraction. Water temperature and
salinity were measured using a microprocessor conductimeter
WTW (Model LF197).

Some samples collected during the bloom were used to
conduct several methodological tests and are explained in the
different sections of this paper.

3. Results and discussion

3.1. UHPLC-HRMS of PLTX analogues

Traditionally, the methods published describe the use of HPLC
separations of PLTX analogues based on reversed-phase chro-
matography using C18 columns (Gemini C18) packed with 3 pm
fully porous particles and ACN : H,O (with acetic acid) mobile
phases.”?>?**%® However, in the last decade, most methods
proposed the use of UHPLC columns packed with superficially
porous particles (Poroshell 120 EC-C18 and Kinetex C18
columns)>*** and Ternon et al.* used 1.8 um fully porous
particles for the first time .*>** In the present work, an Hypersil
GOLD C18 column packed with 1.9 um fully porous particles is
used to take advantage of the higher chromatographic efficiency
it provides. The chromatographic separation of PLTX analogues
was optimized in the present study by using an O. cf. ovata
extract that contains most of the target compounds (Fig. 1).
Different gradient elution programs and different mobile
phase composition (ACN:H,O with acetic or formic acid) were
tested. The two most intense ions observed were both the triply
charged [M + 3H-3H,O]’" and the doubly charged [M + 2H-
H,0]*", which showed the same relative abundance when using
both mobile phases (adding acetic or formic acid). However, by
using formic acid the chromatographic peak was slightly nar-
rower indicating an improvement in the chromatographic effi-
ciency (7199 theoretical plates when using formic acid vs. 6741
theoretical plates when using acetic acid). This fact was
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probably due to the effect of the lower pK, of formic acid
compared to that of acetic acid; the higher acidity favored the
protonation of the silanol groups on the surface of the silica
particles preventing their collateral interactions with proton-
ated basic nitrogen on the toxin molecule. Furthermore, the
slow step gradient elution (from 30% to 35% in 12 min, Section
2.2.1) using ACN:H,O (0.1% formic acid) allowed the baseline
chromatographic separation of all compounds in less than 6
minutes (Fig. 1a). As can be seen in Fig. 1a, iso-PLTX elutes ca.
1 min earlier than the PLTX standard.

The chromatographic system was coupled to two mass
spectrometer systems (System I and II) equipped with different
generations of electrospray sources (Method 1, 2 or 3, detailed
below). The study of the HRMS spectra of iso-PLTX and OVTXs
revealed the formation of a large number of ions for each target
compound. As an example, Fig. 1b shows the HRMS spectrum
obtained for the PLTX chromatographic peak in the analysis of
a PLTX standard solution (1 ug mL™") by UHPLC-HRMS (HESI-
11, Method 1 at 350 °C), and Fig. 1c shows zoomed views of the
m/z areas of doubly and triply charged ions. Furthermore, Table
S21 summarizes the most abundant ions (exact mass and
monoisotopic mass of the most abundant isotope) observed in
the UHPLC-HRMS analysis of an O. cf. ovata 2019 sample extract
that contained the target marine biotoxins (iso-PLTX and
OVTXs). The complex HRMS spectra include doubly and triply
charged species originated by proton transfer mechanisms (e.g.
[M + 2H]*"), often with subsequent in-source CID fragmentation
(e.g. [M + 2H-H,O*" or [M + 3H-H,O’") and adduct ion
formation with monovalent and divalent cations (e.g. [M + 2H +
Na]**, [M + H + K> or [M + H + CaJ’*"). These complex mass
spectra, while challenging the quantitative analysis, are useful
for the identification of PLTX congeners. Furthermore, some of
these ions can be confused with other possible nearby isobaric
ions, with differences in their m/z values lower than 0.005
indicating that it is necessary for a mass resolution higher than
400 000 FWHM to distinguish these ions. In fact, the maximum
available mass resolution in the Orbitrap instrument used was
140 000 FWHM. For instance, the ion at 1359.7267 (the most
abundant isotope) could be assigned to both [M + H + KJ** (3.7 +
1.4 ppm) or [M + Ca]*" (1.5 #+ 1.0 ppm) and the ion at 901.4914
(the most abundant isotope) could also be assigned to [M + H +
Mg]** (2.5 4 2.3 ppm) or [M + 2H + Na]** (2.3 + 2.2 ppm). For the
final assignment (Table S21), the information obtained from the
experiments where alkali ions were added by post-column
addition (discussed in Section 3.2) was useful, which was in
agreement with the results reported by Ciminiello et al.** In
preliminary tests, it was observed that the nature of ions and
their relative abundances changed with working conditions.
Thus, a detailed study of these variations using different
instrument conditions and different generations of electrospray
ionization sources was conducted. The PLTX standard solution
used was freshly prepared from the stock standard solution for
each injection at an identical concentration (1 pg mL ™). Fig. 2
shows the HRMS spectra of the PLTX standard analyzed at
different times: on the day, one week and one year later (stock
standard maintained frozen at —80 °C) and using the same
instrument and source parameters after instrument

