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ARTICLE INFO ABSTRACT

Handling Editor: Dr. B Lomonte Prymnesium parvum is a globally distributed haptophyte that produces an array of ichthyotoxic compounds

known as prymnesins. Prymnesins are large polyethers ranging in size from 1600 to 2300 Da. Initial in-

Keywords: vestigations towards the development of prymnesin reference materials identified significant problems with
Prymnesin recovery and stability. A systematic series of studies was conducted to determine the effects of solvent compo-
Stabﬂity, sition, pH, evaporation to dryness and solid-phase extraction (SPE) resin on the stability and recovery of
m:smm parvum prymnesins. Experiments investigated A- and B-type prymnesins to verify whether the observed behaviours were
Recovery type specific. The results indicated significant effects on prymnesin stability, solubility and recovery depending

on the conditions used. Prymnesins were soluble and stable in solvents containing a minimum of 70% organic
solvent (methanol) under mildly acidic to weakly basic pH. Additionally, prymnesins were insoluble in aceto-
nitrile and formed imine derivatives in acetone. Prymnesins were unstable when stored dry, with time-dependent
losses observed. Lastly, SPE resin type and protocol design had a significant impact on prymnesin recovery. These
findings, highlighting the multiple factors affecting prymnesin recovery, will improve extraction procedures and
isolation yields, and should be considered when performing prymnesin toxicological or bioactivity research.

1. Introduction (Igarashi et al., 1996, 1998). These are large polyethers categorized into

A-, B- and C-types based on their backbone structures (Binzer et al.,

Prymnesium parvum is a haptophytic microalga that grows in brackish
and estuarine waters. The species is globally distributed and was the
causative organism in several large-scale fish-killing events (Macedo
et al.,, 2023; Manning and La Claire, 2010; Southard et al., 2010).
P. parvum is adaptable and fast-growing, and can cause significant
damage to aquatic ecosystems, such as the bloom in the Oder River
(Germany, Poland) in the summer of 2022 (Free et al., 2023; Kolada,
2022). During this bloom, fish and freshwater mollusk populations
declined throughout the river (Free et al., 2023; Kolada, 2022). This was
the first reported fish-killing event associated with a P. parvum bloom in
the region, with an estimated 360 tonnes of fish dying, including pro-
tected species (Kolada, 2022). In addition to ecosystem collapse,
P. parvum can cause significant damage to fish farming operations such
as those observed in Norway (Johnsen et al., 2010; Kaartvedt et al.,
1991), leading to significant financial losses to the industry.

P. parvum produces a class of ichthyotoxins called prymnesins

* Corresponding author.
** Corresponding author.

2019; Igarashi et al., 1999; Rasmussen et al., 2016). Two A-type
prymnesins, prymnesin-1 (PRM-1) and prymnesin-2 (PRM-2), have been
structurally elucidated (Igarashi et al., 1999). They contain 91 carbons
in their aglycone backbone and several functional groups, including
conjugated dienes and trienes, a primary amine, chloride and sugar
moieties (Fig. 1). Two B-type prymnesins, prymnesin-B1 (PRM-B1) and
prymnesin-B2 (PRM-B2), have also been structurally elucidated (Fig. 1)
(Rasmussen et al., 2016). They contain 85 carbons in their aglycone
backbones and lack the H-I fused ether rings present in the A-type,
which are replaced with a short three-carbon chain. The number of
chloride groups detected in B-type prymnesins has consistently been
lower than in A-type prymnesins (Binzer et al., 2019). The backbone
structures of the C-type prymnesins have not yet been elucidated.
Several analogues of each type have been detected in P. parvum strains
(Binzer et al., 2019), and profiles have been shown to vary depending on
culture medium composition and growth phase (Bannon et al., 2024;
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Pochhacker et al., 2025; Ryderheim et al., 2025; Svenssen et al., 2019).
Three separate chemotypic lineages of P. parvum have been reported,
each of which produces only a single prymnesin type (either A-, B-, or
C-type).

A significant factor in prymnesin analysis, quantitation and moni-
toring is the lack of reference materials for either qualitative or quan-
titative measurements. Verification of prymnesin analogues in
environmental samples and P. parvum culture extracts has been through
LC-high resolution mass spectrometry (LC-HRMS) or by comparison
with P. parvum strains that are documented producers of prymnesins
(Binzer et al., 2019; Sobieraj and Metelski, 2023). Quantitation has
relied on relative responses, the use of indirect quantitation methods
that lack specificity to individual prymnesin analogues or using in-house
prepared reference materials (Bannon et al., 2024; La Claire et al., 2015;
Mazur-Marzec et al., 2025; Pochhacker et al., 2025; Ryderheim et al.,
2025; Svenssen et al., 2019). Variation in extraction procedures between
studies and laboratories is another limitation in prymnesin measure-
ments. Isolation of prymnesins for structural elucidation required
several hundred litres of culture, yielding low amounts of purified
prymnesins (1-15mg) (Igarashi et al., 1999; Rasmussen et al., 2016).
The procedures employed during the isolation of A-type prymnesins
required an EDTA flush of reversed-phase resins prior to use (Igarashi
et al., 1999), which suggests that EDTA flushing removed impurities in
the resins that subsequently improved prymnesin yields.

