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B Hacmosuwel pabome npedroxeH opuauHasbHbIl Memod onpedeneHusi cakcumokcuHa (STX) 0cHO8aHHbIU
Ha e20 8bldesnieHUU U3 yuaHobakmepuasnbHoU buomacchl nymem akecmpakyuu 0,05 M ykcycHol kucriomod,
Oepusamu3sayuu 2,4-0uHumpogpeHunzudpaszuHom (DNPH) u nocnedyrowem aHanuse npouzgodHo20 memo-
oom BOIXX-MC. [epusamusayusi npoeodusniacb 68 CMeCu auemoHuUmpus-mpugmopyKcycHas Kucroma
(98,5:1,5 06./06.) npu 65 °C; nepuod nonynpespaujeHusi cocmassnsem ~ 3,6 4. PaapabomaHHbili Memo0 6bis
rnpumeHeH Ons aHanu3a MpupodHbIX yuaHobakmepuarbHbIX 006pasyos, a makxe Kyrabmueupo8aHHO20
wmamma Nostoc Pruniforme. [JemekmupogaHue eudpa3oHa cakCumoKCUHa rnpo8oousioch nymem U3MepeHUsi
10/IH020 UOHHO20 MOKa U rocriedyroule2o 3KcmpaauposaHusi UOHHO20 moka rpu m/z 462,15 + 0,1. depusa-
mu3sayus 2,4-0uHumpo-gheHu2udpa3uHoOM OCroXHeHa obpa3osaHuem 08yx cmepeou3omepos, E u Z, komo-
pbie darom dea omaoesnbHbIx nuka rnpu BOXKX. BbInonHeHHbIe HaMU K8aHMOBO-XUMUYECKUE pacyemsl oKa-
3bigarom, 4Ymo 8 cily4yae cakcumokcuHa obpa3dyemcsi monsKo 00UH Z-u3omep ecriedcmeue cmepuyecKo20
gakmopa u, cnedosamersibHO, MOJIbKO 00UH XpoMamozpaghudecKkull nuk audpal3oHa caKkCcUumoKkcuHa Habsto-
Oaemcs Ha xpomamozpamme. [ npednoxeHHO20 memoda nonyveHb! crnedyoujue Memposio2udeckue xa-
pakmepucmuku: npeden onpedeneHusi — 20 He/2 (cyxass buomacca), noemopsiemocmb — 4%, eHympunabo-
pamopHas npeyes3uoHHocmMb — +7%.
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A method for saxitoxin (STX) determination is proposed. It consists of target compound extraction with 0,05 M
acetic acid, derivatization with 2,4-dinitrophenylhydrazine (DNPH), and subsequent HPLC electrospray ioniza-
tion MS analysis. The reaction was performed in acetonitrile-trifluoroacetic acid (98,5:1,5 v/v) at 65 °C;
the half-life of STX was ca. 3,6 hours. The method was applied to analysis of natural cyanobacteria sam-
ples and a cultivated Nostoc Pruniforme strain. Detection was performed by measuring total ion current,
and chromatograms for STX were obtained using an extracted ion procedure at m/z 462,15 (STX hydra-
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zone). A frequent complication of the derivatization with DNPH is the formation of two sterecisomers, E
and Z, giving two separate peaks under HPLC. Quantum-chemical calculation predicted that, due to ste-
ric hindrance, only one isomer (Z) of STX adduct is formed, and hence only one peak of the analyte is
present in the chromatogram. The following metrological parameters were achieved: limits of determina-
tion (20 ng/g of dry cyanobacterial biomass), reproducibility (4%), and medium-term precision (x 7%).
Keywords: cyanobacteria, saxitoxin, derivatization, HPLC-MS, 2,4-dinitrophenylhydrazine
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INTRODUCTION

Saxitoxins (STXs) are a large group of haz-
ardous poisons produced by dinoflagellates in ma-
rine environments and cyanobacteria in fresh wa-
ters. Currently, more than fifty STX analogues are
known [1]. These substances are highly toxic to
humans. They are neurotoxins that block sodium
channels [2]. Mass production of STXs occurs in
lakes and reservoirs during toxic microalgal
blooms. Humans can be poisoned with STX when
they swallow STX-containing water or eat toxin-
containing tissues of seafood, such as edible shell-
fish [3].