This journal is © The Royal Society of Chemistry 2023
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a) Monitored ions in HRMS (m/z)
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_% 0 OVTX-b 1346.7669 1357.7579  1365.7449
o 100\ 133805 879.4979 8855015  891.5050  897.5085  910.8352
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Fig.1 (a) UHPLC-HRMS chromatogram of a 2019 sample extract that contains the PLTX analogues (m/z of the extracted ion chromatogram is

shown) (the ions listed are the monoisotopic mass of the most intense isotopes); (b) HRMS spectra corresponding to the PLTX standard at 1 ug
mL~2; (c) zoomed view of two m/z areas to visualize the isotope cluster of doubly and triply charged ions, as an example (mass error < 5 ppm).

maintenance and tuning. As shown in Fig. 2, the relative ion
ratio of the different ions changed over time resulting in
significant modification of the mass spectrum profile. In
particular, focusing on the most abundant ions, [M + H + Ca]**
at m/z 906.4828, [M + 2H-H,O]*" at m/z 1331.2418 and [M + 3H-
nH,O]’" at m/z 887.8303, when the abundance of one of them

This journal is © The Royal Society of Chemistry 2023

decreased, the relative contribution of the other increased.
These differences might depend on the state of the instrument
(cleanliness and small variations in the voltages applied to the
lenses, temperatures and gas flow rates) and the salinity of
samples injected before the analysis of the PLTX standard. This

is an important fact to consider, especially for those
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Fig.2 HRMS spectra of freshly prepared PLTX standard solutions (1 pg mL™) from the stock solution made after purchasing the chemical and
one week and one year later by using the same UHPLC-HRMS instrument conditions and electrospray source (ESI, Method 3).

instruments that process samples of different natures and
concentrations.

Moreover, the intensity of the different ions and their relative
abundances also varied when the type of electrospray ionization
source changed (Fig. 3). In the analysis of the PLTX standard,
the intensity of all ions was higher when the HESI-II source was
used with the vaporizer temperature set at 350 °C (Method 1,
Table S1f). This may be due to the efficient desolvation/
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Fig. 3 Intensity of ions detected in the UHPLC-HRMS analysis of the

PLTX standard (1 pg mL™%) using HESI-II (Method 1 or 2) or ESI (Method
3).
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ionization of this electrospray source that produced a higher
number of gas-phase ions. However, the abundance of fragment
ions due to water loss increased, indicating that they could be
related to possible thermal degradation. Nevertheless, HESI-II
(Method 1, 350 °C) is preferred to the other electrospray sour-
ces that work at room temperature, because the ion responses
are much higher. Therefore, these conditions were proposed for
toxin analysis along the O. cf. ovata 2019 bloom.

3.2. Effect of the presence of calcium/sodium on the toxin
mass spectral profiles

To investigate the effect of salinity on the mass spectral profile
of PLTX analogues, the post-column addition of Ca>* or Na* was
performed and compared with that under control conditions. It
was observed that the ionic species changed depending on the
presence of alkali metal ions in the UHPLC-HRMS system
(Fig. S1t). The base peak in the mass spectrum changed from
the triply charged ion [M + H + Ca]** when Ca®" was added
(Fig. S1bt) to the doubly charged ion [M + H + Na]** when Na*
was added (Fig. S1ct), while ions such as [M + 2H"-H,0]** and
[M + 3H-nH,O]*" were still present but at different relative
abundance. Furthermore, the intensity of the ions at m/z
1359.7267 assigned to [M + H + K|*" and m/z 901.4914 assigned
to [M + H + Mg]*" remained unchanged or decreased with the
addition of Ca®" or Na*, respectively. These results compared to
the control ones (Fig. Slat) were in agreement with those of
Ciminiello et al.®* that stated that the addition of divalent
cations (Ca®*) favour the formation of doubly charged ions and

This journal is © The Royal Society of Chemistry 2023
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the divalent cations (Na") favour the formation of triply charged
ions. These results evidence that small variations in salt
composition and concentration, in both the sample and mobile
phase or even in the mass spectrometer environment, could
produce changes in the HRMS spectrum profile of these toxins,
which is a relevant aspect for the determination of marine
toxins.