Initial investigations in our laboratories suggested several factors
affecting prymnesin recovery that have not been reported. A better
understanding of prymnesin behaviour is essential to improve isolation
yields, quantitation and toxicological evaluation. Here we report the
results of several studies investigating prymnesin handling, stability and
recovery. The results make an important contribution towards improved
processes for prymnesin isolation, analysis, quantitation and toxicolog-
ical evaluation.

2. Methods
2.1. Reagents

LC-MS grade acetonitrile and MeOH were from Fisher Scientific and
Carlo Erba (Ottawa, ON, Canada; Cornaredo, Italy). Acetic and formic
acids were from Fisher Scientific. Reagent grade disodium phosphate
and potassium dihydrogen phosphate, ammonium bicarbonate, potas-
sium chloride, sodium hydroxide, hydrochloric acid, sodium chloride,
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citric acid, acetone, sodium bicarbonate, sodium carbonate anhydrous,
isopropanol, disodium-EDTA, and artificial sea salt were from Milli-
pore-Sigma (Oakville, ON, Canada; Darmstadt, Germany). Distilled
water was ultra-purified to 18.2 MQ cm using Milli-Q water purification
systems (Millipore-Sigma, Billerica, MA, USA; ELGA LabWater, Buck-
inghamshire, UK). Deionized (DI) water was produced by reverse
osmosis, and tap water was from the public drinking water system in
Halifax, NS, Canada.

2.2. Cultivation of Prymnesium parvum

P. parvum UTEX-2797 (A-type prymnesin producer) was grown at the
NRC culture facilities (Halifax, NS) in L1(—Si) medium, prepared with
Instant Ocean at a salinity of 10 psu and 32 psu (Bannon et al., 2024).
The cultures were grown to stationary phase at 18 °C and an irradiance
of 30pmolm 2s™! with a 12:12h light cycle. Cultures
(~4-5 x 10° cells/mL) were harvested in 50-mL batches by centrifuga-
tion (3440xg, 20min) to obtain cellular pellets that were stored at
—20°C until extraction. All subsequent experiments for P. parvum
UTEX-2797 were conducted in the NRC laboratory (Halifax, NS).

P. parvum UIO 054 (B-type prymnesin producer) was grown at the
University of Oslo culture facilities (Oslo, Norway) in 32 psu F/2 me-
dium at 15 °C and an irradiance of 200 pmol m~2 s~ ! with a 16:8 h light
cycle. Cultures (~4.5 x 10° cells/mL) were harvested in 60-L batches by
filtration with GF/C filters that were stored at —20 °C until extraction.
All subsequent experiments for P. parvum UIO 054 were conducted in
the NVI laboratory ([o\s, Norway).

2.3. Extraction of prymnesins

P. parvum UTEX-2797 cellular pellets were extracted with MeOH
(1 mL), vortex-mixed and sonicated on ice (2min; 2s on, 3s off; 40%
amplitude) using a probe sonicator (Qsonica, C.T., USA, Model Q500),
followed by centrifugation (3440xg, 10 min). The supernatants were
filtered (6000x g, Spin-X 0.45 pm PVDF; Millipore-Sigma) and stored at
—20°C.

Filters containing P. parvum UIO 054 cells were washed with aceto-
nitrile (2 x 20 mL) and the acetonitrile was discarded. The filters were
then extracted with MeOH (4 x 20 mL, 5 min) using a bath sonicator,
and the extracts were pooled and stored at —20 °C.
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Fig. 1. Structurally elucidated A-type (PRM-1 and PRM-2) and B-type (PRM-B1 and PRM-B2) prymnesins produced by P. parvum.
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2.4. Experiments for prymnesin handling, stability and recovery

2.4.1. pH stability

P. parvum UIO 054 extract (80 pL) was mixed with buffer (20 pL;
citrate-phosphate buffer with pH 3.0, 5.0 and 7.0 or carbonate buffer
with pH 9.2 and 10.7). One vial was used as a control, where MeOH
(20 pL) was added instead of the buffer. The mixtures were vortex-
mixed, and analyzed repeatedly by LC-MS for 2 d.

P. parvum UTEX-2797 (10 psu) extract (20 pL) was diluted with
MeOH (120 pL) and mixed with buffer (60 pL; 100 mM phosphate (pH 2,
6,7, 8), 100 mM formate (pH 3, 4), 100 mM acetate (pH 5) and 100 mM
ammonium bicarbonate (pH 9, 10)). The effects of strong acid and base
were assessed using 100 mM HCI (pH ~1) and 100 mM NaOH (pH ~13).
Samples were vortex-mixed and analyzed repeatedly by LC-MS for 12 h
at ambient temperature.

2.4.2. Proportion of organic solvent

P. parvum UTEX-2797 (10 psu) extract (50 pL) was diluted in various
ratios of MeOH-H,0 (50 pL) to final solvent compositions of 50-100 %
MeOH. Samples were vortex-mixed and analyzed every 2 h at ambient
temperature.

2.4.3. Aqueous solubility

P. parvum UTEX-2797 (10 psu) extract (25 pL) was diluted with 75 pL
of Milli-Q water, DI water, tap water, 0.1 M NaCl or MeOH in 1.5 mL
microcentrifuge tubes, in duplicate, and vortexed-mixed. One replicate
was centrifuged (9400 g, 5 min), and the other was not centrifuged. The
supernatant of each extract was transferred to an amber vial for analysis.
Aqueous samples were compared to the control prepared in MeOH.

