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Hydrophilic  interaction  liquid  chromatography–tandem  mass  spectrometry  (HILIC–MS/MS)  method  was
validated with  algal  samples  for  verification  and  quantification  of  saxitoxin  (STX),  a  potent  neurotoxin
which  is listed  in  the Chemical  Weapons  Convention  (CWC)  in  Schedule  1A. Isocratic  elution,  conventional
bore  HILIC  column  and  high  flow  rate  together  with  accurate  post-column  splitter  provided  detection  of
STX  in  6.5  min  with  total  analysis  time  of  9  min  per  sample.  STX  analogue,  gonyautoxin  1  (GTX  1)  was
used  as  an  internal  standard.  Sample  preparation  of  freeze-dried  algae  included  liquid  extraction  and
centrifugal  filtering  with  mean  recovery  of  99.9%  at concentration  level  of 10  ng/ml (n  =  3).  Retention
times  for  STX  and  GTX  1  were  6.47  ± 0.03  min  and  4.44  ±  0.01  min  (n =  45),  respectively.  Four  diagnostic
S/MS
alidation

dentification criteria

product  ions  were  used  for  reliable  verification  of  saxitoxin.  Method  was  found  to be  precise  and  linear
(R2 =  0.9714  and  R2 =  0.9768)  in  concentration  ranges  of 5–50  ng/ml  and  25–200  ng/ml,  respectively.  For
saxitoxin,  calculated  LOD  was  3 ng/ml  and  LLOQ  11  ng/ml.  Validation  was  conducted  using  spiked  algal
matrix  since  this  method  is  not  only  needed  for verification  analysis  for the  CWC  but  also  for  safety
analysis  of  other  environmental  samples  for  presence  of STX.  Identification  criteria  for verification  of  STX
with HILIC–MS/MS  method  are  discussed.
. Introduction

Saxitoxin (STX) is a potent neurotoxin produced by marine algae
nd freshwater cyanobacteria and belongs to a group of paralytic
hellfish poisoning (PSP) toxins [1].  It is mostly known for causing
evere food poisoning when eating shellfish or other seafood. STX
eversibly blocks the voltage activated sodium channels and stops
he flow of nerve impulses causing tingling, numbness and weak-
ess and at the worst case, respiratory failure. This toxin is highly

ethal and there exist no antidote [2].  STX is the most toxic PSP vari-

nt, with LD50 value of 10 �g/kg by intraperitoneal injection (i.p.)
n mice [3].

Abbreviations: STX, saxitoxin; GTX1, gonyautoxin 1; ISTD, internal standard;
ILIC, hydrophilic interaction liquid chromatography; MS/MS, tandem mass spec-

rometry; LOD, limit of detection; LLOQ, lower limit of quantification; QC, quality
ontrol.
∗ Corresponding author at: VERIFIN, Finnish Institute for Verification of the Chem-

cal  Weapons Convention, Department of Chemistry, University of Helsinki, P.O. Box
5,  FI-00014, Finland. Tel.: +358 9 191 50435; fax: +358 9 191 50437.

E-mail address: mia.halme@helsinki.fi (M.  Halme).

570-0232/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.11.015
© 2011 Elsevier B.V. All rights reserved.

STX have been known since the mid-nineteenth century, when
it was first extracted from shellfish [4].  After two  decades it was
discovered to be a metabolic product of marine dinoflagellates [5]
and few years’ later freshwater cyanobacteria [6].  This toxin accu-
mulates in filter-feeding bivalve molluscs like mussels, oysters and
scallops and therefore can end up to human or animal consumption.

As a potent neurotoxin, STX is listed in the Chemical Weapons
Convention (CWC) [7].  The CWC  prohibits the development, pro-
duction, stockpiling and use of chemical weapons. The interest of
using STX as a chemical warfare agent (CWA) may  be possible.
Highly lethal STX could be used to contaminate food supplies or
drinking water as well as in small arms ammunitions [8].  On the
other hand, PSP toxins themselves cause a serious hazard to public
health and threat the shellfish industry through the world.

The chemical analysis of STX has been a challenge because of its
chemical structure and physical properties. All PSP toxins have the
same tetrahydropurine backbone but different functional groups.
STX is highly polar so it has no retention to reversed-phase liq-

uid chromatography column (RPLC) without ion-pair reagents. On
the other hand, the ion-pair reagents are not suitable for mass
spectrometry because they interfere with detection by causing
ion suppression and contamination of the ion source. STX occurs

dx.doi.org/10.1016/j.jchromb.2011.11.015
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:mia.halme@helsinki.fi
dx.doi.org/10.1016/j.jchromb.2011.11.015
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Fig. 1. Chemical structur

ainly in ionic form and is stable only in acidic conditions but in
asic conditions, it oxidizes easily. Structures of STX and other PSP
oxins are presented in Fig. 1.