There are many methods for STX quantifica-
tion: HPLC with fluorescent detection with pre- or
post-column derivatization, HPLC-MS, capillary
electrophoresis with MS detection, enzyme-linked
immunoassay, and others [4, 5].

All STXs are highly hydrophilic compounds
and are poorly retained by reversed phase HPLC
adsorbents [6-8]. Prior to HPLC, STXs are usually
enriched using ion-exchange [9], graphite amor-
phous carbon [8], or polyamide cartridges. [10].

STXs are geminal diols in water solutions and
are in equilibrium with their ketone forms [11, 12].
Many compounds which react with the carbonyl
group (geminal diol) can be used for chemical
modification of aldehydes and ketones to improve
their chromatographic properties. It occurred to
us that one potentially convenient reagent could
be 2,4-dinitrophenylhydrazine (Brady’'s reagent,
DNPH) [13-17]. DNPH is slightly soluble in water
and hydrophobic, having a high affinity to re-
versed-phase chromatographic adsorbents [18].

The purpose of the present study was to de-
velop a method for quantitative analysis of STX by
means of HPLC-MS involving pre-column chemical
modification with Brady’s reagent.

EXPERIMENTAL

The following reagents were used: water
(mass-spectrometry grade, Honeywell, USA); ace-
tic acid (analytical grade Reachem, Russia); chlo-
roform (analytical grade Kryochrom, Russia); ace-
tonitrile  (UHPLC grade, AppliChem, Germany);
trifluoroacetic acid (99%, Panreac, Germany); hep-
tafluorobutyric acid (99%, Fluorochem, UK); 2,4-
dinitrophenylhydrazine (99%, twice recrystallized
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from ethanol, Reachem, Russia); STX calibration
solution (63,3 pM, National Research Council,
Canada).

Preparation of extracts. Three samples of dry
biomass (25 + 0,1 mg) were placed into 1,5 ml
tubes and 1 ml of 0,05 M acetic acid was added.
0,1 pl of STX standard was added into the second
tube and 0,2 pl of STX standard were added into
the third tube to process quantification using the
method of standard addition. The suspension was
sonicated using the ultrasonic probe (5 times for
20 s, Bandelin Sonorex ultrasonic bath), and cen-
trifuged at 13400 rpm for 15 min (Eppendorf
Minispin centrifuge). The supernatant (600 ul)
was sampled and 600 pl of chloroform were
added to the supernatant. The mixture was
shaken for 5 min and centrifuged at 13400 rpm
for 5 min. A sample (100 pul) of water phase was
transferred into a microtube and evaporated in a
vacuum centrifuge at 60 °C. The residue was
dispersed in acetonitrile (100 pl), sonicated in an
ultrasonic bath for 30 min, and centrifuged at
13400 rpm for 10 min. The supernatant (80 ul)
was evaporated in a vacuum centrifuge (Eppen-
dorf Concentrator Plus at 60 °C to dryness and
subjected to derivatization.

Saxitoxin derivatization. For derivatization, a
2,4-dinitrophenylhydrazine solution prepared by mix-
ing of 10 mg of 2,4-dinitrophenylhydrazine and 1 ml
of 0,2 M trifluoroacetic acid in acetonitrile (1,5:98,5
v/v) was added to dry residue and the reaction mix-
ture heated at 65 °C for 24 hours. To remove DNPH
excess, water (40 pl) and chloroform (150 pl) were
added and the mixture was shaken for 5 min. The
sample was centrifuged at 6000 rpm for 5 min and a
30 ul sample of water phase was subjected to HPLC-
MS analysis.