P. parvum UTEX-2797 (10 psu) extract (30 pL) was diluted with
water containing 3.5 % sea salts from pH 3-8 (970 pL; pH adjusted with
HCI) in HPLC vials. Samples were mixed and allowed to stand at ambient
temperature for 1 h prior to analysis. A second set of samples was pre-
pared with the addition of NasEDTA (50 pL; 0.074 M) added to the pH-
adjusted water containing 3.5 % sea salts prior to the addition of the
P. parvum extract, or 1 h after the addition of the P. parvum extract.

2.4.4. Acetonitrile precipitation

P. parvum UTEX-2797 (10 psu) extracts (50 pL) were diluted with
acetonitrile (450 pL) in PVDF spin filters (0.22 um) and centrifuged
(6000xg, 2min). The acetonitrile solutions were removed, and MeOH
(500 pL) was added to the spin filters. One sample was allowed to stand
for 1h before centrifugation (6000xg, 2min), while the second was
centrifuged immediately. A control was prepared by diluting P. parvum
UTEX-2797 (50 pL) with MeOH (450 pL).

P. parvum UTEX-2797 (10 psu) extracts (10 pL) were diluted with
acetonitrile (90 pL) in a microcentrifuge tube or PVDF spin filter
(0.22 pm) and centrifuged (6000xg, 2 min). The acetonitrile solutions
were removed for analysis. MeOH (100 pL) was added to the micro-
centrifuge tube and spin filter and allowed to stand for 1 h. The micro-
centrifuge tube was vortex-mixed and the spin filter was centrifuged
(6000xg, 2min) to elute the filter for analysis. A control was prepared
by diluting P. parvum UTEX-2797 (10 pL) with MeOH (90 pL).

P. parvum UIO 054 extract (500 puL) was evaporated to near dryness
with N3. MeCN was added until precipitation was observed. The sample
was spin filtered (PVDF 0.22 pm) and the filter was rinsed twice with
MeOH (100 pL). The MeCN and combined MeOH filtrates were analyzed
by LC-HRMS relative to a control in MeOH.

2.4.5. Imine formation with acetone

P. parvum UIO 054 extract (50 uL) was diluted 1:1 with acetone
(50 pL) in an amber vial fitted with an insert. The sample was placed in
the LC-HRMS autosampler at ambient temperature and analyzed over
48 h.
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2.4.6. Recovery after evaporation to dryness

Aliquots of P. parvum UIO 054 (200 pL; designated as extract 1) were
evaporated to dryness under N, gas. MeOH (200 pL) was added with
vortex-mixing immediately (0 h), and at 1, 2, 3, 4, 6, 8, 24, 48, 72 and
96 h after evaporation to dissolve the extracts, which were stored at
—20 °C until analysis.

A second experiment was performed where aliquots of a different
batch of P. parvum UIO 054 extract prepared according to the extraction
procedure described, but separately from extract 1 (100 pL; designated
as extract 2) were evaporated under Ny gas. MeOH (100 pL) was added
at0, 2, 6, 22, 29, 49 and 191 h after evaporation, and the samples were
stored at —20 °C until analysis.

2.4.7. Solid-phase extraction (SPE) protocol

A reversed phase SPE protocol was developed with a Supelclean
500 mg LC-C18 (Supelco) cartridge preconditioned with acetonitrile,
followed by water. P. parvum UTEX-2797 (32 psu) extract (1 mL) was
diluted to 10-50 % MeOH with Milli-Q water (1-9 mL) prior to loading
onto the cartridge. The cartridge was washed with Milli-Q water (3 mL)
and acetonitrile (9 mL). Prymnesins were eluted in 2 mL. MeOH or 80 %
2-PrOH and analyzed as-is to avoid losses from evaporation. This pro-
tocol was applied to several other reversed-phase SPE columns including
Oasis HLB (150 mg, Waters), Strata-X RP (200 mg, Phenomenex) and
SepPak Light C18 (130 mg, Waters).

Several variations of this protocol were performed with the Supel-
clean 500 mg LC-C18 SPE cartridge to evaluate the performance of the
SPE protocol. The first variation was that 0.5 mL aliquots of the 80 % 2-
PrOH or MeOH eluates were collected in separate vials and analyzed
directly to determine recovery and the optimal volume of eluent. For the
second variation, 0.01 M NayEDTA (3mL) was flushed through the
cartridge prior to the water in the conditioning step prior to loading the
prymnesin extracts. This variation was performed on all four SPE car-
tridges. In the third variation, MeOH (2 mL) was used as the elution
solvent in place of 80 % 2-PrOH.