Hydrophilic structure separates STX and other PSP toxins clearly
rom other algal toxin groups. There is no absorptive chromophore
n STX but with pre- or post-column oxidation it is possible to
orm aromatic aminopurine structure which can be identified with
uorescence detector after ion-pair liquid chromatography (LC-
LD) [9–12]. This technique provides high sensitivity but it is
ime-consuming, fluorescent matrix compounds can interfere with
uantification of other PSP toxins and for routine monitoring pur-
oses it has low daily sample throughput [12]. Besides the LC-FLD
ethods, enzyme-linked immunosorbent assay (ELISA) and mouse

ioassay (MBA) are currently used for monitoring of STX in food
upplies and drinking water [13]. The latter methods lack of speci-
city.

The hydrophilic interaction liquid chromatography coupled
ith mass spectrometry (HILIC–MS) is efficient technique for sepa-

ation and identification of polar and hydrophilic compounds [14].
sing HILIC there is no need to use ion-pair reagents or derivatiza-

ion for polar and ionic analytes. HILIC–MS method has been used
efore for PSP toxins [15,16] but the lack of isotopically labelled

nternal standard for algal toxins has slowed down the develop-
ent of validated quantification analysis methods. In the study

f Johnson et al. [17] a novel 15N7-isotopically enriched STX was
sed as an internal standard when quantifying STX. However, any

sotopically labelled standard is still not commercially available.
Fast and quantitative analysis method is needed for STX for

erification purposes for CWC  and also for food analyses and envi-
onmental monitoring. STX have also been detected as a newcomer
n Finland both in freshwater and marine samples during the past
ecade [18,19]. In this study we have optimized and validated fast
ILIC–MS/MS method for reliable verification of STX from algal
atrix using full scan MS/MS, isocratic elution, conventional bore
ILIC column and high flow-rate with accurate post-column split-

er. Gonyautoxin 1 (GTX 1) was used as an internal standard (ISTD)

see Fig. 1). The developed method separates STX from other PSP
oxins which are also identified by full scan MS/MS analysis. For val-
dation of HILIC–MS/MS method, Food and Drug Administration’s
FDA’s) bioanalytical method validation recommendations were
ost common PSP toxins.

used [20]. Various criteria, namely precision and accuracy were
used to evaluate quantitative performance of the method. For iden-
tification, WADA criteria [21] have been evaluated for verification
of STX by using four diagnostic ions in MS/MS  analysis. Advantage
of the developed method is that it could be used to quantification
and identification of trace levels of STX and it provides full scan
MS/MS  spectra of most common PSP toxins.

2. Experimental

2.1. Materials

Certified reference chemicals of PSP toxins were purchased from
the NRC Certified Reference Materials Program (Institute for Marine
Bioscience, Halifax, Canada). Acetonitrile (HPLC purity), formic
acid (98–100%) and ammonium formate (≥97%) were obtained
from VWR  International (Belgium), Merck (Germany) and from
Fluka (Switzerland), respectively. Water was purified using Elgastat
option 3A and Elgastat UHQ PS equipments (Elga, UK). Freeze-dried
blank dinoflagellate samples from field (Baltic Sea) and cultured
Alexandrium Ostenfeldii samples (from algal strains AOTV-A4/3 and
AOTV-B4/6 from Föglö/Åland [19]) were obtained from Finnish
Environment Institute (SYKE). Centrifuge filters were purchased
from Millipore (USA).

2.2. Extraction of algal samples

Cultivation, collection on filter papers (47-mm GF/C filter, What-
man, England) and freeze-drying of algae were conducted at Finnish
Environment Institute [19] and delivered frozen to VERIFIN. The
freeze-dried samples with filter papers were wetted in large vials
with 2 ml  of analysis buffer mixture containing (A) 4 mM ammo-
nium formate buffer, pH 3.5 and (B) acetonitrile (ACN) with buffer
(95:5, v/v) in ratio 40:60 (A:B). The vials were then shaken roughly

and let stand on ice for 10 min  and centrifuged at 4000 rpm for
10 min  at 4 ◦C (Eppendorf R5810R centrifuge and Eppendorf F 45-
30-11 rotor, Germany). Then the samples were filtered with Ultra
free MC  Duvapore PVDF 0.45 �m (Millipore) centrifuge filters at
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4,000 rpm for 5 min  at 4 ◦C. Prepared samples were stored in
efrigerator until spiked with the chemicals.