LC-MS analysis. Mass spectra were measured
with an Agilent 6210 time-of-flight mass spectrometer
with electrospray ionization (ESI-MS-TOF) coupled to
an Agilent 1200 liquid chromatography system
(HPLC-DAD) with a Zorbax 300SB-C18 (5 um;
2,1x150 mm) column. Eluent A was 0,1% heptafluo-
robuthyric acid (HFBA) in water, and eluent B was
0,1% HFBA solution in acetonitrile. The column tem-
perature was 35 °C. The column was preconditioned
with 100% eluent B for 15 min at 0,2 ml/min, then
10% eluent B for 15 min at 0,2 ml/min.
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Fig. 1 SXT (left) and its 2,4-dinitriphenylhydrazone (right)

Puc.1 CakcumokcuH (cneea) u e2o 2,4-0duHumpodgheHusi2uopa3oH (cripaea).

Gradient elution (10% eluent B to 100% elu-
ent B) was performed at a flow rate of 0,15 ml/min
for 20 min. The detection mode was electrospray
ionization with positive ion registration (ESI+). The
range of detection was 100 to 600 Da, and the ion
source temperature was set at 250 °C, gas flow
was 3,5 I/min, nebulizer was 45 psi.

DISCUSSION

Preparation of extracts. The method is primarily
focused on cyanobacteria colonies. The test cyano-
bacteria were Dolichospermum sp., Nostoc sp. and
Gloeotrichia sp. collected from Lake Baikal, East Si-
beria, Russia. Sample preparation is partially based
on the earlier described methods [6-8, 19]. They
were modified with respect to the object specifici-
ty under study. The optimised sample preparation
procedure incorporated extraction by acetic acid
with the subsequent removal of lipophilic compo-
nents by chloroform. Then the aqueous phase
was evaporated to dryness and suspended in
acetonitrile. In this case inorganic salts, carbohy-
drates and polypeptides remained in the sedi-
ment and the target compounds passed into the
organic phase.

The insoluble fraction was removed by cen-
trifugation, and the supernatant evaporated to dry-
ness and used for chemical modification.

Saxitoxin derivatization. The reaction between
STX and DNPH in the presence of acids affords
2,4-dinitrophenylhydrazones (Fig. 1). Derivatization
conditions were chosen based on the results of ki-
netic studies with STX standard solution varying
such key parameters as temperature and acidity.
These reaction kinetics were measured with a
standard of STX, which is delivered as a solution
in 3 mM HCI. An appropriate volume of the starting
STX solution was evaporated to dryness and dis-
solved in acetonitrile/trifluoroacetic acid/DNPH
taken at different proportions: 0,02; 0,2 and 2 M of
trifluoroacetic acid and 10 mg/ml of DNPH. The
temperature varied between 55 and 75 °C. The
following conditions were chosen: 0,2 M trifluoroa-
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cetic acid, 10 mg/ml DNPH, temperature 65 °C,
reaction time 24 h. The reaction was found to be
pseudo-first order with a rate constant of 0.145 h™
at a concentration of DNPH equal to 10 mg/ml
DNPH. The half-life of STX under these conditions
was approximately 3,6 hours.

LC-MS analysis. HPLC-MS was performed as
described in the Experimental section. The nonpolar
nature of STX hydrazone makes it suitable for
chromatography under reversed phase condi-
tions. The chromatographic peak is narrow and
has a high constant retention time (15,9 min).
Native STXs and their derivatives are well ionized
under ESI+ conditions due to the high proton af-
finity of the guanidine moiety. The derivatives
were not identified on total ion current chromato-
grams caused by low concentration. Therefore,
their identification and quantification were per-
formed using the extracted-ion procedure. The
MS conditions for further derivative separation
from natural extracts were optimized utilizing the
method of standard addition.

The chromatogram contains a single peak of
STX 2,4-dinitrophenylhydrazone (Fig. 2). Hydra-
zones contain a double bond between the carbon
atom formerly belonging to the ketone and the ni-
trogen atom formerly belonging to the Ng atom of
hydrazine. It is known that for this reason, hydra-
zones can consist of two (E and Z or cis- and
trans-) stereoisomers. Substituents at the atoms
forming the double bond can be directed inside (E)
and outside (Z) the structure formed.