2.5. LC-MS analysis

P. parvum UTEX-2797: An Agilent 1260 LC equipped with a binary
pump, temperature controlled autosampler (10°C) and temperature-
controlled column compartment (40°C) was coupled to a 4000
QTRAP mass spectrometer (Sciex, Concord, ON, Canada) with a tur-
bospray ionization source. Chromatographic separation was achieved
using a Hypersil Gold C18 column (100 x 2.1 mm, 3 pm, ThermoFisher
Scientific, Waltham, MA, USA) using gradient elution with a mobile
phase composed of 0.1 % formic acid in both Hy0 (A) and MeCN (B). The
flow rate and injection volumes were 0.4 mL/min and 5 pL, respectively.
The gradient used was: 0-10 min, 42-50 % B; 10-10.1 min, 50-99 % B;
10.1-12 min, 99 % B; followed by a 3 min re-equilibration at 42 % B.
Selected reaction monitoring acquisition was performed with positive
ionization of the doubly charged ions for the four dominant prymnesins
in the extract; PRM-2: 986 — 920 (CE 20 eV), PRM-1: 1133 - 920 (CE
30 eV), PRM-A (2 Cl) + pentose: 969 — 902 (CE 20 eV), PRM-A (2 CD) +
2 pentose + hexose: 1116 — 903 (CE 30 eV) (Bannon et al., 2024). The
spray voltage of the source was +5.0 kV, with a capillary temperature of
300 °C, and a declustering potential of 70 V.

P. parvum UIO 054: A Vanquish Horizon UHPLC (ThermoFisher
Scientific) equipped with a binary pump, temperature controlled auto-
sampler (15°C) and temperature-controlled column compartment
(30°C) was coupled to a Q Exactive mass spectrometer (ThermoFisher
Scientific) with a heated electrospray ionization probe (HESI-II). Chro-
matographic separation was achieved on a Kinetex C18 column
(100 x 2.1 mm, 1.7 pm, Phenomenex, Torrance, CA, USA) using
gradient elution with a mobile phase composed of 0.1% formic acid in
H20 (A) and MeCN (B). The flow rate and injection volumes were
0.3 mL/min and 2 pL, respectively. A linear gradient was used from 35 %
to 99 % B over 15 min and then returned to initial conditions at 17 min.
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Mass spectrometry was performed in positive ionization mode with a
mass range of m/z 600-2000 utilizing a maximum injection time of 512
ms per scan. The capillary voltage was 3.5kV, with a capillary tem-
perature of 270 °C. The sheath and auxiliary gas were set to 35 and 10,
respectively. The auxiliary gas heater temperature was set at 300 °C, the
S-lens RF level was set to 90, the mass resolution to 140 000, and the
automatic gain control (AGC) target to 3 x 10°. Product-ion spectra
were acquired using targeted parallel reaction monitoring scan mode
with an isolation window of 1 m/z. The resolution setting was 17 500
with an AGC target of 1 x 10° and a maximum injection time of 250 ms
with stepped normalized collision energy settings of 20, 21 and 22 for
prymnesins and 25, 30 and 35 for their acetone derivatives.

3. Results and discussion
3.1. Prymnesin profiles of cultures

P. parvum UTEX-2797 is an A-type producing strain that was grown
in 10 psu and 32 psu L1 medium and the prymnesin profiles were
described previously (Bannon et al., 2024). The 10 psu culture extracts
had two main prymnesin analogues, PRM-1 and PRM-2 (Fig. 1), which
can be described as PRM-A (3 Cl) + 2 pentose + hexose and PRM-A (3
Cl) + pentose, respectively. The 32 psu culture extracts had four main
prymnesin analogues which included the two detected in the 10 psu
culture extracts in addition to their corresponding doubly-chlorinated
variants (PRM-A (2 Cl) + 2 pentose + hexose and PRM-A (2 Cl) +
pentose).

The B-type producing strain P. parvum UIO 054 was grown in 32 psu
F/2 medium. This strain produced two main prymnesin analogues,
prymnesin-B2 (PRM-B (1 Cl) + pentose) and its aglycone (PRM-B (1 Cl)).
These were identified by accurate mass LC-HRMS with [M + H] *ions at
m/z 1788.8255 and 1656.7841, consistent with these analogues re-
ported by Binzer et al. (2019).

The two P. parvum strains were grown, extracted and subsequent
experiments performed in two separate laboratories. A study comparing
the harvesting of P. parvum UTEX-2797 using centrifugation and filtra-
tion showed that prymnesins remained in the cells with both harvesting
protocols, although toxin yields were lower with filtration (Fig. S1).
Based on this work, it was determined that the two harvesting and
extraction procedures used were suitable for extraction of prymnesins
from the cells, given the difference in the scale of the media harvests
between the two laboratories (60-L versus 50 mL). These extracts were
used to systematically study the behaviour of prymnesins during sample
handling. Both strains were not assessed in every handling scenario;
however, when data were collected for both, the results demonstrate
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comparable behaviour between A- and B-type prymnesins, despite the
variations in laboratory protocols.

3.2. pH stability

It was observed that the LC-MS response of A- and B-type prymnesins
was stable between pH 2-9 for over 12 h at ambient temperature and
over 20 h at 15 °C, respectively for each pH condition. A slight decline in
response (half-life of ~7 d at pH 11; B-type prymnesins) was observed at
pH > 10 for both prymnesin types (Fig. 2). While the buffer salts and
solvent composition was different between these two strains studied, the
prymnesins were prepared in sufficient MeOH to remain soluble (>70%
MeOH) and the observed pH effects were similar. The prymnesin LC-MS
response in buffers at pH 7-8 was lower relative to other treatments and
non-buffered controls for both A- and B-type prymnesins, although no
change in LC-MS response was observed, therefore the solutions
remained stable for the duration of the study. This suggests that there
may be an effect from the buffer salts and/or pH on solubility or LC-MS
response, rather than on stability.