.3. Preparation of validation samples

Stock solutions of STX and GTX 1 standards were prepared in
obile phase containing 4 mM ammonium formate and acetoni-

rile with formic acid to achieve the pH 3.5. They were diluted into
ooled and STX-free, extracted algal matrix (extraction method is
escribed above). The standards were spiked with STX in levels
, 5, 10, 25, 50, 100 and 200 ng/ml for HILIC–MS/MS method val-

dation. GTX 1 was spiked as an internal standard (ISTD) into all
amples to achieve the concentration of 150 ng/ml. STX sample at
oncentration level of 25 ng/ml was used as quality control (QC) for
onitoring the performance of the instrument. For recovery stud-

es, samples (n = 3) were made in 0.5 ml  of pooled extracted algal
atrix and spiked with STX to have final concentrations of 10 ng/ml

nd 200 ng/ml. The ISTD was also spiked to samples at concentra-
ion level of 150 ng/ml before filtering. These samples were filtered
ith centrifuge filters and results were compared to those from the

alibration curves.

.4. Instrumentation

HILIC–MS/MS was performed on a Finnigan LXQ linear ion trap
ass spectrometer equipped with electrospray ionization (ESI)

ource interfaced to a Finnigan Surveyor Autosampler Plus Liquid
hromatograph (ThermoFinnigan, Hemel Hempstead, UK). Accu-
ate post-column splitter (LC Packings, Norlab, Finland) was set
p between LC and MS.  Optimization of chromatographic condi-
ions for all PSP toxins was conducted with Tosoh Bioscience 5 �m
SK-gel Amide-80® (250 mm × 2.0 mm)  and Waters 3 �m HILIC
ilica (150 mm × 2.1 mm)  columns. The validation of quantitative
ethod for STX was carried out on a TOSOH Bioscience 3 �m HILIC

SK-gel Amide-80® column (150 mm × 4.6 mm).
The mobile phase was (A) 4 mM ammonium formate and (B) ace-

onitrile (with 5% of eluent A, v/v %), with both containing the same
mount of formic acid to achieve the pH 3.5. This allowed constant
uffer strength and pH to be maintained through the run. Isocratic
lution was used with eluent ratio 40:60 (A:B, v/v). In preliminary
tudies the flow rate of 0.2 ml/min was used without post-column
plitter. In validation study, flow rate was 1 ml/min with a post-
olumn splitter. The latter arrangement improved the sensitivity
f the method. The injection volume was 20 �l. The column was
aintained at 30 ◦C.
The ESI ionization source and the linear ion trap analyzer were

perated at positive polarity, spray voltage of 5 kV and nitrogen
sed as a sheath gas. Full scan mode was used in range of m/z
50–500 for MS  analyses. Detection of STX and GTX 1 were con-
ucted by MS/MS  mode for precursor ions at m/z 300 and m/z 332,
espectively. For GTX 1, the base peak (m/z 332) was  chosen for the
recursor, not the protonated molecule ion, since it separates GTX

 from its epimeric pair, GTX 4. One quantitative product ion at m/z
82 and three qualitative product ions at m/z 221, m/z 204 and at
/z 186 for STX were used, respectively. For GTX 1, one quantitative

on at m/z 314 was used. Capillary temperature used for validation
tudies and for analysis of cultured algal samples were 300 ◦C and
50 ◦C, respectively.

. Results and discussion

.1. Optimization of separation of STX analogues
Aim of this study was to develop a fast verification method for
ll commercially available PSP toxins. To optimize the method of
ell’Aversano et al. [15] for separation of all PSP toxins, this study
r. B 880 (2012) 50– 57

was  started with TSK-gel Amide-80® (250 mm  × 2.0 mm)  and HILIC
Silica (150 mm × 2.1 mm)  columns at low flow rate without post-
column splitter. TSK-gel Amide-80® column was chosen for further
studies. When started with a new column, some adsorption effects
were noticed, e.g. poor peaks of PSPs. After injections of dirty algal
samples (with limited sample preparation) filling of adsorption
sites took place. Peak shapes and intensities improved drastically.

Many different gradient ratios were tested but isocratic elution
was  chosen since the stabilization of HILIC columns is slow after
the gradient. The best chromatographic peak shape and peak res-
olution for epimeric pairs (e.g. GTX 1 and GTX 4) were obtained
with isocratic elution ratio of 40:60 (A:B). Three different pH val-
ues 3, 3.5 and 4 were tested. With pH 3.5 the retention times were
short and peak shapes good, respectively. Three different buffer
concentrations 2, 4 and 10 mM were also tested. Using 2 mM buffer
concentration, peak resolution for epimeric pairs of PSP toxins i.e.
GTX 1/GTX 4, GTX 2/GTX 3 and dcGTX 2/dcGTX 3 were 1.26, 1.36 and
1.18, respectively. Using 4 mM buffer concentration, resolution was
not affected but retention times were shorter compared to 2 mM
buffer. The effect of column temperature was  tested at 20, 30 and
40 ◦C for STX. The effect of the column temperature was found to
be slight as in earlier study [15]. For validation studies 4 mM  buffer
concentration and 30 ◦C temperature for column were chosen. In
preliminary experiments retention time of STX was 9.8 min  with
TSK-gel Amide-80® column which is already 50% faster than in the
study of Dell’Aversano et al. [15].