The E and Z isomer ratio in different hydra-
zones may vary over a broad range, 0-50%, and
can even vary in the same hydrazone, depend-
ing on the derivatization conditions. This phe-
nomenon is inconvenient for any subsequent
guantitative analysis since it has to deal with two
rather than one reaction product. Z-lsomers
have a greater area in the plane of the double
bond and hence have a longer retention time in
HPLC due to a greater affinity toward the hydro-
phobic adsorbent.
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Fig. 2 Extracted ion current (EIC) chromatogram and isotopic distribution of STX hydrazine
obtained from its standard solution (21 ng/peak for STX).

Puc. 2 3kcmpazupoeaHHasi xpoMamozpaMma 1o xapakmepucmu4ecKomy
UOHY 2,4-OuHumpodghbeHun2udpa3oHa cakcumokcuHa (m/z 462,15%0,1) u ezo uzomonHoe
pacnpedesieHue noJly4eHHble 8 pe3ysibmame Modughukauyuu cmaHlapmHoO20
obpa3ya cakcumokcuHa (21 Helnuk).

To identify the steric isomer, which was detect-
ed by HPLC-MS, and to confirm that the second
isomer cannot be formed under the conditions em-
ployed we used quantum-chemical modeling within
the density functional theory (B3LYP/6-31G(d,p)
level of theory). Calculations were made by means
of Gaussian 09 software. We assume that the re-
action path is as follows: at the first stage of reac-
tion, STX with two geminal hydroxy groups reacts
with DNPH. Reaction of one of the STX hydroxy
groups with the proton of the DNPH amino group
results in elimination of a water molecule. This can
potentially lead to formation of isomers A and B
(Fig. 3). The two pathways are equally possible in
terms of kinetics and thermodynamics. The inter-
mediate A is transformed into Product 1 (Z) due to
the topologically favorable position of the proton at
the second amino group with respect to the hy-
droxyl group. As for the intermediate B, its proton
at the amino group is topologically located in a
non-favorable position; in order for the reaction to
proceed, the intermediate B has to be transformed
into intermediate B’ to remove the topological re-
striction. Subsequent elimination of a water mole-
cule from the rotational isomer B’ is similar to elim-
ination of water from the intermediate A, and yields
Product 1 (2).

Quantitative determination. Quantitative de-
termination of STX was performed by the method of
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standard addition. The area of the chromatographic
peak of the extracted ion current at m/z 462,15 was
used as the analytical signal. The chromatographic
peak of STX hydrazone was identified on the basis
of retention time and isotopic distribution of the mo-
lecular ion cluster at the maximum of the chromato-
graphic peak at m/z 462,15.

Quantitative determination. Quantitative deter-
mination of STX was performed by the method of
standard addition. The area of the chromatographic
peak of the extracted ion current at m/z 462,15 was
used as the analytical signal. The chromatographic
peak of STX hydrazone was identified on the basis of
retention time and isotopic distribution of the molecu-
lar ion cluster at the maximum of the chromato-
graphic peak at m/z 462,15. The isotopic distribu-
tion obtained coincided with the calculated one.
The Agilent Mass Hunter software package was
used for integration. The coefficients of the linear
equation expressing dependence of analytical signal
value on the spike concentration were calculated
using Microsoft Excel. The concentration of STX in a
sample was calculated as a relation of absolute
terms in the regression equation to the tangent of
the slope angle. To obtain the calibration, we pre-
pared equal 25 mg of dry samples of cyanobacteria
(Nostoc sp.) collected in Lake Baikal and containing
no stxA gene involved in the synthesis of STX, and
then added appropriate quantities of STX standard.
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Fig. 3. Proposed paths of STX hydrazone formation from intermediates A and B

Puc. 3. lMymu ¢hopmupoeaHusi 2udpa3oHa CaKCUMOKCUHa U3 MPOMEXYMOYHbIX
uHmepmeduamoe A u B
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Fig. 4. Extracted ion current (EIC) chromatogram (m/z 462,15) of the Tychonema Distorta sample
(May 2017, Lystvyanichny bay near the outlet of the Angara river)
and STX hydrazone isotopic distribution