The A-type prymnesins remained stable in a low concentration of
strong acid (0.1 M HCI, pH ~1.5) for this short pH stability assessment
(Fig. S1). Although this was the case, experiments have been performed
on both prymnesin types using concentrated HCl (1 or 3 M) for acid
hydrolysis to produce prymnesin aglycones (Fig. S2-S3). It is possible
that the concentration (0.1 M) and temperature (~23 °C) were insuffi-
cient to effectively hydrolyze the glycosidic bonds within the study
duration, but given that hydrolysis can occur at elevated temperatures in
strong acid, these conditions should be avoided when handling prym-
nesins unless specifically aimed at producing the aglycone.

3.3. Proportion of organic solvent (MeOH)

Prymnesin-2 peak areas of P. parvum UTEX-2797 (10 psu) extracts
showed a time-dependent drop in response in 50-60 % MeOH, while no
change in PRM-2 peak area was observed in 70 to 100 % MeOH (Fig. 3).
The decrease in peak area in higher aqueous solutions appeared to level
off around 20 h. This behaviour is consistent with an equilibrium con-
centration being reached, with saturation of the solution at approx. 10 %
(50 % MeOH) or 40 % (60 % MeOH) of the control under the conditions
used. PRM-1 in these extracts showed a time-dependent drop in response
in 50% MeOH, while no change was observed in 60-100% MeOH
(Fig. S4), suggesting the increased glycosylation improved solubility of
this analogue.

A similar study was performed by diluting the P. parvum UTEX-2797
(10 psu) extracts into 10 to 100 % MeOH and allowing the samples to
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Fig. 2. (A) LC-MS peak areas for B-type prymnesins (extracts of P. parvum UIO 054) stored in 1:4 v/v buffer-MeOH at 15 °C over time, fitted to two-parameter
exponential decay curves. Buffers composed of citrate-phosphate buffer (pH 3, 5 and 7) or carbonate buffer (pH 9 and 11) (B) LC-MS peak area of PRM-2 (in
extracts of P. parvum UTEX-2797, 10 psu) stored in 3:7 buffer-MeOH across the pH range to assess pH-stability of A-type prymnesins. Buffers composed of 100 mM
phosphate (pH 2, 6, 7, 8), 100 mM formate (pH 3, 4), 100 mM acetate (pH 5), 100 mM ammonium bicarbonate (pH 9, 10)), 100 mM HCI (pH ~1) and 100 mM NaOH

(pH ~13).
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Fig. 3. LC-MS peak area for PRM-2 from extracts of P. parvum UTEX-2797 (10
psu; 100 pL) with time when diluted with various solvents composed of 50 to
100 % MeOH and stored at ambient temperature.

stand at ambient temperature for 3 days. Below 70 % MeOH the
prymnesin response was low compared to the control (Fig. S5). A higher
prymnesin response at 20-40 % MeOH was observed compared with 10
and 50 % MeOH. Regardless, the use of less than 70 % MeOH for
dissolution of prymnesins resulted in low prymnesin detection.

3.4. Aqueous solubility

To assess the behaviour of A-type prymnesins in aqueous solutions,
four separate solutions of P. parvum UTEX-2797 (10 psu) were prepared
in duplicate in 25 % MeOH with various modifications to the aqueous
composition ranging from ultra purified water (Milli-Q) to 0.1 M NaCl
(Fig. 4). One set of duplicates was analyzed as-is, while the other was
centrifuged prior to analysis. Varying reductions in prymnesin response
was observed relative to the control in 100% MeOH. In the ultra purified
and DI water, the recovery was above 80 %, while in tap water and the
NaCl solution a significant reduction in prymnesin response was
observed (>50 %). Centrifugation had no significant impact for the three
types of water, whereas there was almost no detectable prymnesins
following centrifugation of the 0.1 M NaCl solution. This suggests a
possible salting out phenomenon. The reduced response with tap water,
with no additional reduction upon centrifugation, indicates that more
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Fig. 4. PRM-2 recovery using P. parvum UTEX-2797 (10 psu) extracts, relative
to a control prepared in MeOH, after diluting 1:3 in aqueous solutions con-
taining Milli-Q, DI and tap water and 0.1 M NaCl.
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than one interaction may be causing these observed changes in prym-
nesin response in aqueous solutions. This behaviour was consistent for
A-type prymnesins regardless of the degree of glycosylation. The pres-
ence of salts appears to significantly affect prymnesin analysis, although
the exact mechanism is unknown.

Three separate experiments were performed to assess the effects of
pH, salt and the addition of EDTA on A-type prymnesins (Fig. 5). Arti-
ficial sea salt solutions at 3.5 % were prepared and an extract of
P. parvum UTEX-2797 (10 psu) was added. This resulted in an aqueous
composition of 97 %, with a small amount of MeOH due to the addition
of the extract. In all cases, there was a reduction in prymnesin content
relative to a 100 % MeOH control, although not complete loss of the
prymnesins. The first was using pH-adjusted sea salt solutions. In the
absence of added EDTA, there was a clear pH-dependent effect on
prymnesin LC-MS response, where the higher the pH value, the lower
the recovery of PRM-2 (Fig. 5). Recovery was assessed by adding EDTA
to the aqueous solution prior to the addition of the P. parvum extract, or
after the extract had been added. This was to determine whether the
prymnesins could be recovered after interacting with the aqueous salt
solutions. EDTA improved recovery regardless of pH, but recovery above
90 % was not observed, suggesting that complete recovery of prymne-
sins may not be possible in aqueous solutions (Fig. 5). Prymnesin con-
centration in aqueous solutions has previously shown a time-dependent
loss (Pochhacker et al., 2025), whether due to solubility or stability and
may explain why recovery above 90 % was not possible.