3.3. Toxin extraction

The literature shows that different protocols are being applied
for the extraction of PLTX analogues from macroalgal samples.
Essentially, the main differences between these protocols are in
the methanol : water ratio and in the number of extraction steps
used. In the present study, a double extraction vs. a single
extraction using two extraction solvents, MeOH : H,O (50 : 50, v/
v) and MeOH : H,O (80 : 20, v/v), were tested. For each condition
and in triplicate, the same volume (20 mL) of the percolated
seawater containing O. cf. ovata cells, obtained from the benthic
samples (Section 2.3), was filtered through GF/F filters. The
highest total toxin concentration in a sample (1037 + 83 ng
mL ") was obtained with a double extraction in MeOH : H,0
(80: 20, v/v), while, the single extraction in MeOH : H,O (80 : 20,
v/v) yielded only 98 + 4%. In MeOH : H,O (50 : 50, v/v), the toxin
extracted accounted for 53 + 1% in one single step and 42 + 9%
in a double step. In consequence, a single extraction with
MeOH : H,O (80: 20, v/v) was proposed for further studies and
EE% for these conditions (detailed in the Experimental section
2.2.3) was 95-116%. The ME% was evaluated as indicated in
Section 2.2.3 and the correlation between the recovered and the
spiked concentration is plotted in Fig. S2.T The slopes of the
correlation curves for the four different extracts were between
0.86 and 1.02 indicating a ME% from —14% to 2%.

3.4. Effect of UHPLC-HRMS configuration systems on the
quantitation of PLTX analogues

All the samples collected during the O. cf. ovata bloom in 2019
and extracted with the optimized extraction method (described
in the Experimental section 2.2.3) were analyzed using System I
(Methods 1 and 2) and System 2 (Method 3). Additionally, they
were quantified with two ions (QM-A) or with the integrated
signal of the most abundant isotope of all adduct ions (>5%)
(QM-B), providing the results in picograms of each toxin per O.
cf. ovata cell (pg per cell). A paired t-test at a 5% significance
level was applied to evaluate the statistical differences between
the three different methods used (Table S31). The results
showed that when using the quantitation method QM-A, there
were significant differences (p-value < 0.05) between the three
instrument methods (Methods 1-3). However, when using the
acquisition method QM-B (the integrated signal of the most
abundant isotopes of all adduct ions), there were no significant
differences (p-value = 0.183) between instrumental Methods 1
and 2. This means that only the HESI-II source (Methods 1 and
2) provided comparable results. Furthermore, if the quantifi-
cation methods are compared (QM-A vs. QM-B) using the three
different methodologies, the p-values (using one or two tails)
were always smaller for Method 1 (HESI-II at 350 °C), than those

This journal is © The Royal Society of Chemistry 2023
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found when using Method 2 (HESI-II at room temperature) or
Method 3 (ESI source), indicating that Method 1 was yielding
more comparable results.

As has been shown, the most abundant ions in the toxin
profile can change in the ionization/mass spectrometry acqui-
sition process, depending on the instrumental conditions used,
but the ion profile can also change even between ovatoxins.
Fig. 4 shows the abundance of OVIX-a (Fig. 4a) and OVTX-
b (Fig. 4b) for two replicates (R1 and R2) of the same sample
analyzed on different days. As can be observed, the abundance
of the two most abundant ions ([M + 3H-3H,O]*" and [M + 2H-
2H,0]*") for OVTX-a varies from one replicate (R1) to another
(R2) despite continuing to be the most abundant in both
replicates. Conversely, the nature of the two most abundant
ions for OVTX-b changes from one replicate to another. In the
first replicate (R1), the two most abundant ions are [M + 3H-
3H,0]** and [M + 2H-2H,0]** but in the second replicate (R2)
were [M + 2H-2H,0*" and [M + 2H]*". The quantification
procedure with a larger number of ions should be more robust
since it considers these changes in the toxin mass spectral
profile. When the intensity of the most abundant ion decreases,
the intensity of another ion in the profile should increase. Using
method QM-B, the maximum RSD% observed was 8% for the
PLTX standard, while the RSD% was up to 28% when using
method QM-A.

3.5. UHPLC-HESI-HRMS quality parameters

Table 1 summarizes the quality parameters estimated for the
analysis of PLTX in O. cf. ovata samples using the proposed
UHPLC-HESI-HRMS (System I - Method 1) method. The limit of
quantification (LOQ), based on a S/N of 10 and estimated by
spiking a blank sample filter extract with the PLTX standard at
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Fig. 4 Relative abundance of some ions of the (a) OVTX-a and (b)
OVTX-b and between two different replicates (R1 and R2).
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Table 1 UHPLC-HRMS quality parameters for the analysis of PLTX
samples (System |, Method 1, QM-B)

Concentration %
Run-to-run precision (RSD, %) Low level (75 ng mL ") 1.3

Medium level (800 ng mL ") 1.0
Day-to-day precision (RSD, %) Low level (75 ng mL ™) 1.6