Puc. 4. 3kcmpazupoeaHHasi xpoMamozpaMma o xapakmepucmu4eckoMy UOHY 2udpa3oHa
cakcumokcuHa (m/z 462,15+0,1) dnst o6pa3ua yuaHobakmeputi Tychonema distorta
(maii 2017 2., JlucmeeHu4YHbIl 3anue 86/1U3U ucmoka p. AHzapa)

u e20 uszomoriHoe pacrnpedesieHue
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Table 1
Analyzed samples data

Tabnuuya 1
Pesynbmambi KosludecmeeHHO20 aHanu3a cakcumoKcuHa
8 Hekomopbix sudax yuaHobakmepuli

Cyanobacterium Habitat Presence of Sampling Sampling | SXT contgnt, ng/g
StxA gene place date of dry biomass
Dollchospermgm Plankton sample + Irkutsk HPS reservoir 05.08.17 1000+150
Lemmermanni
Gloeotrichia Planktonsample Kuchelga river, tributary
Echinulata (Spherical colony) " of Maloe more strait 16.08.17 430+100
Nostoc Pruniforme | Natural colony + Maloe more strait 16.08.17 3800+600
Tychonema Distorta | Natural sample + Listvanichny bay 10.05.17 950+150
Cultivated strain isolated
Nostoc sp. from Lake Baikal + Laboratory culture - 400+100
This step was followed by the extraction pro- CONCLUSION

cedure and HPLC-MS described above. The level
of detection for STX hydrazone was found to be ca.
20 ng/g of dry biomass (LoD, S/N=3) and the limit of
guantitation — ca. 65 ng/g (LoQ, S/N=10) of dry bio-
mass. Assessments of day-to-day reproducibility
(Smp=7%, n=3) and reproducibility (S,=4%, n=15)
were achieved on the condition that the calibration
was obtained for every series of analyzed sam-
ples. Using the developed protocol, we determined
the concentrations of STX in the biomass of some
other cyanobacteria. The example of chromato-
gram is shown in Fig. 4. Data for all species stud-
ied are shown in Table 1
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BnazodapHocmb: Paboma ebirosiHeHa ¢ rnpu-
MEHEHUeM aHasuumu4yecko2o0 o0bopydoeaHusi rpu-

The possibility of chemical modification of STX
containing a geminal diol moiety with Brady’s reagent
(2,4-dinitrophenylhydrazine) is demonstrated in the
present study. The final product, STX hydrazone, is
amphiphilic. The original STX backbone makes the
compound soluble in water, however derived phenyl
moiety fundamentally changes its behavior to interact
with nonpolars.

The method proposed provides reliable data for
the content of saxitoxin in fresh water cyanobacteria,
particularly in combination with PCR and sequencing
aimed at detection of the stxA gene which takes part
and the series reaction leading to saxitoxin.

bOpHO20 UeHmpa KOMIeKmMUBHO20 [0/1b308aHUs
PU3UKO-XUMUYECKO20 yribmpamukpoaHanu3a JIMH
CO PAH npu ¢buHaHcosoli rnoddepxxke Dedeparib-
HO20 ageHmMcmea Hay4Hbix opzaHusauul (PAHO),
rnpoekm Ne 0345-2018-0005 «OkcriepumeHmaribHoe
usy4deHuUe 2eHOMo8 U rnpomeomos buombl MPecHo-
B800HbIX 3kocucmemy, npoekm Ne 0345-2018-0003
«MukpobHbie u supycHbie coobujecmea 8 buoreH-
Kax MpecHOBOOHbIX IKOCUCMEM: MaKCOHOMUYECKOe
pa3Hoobpasue, 0cobeHHOCMU (hyHKUUOHUPOB8aHUS U
6uomexHornoau4yeckuli nomeHuuan» u Poccutickozo
goHOa ¢pyHOameHmarnbHbIx uccnedosaHuli (POOU),
epaHm Ne 17-44-388091 «CkpuHuHe uuaHobakme-
puli u 800bI U3 rPUBPEXHOU METIKOBOOHOU 30HbI
o3epa balikan Ha Hanu4yue CaKCUMOKCUHO8 C UC-
ronb308aHuUeM Hog8o20 Memoda rpPedKOrIOHOYHOU
Xumudeckol mModugbukayuu u XUOKOCMHOU Xpoma-
mowmacc-crieKmpomempuu».
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