An improved understanding of recovery and analysis of prymnesins
in water samples is important for environmental monitoring, studying
the growth and production of prymnesins and comparing bound versus
released toxins in culture medium or the environment. While the addi-
tion of salt to media can improve prymnesin recovery using liquid-liquid
partitioning, recoveries could not be improved above 70 % (Svenssen
et al., 2019). Recent findings have suggested extracting whole culture
with SPE to enhance prymnesin yields (Pochhacker et al., 2025), but also
reported low recovery of extract spiked media. Both studies suggest
there are irreversible losses in the presence of salts, media or other
aqueous contaminants. The purpose of studying salt solutions with the
addition of EDTA was to assess whether it was possible to improve re-
covery of prymnesins by complexing with ions in solution. Based on the
data presented here, there is an improvement in prymnesin detection in
aqueous solutions with the addition of EDTA or with pH adjustment.
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Fig. 5. PRM-2 response from extracts of P. parvum UTEX-2797 (10 psu) diluted
in 3.5% sea salt solutions with the pH adjusted from 3 to 8 without EDTA, and
with the addition of EDTA before, or after, addition of the P. parvum extract to
the aqueous solution. Control: 3.5 % sea salt without pH adjustment. Recoveries
are relative to the extract diluted in MeOH.
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Measurement of the pH of the EDTA solutions indicated that EDTA
addition resulted in a reduction in pH (from pH 8 to 4), therefore pH
adjustment may be suitable to improve aqueous phase prymnesin
analysis, rather than EDTA complexing with ions in solution. Further
studies are necessary to understand the interactions of prymnesins with
salts, ions, buffers and other matrix components that may impact re-
covery from complex aqueous samples.

Comparison of the recovery of PRM-2 in aqueous solutions indicates
considerable variability. When comparing the recovery of prymnesins in
70-80 % Milli-Q water (Fig. S5; 40-60 %) and prymnesin recovery in 75
% Milli-Q water (Fig. 4; >80 %), there is a difference in over 20 %.
Similar variation was also observed in salt solutions. The sea salt solu-
tions only contained 3 % MeOH, where recovery of PRM-2 was >50 % in
the non-pH adjusted control (Fig. 5), while the extract diluted with 0.1
M NaCl contained 25 % MeOH (Fig. 4). The decrease in MeOH con-
centration with sea salts was lower than 10 % MeOH (Fig. S5), where
recovery of PRM-2 was ~30%, therefore, it would be expected that this
highly aqueous solution would result in a much lower PRM-2 response,
but similar recoveries were observed. Based on these observations, it is
only possible to compare data within studies because the prymnesin
recovery differed between experiments. Due to extract availability, the
same extracts were used within each study, while different extracts
(biological replicates) were used for individual studies. Slight changes in
matrix components, age of extract or other compounding effects may be
contributing factors to these observations, although the trends observed
provide evidence of the complex behaviour of prymnesins under a va-
riety of aqueous conditions.

3.5. Acetonitrile precipitation

During the development of the SPE protocol, it was observed that
prymnesins did not elute from reversed-phase SPEs with acetonitrile. To
investigate further, P. parvum UTEX-2797 (10 psu) extracts were diluted
with MeCN at a ratio of 1:9 v/v MeOH-acetonitrile in spin-filters. The
resulting acetonitrile solution had almost no detectable prymnesins. The
filters were then rinsed with MeOH and centrifuged immediately, or
soaked for 1h with MeOH before centrifugation. Those immediately
rinsed gave 45 % recovery of the prymnesins, while soaking for 1 h gave
over 70 % recovery of the prymnesins. A second experiment was per-
formed to assess the effect of centrifugation versus filtration of A-type
prymnesins added to acetonitrile, where extracts were diluted with
MecCN in either a spin filter or microcentrifuge tube and centrifuged to
capture the prymnesins. In these preparations, no prymnesins were
detected in either of the acetonitrile solutions, while 93 % of the
prymnesins were recovered following dissolution of the centrifuged
residue with MeOH in the microcentrifuge tube, and 82 % of the
prymnesins were recovered following dissolution of the prymnesins
from the spin filters (Fig. S6). This confirms that prymnesins are insol-
uble in acetonitrile and precipitate out of solution. The resulting pre-
cipitate can be captured by centrifugation or filtration with 0.22 ym
filters for subsequent dissolution in MeOH. Similar results were
observed with the B-type prymnesins from P. parvum UIO 054 following
dilution with MeCN, spin filtering and recovering the prymnesins in
MeOH with over 95 % recovery. B-type prymnesins were also found to
be essentially non-extractable with MeCN from filtered P. parvum cells,
but were readily extractable with MeOH, suggesting that this difference
in solubility in MeOH and MeCN is a general feature of prymnesins. This
dramatic difference in solubility in these polar organic solvents has the
potential to be exploited in the extraction and purification of
prymnesins.