Medium level (800 ng mL™") 3.4
Trueness (rel. error, %) Low level (75 ng mL ") 7.6

Medium level (800 ng mL ") 9.7
LOQ 6.5 ng mL "

low concentrations, was 6.5 ng mL~". Precision (run-to-run and
day-to-day) and trueness were calculated by analyzing 5 repli-
cates of the blank sample filter extract spiked with the PLTX
standard at two concentration levels (low level: 75 ng mg™;
medium level: 800 ng mL ™). As can be seen in Table 1, preci-
sion values were always lower than 3.4% (RSD, %) and trueness
values (rel. error, %) lower than 9.7%. These quality parameters
indicated the good performance of the method for the deter-
mination of the target marine toxins.

3.6. Study of the Ostreopsis cf. ovata bloom in 2019

Using the proposed method, the temporal evolution of the toxin
concentration per cell along the 2019 O. cf. ovata proliferation
was studied. Fig. 5a shows the temporary abundance of O. cf.
ovata per gram of macroalga (an indicator of the intensity of the
bloom) and the total toxin content per cell over time. It was
observed that the toxin concentration was similar in the 3
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=
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Fig. 5 (a) Temporal evolution of the O. cf. ovata bloom in 2019
(referred to cell concentration per gram of fresh weight of macro-
algae), with the average toxin cell content variation along the bloom.
(b) Cell toxin profile (%) of the O. cf. ovata bloom samples.
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collecting points during the proliferation (Fig. S3at), so the
average concentration (ABC) is used. During the sampling
period, the water temperature and salinity were 15-27 °C and
37.6-38.2 g L', respectively (Fig. S3bt).

The bloom developed exponentially (cells per ggw) from the
beginning of the sampling period (early June) until July 23rd. At
this moment, the stationary phase of the bloom begins with
a subsequent decline phase. The maximum toxin cell concen-
tration was found at the beginning of the stationary phase with
values between 14.66 and 19.11 pg per cell and in the decline
phase with values of 19.29 + 1.10 pg per cell (Fig. 5a).
Concentrations of the same order of magnitude have been re-
ported for other Mediterranean O. cf. ovata strains (22-75 pg per
cell).””*>

The OVTX analogues-a to -g were detected in most of the
analyzed extracts (2019), while iso-PLTX was only detected on
August 6th and September 3rd. In this period, the highest O. cf.
ovata concentration (marked in Fig. 5a with a circle) was
observed and the total toxin cell concentrations oscillated
between 0.01 and 0.04 pg per cell within this period. In the rest
of the samples, iso-PLTX was below the quantitation or detec-
tion limit. Regarding the toxin profile, the relative abundance of
individual toxins was higher for OVIX-a and OVTX-
b (abundance > 25%) followed by OVIX-c (3.06 £ 0.23%),
OVTX-d (6.78 £ 0.67%), and OVTX-e (6.09 + 1.18%), while the
contribution of the other toxin analogues (OVTX-f, OVT-g and
iso-PLTX) corresponds to the remaining 2.5% (Fig. 5b). In all
samples, OVIX-a and OVTX-f were the major and minor
components of the toxin profile, respectively.

The main challenge posed by the O. cf. ovata blooms is to
establish the link between cell abundance and toxin risk. The
data suggest that there is no direct link and the intracellular
toxin concentration was not constant, suggesting that complex
interacting metabolic, physiological and ecological factors may
be at play. Understanding the factors that control toxins is key
to estimating the health and environmental risks associated
with O. cf. ovata proliferations. Such studies are underway by
many research groups today.

4. Conclusions

In this work, the variability of the PLTX analogue mass spectral
profiles under different instrumental conditions, including the
use of different generations of electrospray sources, was
studied. Our results show that the variability in the intensity of
the different ions could change using different electrospray
ionization sources, but the abundances of ions can also change
when analyzing the same sample at different times. These
differences might depend on the state of the instrument and the
salinity of samples injected before the analysis of PLTX
analogues. This fact should be especially considered for those
instruments in which different types of samples are processed.
Among the methods tested, the use of HESI-II (350 °C - Method
1) for the ionization process and the quantitation method that
monitors multiple ions are recommended. This approach
provided the best quantitative results since it allowed for the
best ionization efficiency and considered the potential changes

This journal is © The Royal Society of Chemistry 2023
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that could take place in toxin mass spectral profiles. Regarding
the extraction method, the results indicated that a single
extraction with MeOH : H,O (80: 20, v/v) is enough for the effi-
cient extraction of PLTX analogues from these samples. Finally,
the method proposed in this study showed a good performance
and it was successfully applied for the study and quantitation of
PLTX and OVTXs from the O. cf. ovata proliferation.
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