Given that prymnesins are insoluble in acetonitrile, LC column per-
formance and longevity could be affected by column rinses with
incompatible solvents. Throughout the initial phases of this work, a
rapid decline in column performance was observed when analyzing
prymnesin extracts. Following the discovery that prymnesins precipi-
tated in acetonitrile, the column flushing procedure was modified to use
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MeOH, as opposed to acetonitrile, on a weekly basis. This modification
resulted in a significant increase in column longevity.

3.6. Imine formation

Several extracts of P. parvum UIO 054 were prepared to determine
the optimal extraction protocol of the cells from the filters, including
extraction with ice-cold or room temperature acetone (in which prym-
nesins are essentially insoluble) prior to extraction with MeOH, as
described previously (Igarashi et al., 1999; Manning and La Claire, 2010;
Rasmussen et al., 2016; Varga et al., 2024) (Fig. S7). Prymnesins were
not detected in the acetone fractions, but a pair of later eluting peaks
were observed by LC-HRMS in the MeOH extracts of filters that were
first extracted with either ice-cold or room temperature acetone. This
pair of later eluting peaks were not detected in the MeOH extracts from
filters that were either first extracted with MeCN or extracted with
MeOH only. The [M + H]" ions had m/z 40.0316 higher than the B-type
prymnesins (Fig. 6). LC-MS/MS of the prymnesins resulted in a major
product-ion at m/z 232.0888, which corresponds to the unsaturated
amine-containing region on the left-hand side of the structure. This
product ion was not present in the MS/MS spectra of the later-eluting
derivatives, but was replaced with a product-ion at m/z 272.1201,
which is consistent with the addition of acetone with loss of water
(overall addition of CsHy; 40.0313 Da). This indicates that residual
acetone reacts with the primary amine of prymnesins to produce the
acetone imine derivatives. There was no difference in prymnesin
extraction, pigment removal or imine formation when using ice-cold or
room temperature acetone prior to extracting with MeOH (Fig. S7). The
use of acetone during the extraction of the filters can lead to the unde-
sired formation of these derivatives and reduce prymnesin recoveries.

Formation of prymnesin imines was confirmed by mixing P. parvum
extracts with acetone, where a time-dependent increase in the imine
derivatives was observed (Fig. S8). This reaction was reversible by
removal of acetone and the addition of acidified water (Fig. S9). Imine
derivatives also form when A-type prymnesins are mixed with acetone
(Fig. S10).

3.7. Recovery after evaporation

During various experiments investigating prymnesin clean-up pro-
cedures, it was observed that recovery was either low or irreproducible
following solvent evaporation. Previous studies have mentioned poor
recovery following drying of prymnesins (Svenssen et al., 2019). In
order to study this systematically, a set of two extracts of P. parvum UIO
054 were stored dry and reconstituted over time. A time-dependent
decrease in prymnesin content was observed in the resolubilized ex-
tracts following storage as dry residues (Fig. 7). The loss of prymnesins
appeared to follow first-order kinetics, and the results suggest that
prymnesins are not stable in a dry state and that evaporation should
either be avoided or samples immediately redissolved to ensure high
recovery. These two extracts were obtained from the same biomass, and
extracted using the same procedure. There was a difference in the rate of
loss between the two extracts, which suggests that there may be different
matrix components affecting prymnesin stability in the dry state. The
recovery of prymnesins following drying could be affected by adhesion
to surfaces or degradation. If adhesion was the issue, the recovery over
time should be consistent, but lower relative to a non-dried control. The
time-dependent reduction in recovery strongly suggests that prymnesins
are not stable when stored dry.

3.8. Comparison of SPE resins

Several reversed-phase SPE cartridges were assessed for use as a
clean-up procedure to remove matrix from prymnesin extracts for
analysis, and for use in isolation procedures to remove impurities such as
acids or salts (Table S1). For this work, P. parvum UTEX-2797 extracts
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Fig. 7. Peak area of B-type prymnesins from two P. parvum UIO 054 extracts
stored dried at —20 °C and redissolved in MeOH at various time points. Data is
fitted to three-parameter first-order decay curves.

grown in 32 psu medium were used, which contained all four prymnesin
analogues. The prymnesin recoveries varied depending on the SPE car-
tridge, which was suspected to be due to non-specific interactions with
the resins. During the initial SPE assessments, cartridges were flushed
with organic solvent, followed by water, then samples were loaded in

highly aqueous solvent. Prymnesins were eluted with MeOH or 80 % 2-
PrOH, evaporated, and redissolved in MeOH for analysis. Following the
observations that prymnesins were not stable in a dry state, the evapo-
ration step was eliminated and all data presented here were obtained by
eluting with 2 mL of solvent and analyzing directly. The recoveries for
all prymnesins varied depending on the cartridge except for the Supelco
LC-C18, where >85 % recovery was observed for all four analogues
regardless of the elution solvent (Table S1). The SepPak C18 SPE pref-
erentially eluted the doubly chlorinated prymnesins (~55 % recovery)
with MeOH, whereas recovery of the triply chlorinated prymnesins was
low (~10 %) (Fig. S11). When 80 % 2-PrOH was used as the elution
solvent, there was ~55 % recovery for all four analogues (Fig. S11).
However, when 80 % 2-PrOH was used to flush the MeOH-eluted SPE
cartridge, the 3Cl prymnesins did not elute. With 80 % 2-PrOH, the HLB
cartridge resulted in ~45 % recovery of all four prymnesins, and the
Strata-X RP cartridge had less than 1 % recovery. Based on the poor
performance of these two SPEs, elution with MeOH was not assessed.

Previous work on prymnesin isolation indicated that recoveries were
improved with the addition of EDTA to reversed-phase resins for column
chromatography (Igarashi et al., 1999). Therefore, an EDTA solution
was flushed through the cartridges during the conditioning stage. For
this study, 80 % 2-PrOH was selected as the elution solvent. The re-
covery only improved for the Strata-X RP cartridge (Fig. 8), suggesting
that the presence of salts or ions in the polymeric resin may be
responsible for the poor recovery, although further work would be
needed to identify the factors contributing the recoveries with different
reversed-phase resins.

Given the consistently high recovery with the Supelco LC-C18 SPE
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Fig. 8. LC-MS total-ion chromatograms of the A-type prymnesins in extracts of
P. parvum UTEX-2797 (32 psu) following SPE clean-up with 80 % 2-PrOH as the
elution solvent for four reversed phase SPE cartridges relative to a control
prepared in MeOH. Note: the protocol here included an EDTA pre-flush of the
SPE columns prior to loading the extracts.

cartridges, these were selected to optimize a protocol for prymnesin
clean-up without the need for an EDTA flush. Prymnesins remained on
the SPE columns in less than 70 % MeOH, and negligible amounts of
prymnesins eluted with acetonitrile, which has the potential to remove
lipophilic impurities and pigments. Based on these observations, the
prymnesin extracts in MeOH were diluted to less than 50 % MeOH with
water immediately prior to loading onto the SPE columns. While the
earlier solvent studies showed poor prymnesin solubility in aqueous
solutions, recovery remained >85 % in the SPE experiments even when
extracts were loaded in highly aqueous solutions. Following rinses with
water and MeCN, the prymnesins were eluted in either MeOH or 80 % 2-
PrOH, both of which resulted in acceptable recoveries of the prymnesins
(Fig. S12). If the samples were not evaporated, greater than 85 % of the
prymnesins were recovered in the first 2 mL of elution solvent (Fig. S13).

The data presented shows that the behaviour and recovery of
prymnesins is complex. There are several factors impacting analytical
response or recovery, and include solubility, interactions with matrix/
ions, and losses when stored in a dry state. These experiments indicated
the importance of proper handling of prymnesin-containing extracts,
with some findings such as the insolubility of prymnesins in MeCN being
aspects that can be exploited in clean-up procedures. The structures of
prymnesins are complex, with a variety of conjugated dienes and trienes,
chloride groups and a primary amine. LC—HRMS was used to analyze a
variety of extracts following low recovery or apparent instability of the
prymnesins to identify possible degradation products, but no discernible
products were observed. Throughout this work, care was taken to ensure
experiments were performed in amber vials, or wrapped in aluminum
foil to reduce photooxidation of conjugated dienes and/or trienes.

Handling and stability of prymnesins is a critical consideration in
isolation and purification for the development of reference materials.
The quality of the final isolated material depends on many factors,
including the algal biomass, the extraction efficiency, the steps
employed in the purification procedure and the stability of prymnesins
at each stage. During a previous PRM-2 isolation, there were significant
losses, especially during evaporation steps even when immediately
solubilized in solvent and as the fractions became increasingly pure
(Ryderheim et al., 2025). This suggests that further investigations are
required for the handling and stability of purified prymnesins above (ug
- mg amounts) analytical scale concentrations.

Factors affecting the solubility and stability of prymnesins must be
taken into account in studies investigating the toxicology, mode of ac-
tion, and other experiments necessary to understand the effects of
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prymnesins in relation to health and the environment. Since solubility
may be reduced in highly aqueous solutions, it is necessary to assess
prymnesin solubility in the media and cell-based assay solutions being
used prior to in vitro or in vivo treatments in order to eliminate con-
founding factors and ensure accurate concentrations are being assessed.
Similarly, care must be exercised whenever evaporations steps are
involved.

In conclusion, the handling of prymnesins can significantly affect
analytical measurement, isolation and toxicological investigations of
prymnesins. While further work is needed to fully understand the
mechanisms responsible for these behaviours, various important
handling considerations as a result of the work are reported here.
Prymnesins should be maintained in solutions that are greater than 70 %
aqueous MeOH with pH maintained between 3 and 9, although LC-MS
response should be verified in neutral pH conditions when buffers are
added. Prymnesins are insoluble in MeCN, which can be exploited in
clean-up procedures, and are both insoluble and react with acetone to
form imines, therefore these solvents should be avoided unless specif-
ically targeting these behaviours. Prymnesin recovery can be reduced in
aqueous solutions, especially salt solutions. If possible, ultrapurified
water and mild acidity (pH 3-5) can improve recovery. In terms of
stability, prymnesins should not be exposed to strong acid or base, and
are unstable when stored dry. Consideration of these factors during the
extraction, handling and clean-up of prymnesin extracts will improve
prymnesin analysis and quantification.
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