3.2. HILIC–ESI-MS/MS method optimization for quantification of
STX and identification of other PSP toxins

Quantification of STX is important especially for food and envi-
ronmental monitoring for its high toxicity. For verification and
quantification of STX, further method optimization was  conducted.
TSK-gel Amide-80® column was proved to be viable for analysing
PSP toxins. For quantification of STX, the same column was chosen
with conventional bore, shorter length and smaller particle size
(150 mm × 4.6 mm,  3 �m).  This choice made possible to use much
higher flow-rate in LC without sacrificing efficiency. However, the
high flow-rate (i.e. 1 ml/min) is not optimal for ESI and the elu-
ent flow was  split accurately one to twenty (1:20) before the mass
spectrometer. In addition, the retention time of STX moved from
9.8 min  to 6.5 min, respectively.

Two  different ionization methods were tested during this study;
ESI and atmospheric pressure chemical ionization (APCI), both in
the positive ion modes. ESI proved to be optimal for quantitative
analysis because it gave abundant protonated molecule [M+H]+ of
STX in full scan MS  mode and there was only little fragmentation in
the full scan MS  spectrum. In APCI analysis there was  no protonated
molecule of STX in MS  spectrum after loss of water. Most abun-
dant product ions from the product ion spectrum were selected
for quantification (Q) and for qualification (q), respectively. MS/MS
chromatograms and product ion spectra of STX and GTX 1 (ISTD)
from a 25 ng/ml QC standard run are displayed in Fig. 2.

With optimized conditions and arrangements, the analysis of
STX got faster and more sensitive. The retention times (Rt) of STX
and GTX 1 are 6.47 ± 0.03 min  and 4.44 ± 0.01 min, respectively.
This means that the retention times have diminished into third
compared to earlier study [15]. Dramatically better signal-to-noise
ratio (S/N) was achieved compared to the previous one—previously
it was three to one (3:1) at sample concentration of 20 �g/ml and
now ca 60:1 at sample concentration of 25 ng/ml in LC–MS/MS anal-

ysis. Splitting the flow rate does not decrease the signal to noise
ratio (S/N) when using concentration-sensitive detector (ESI-MS),
because the signal is directly proportional to the concentration of
the analyte, not the amount of sample component [22].
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Fig. 2. Chromatograms and spectra of full scan MS/MS  ana

The other common PSP toxins (Table 1) could be also identified
ith this analysis method. C1 and C2 toxins could not be detected
ue to their low ionization efficiency. Retention times, precursor
ons and main product ions are given in Table 1 and the full scan
S/MS  chromatograms and spectra are presented in Fig. 3. Even

he retention times overlap it is not a problem since the MS/MS
pectra are pure and toxins identifiable.

able 1
hromatographic and mass spectrometric parameters for PSP toxins.

Toxin Retention time (min) [M+H]+

STX 6.5 300 

NEO  6.7 316 

dcSTX 6.8 257 

dcNEO 6.6 273 

GTX  1 4.5 412 

GTX  4 4.9 412 

GTX  2 4.2 396 

GTX  3 4.8 396 

GTX  5 (B1) 5.4 380 

dcGTX 2 3.8 353 

dcGTX 3 5.0 353 
m/z

f STX and GTX 1 (ISTD). Concentration of STX is 25 ng/ml.

3.3. Optimization of sample preparation for algal samples

STX occurs in algal and cyanobacterial cells and is accumulated

in shellfish but is also extracted in surrounding water [23]. The
isolation of STX could be made from any matrixes but the concen-
tration of toxin and their stability is much lower in water samples
than in algal or cyanobacteria samples. Algal samples are planned

Precursor ion, m/z Product ions, m/z

300 282
221
204
186

316 298
238
220

257 239
222
198

273 255
225
179

332 314

412 394
332
314

396 316

396 378
316
298

380 300
282

535 335
273

535 335
273
255
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Fig. 3. Chromatograms and spectra of full scan MS/MS  analysis of mixture of PSP toxins. Precursor ions are given in Table 1.
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o be used for monitoring STX in the Baltic Sea. STX and its ana-
ogues can be extracted with acidic aqueous solutions from algal

atrix, because of their hydrophilic structure. For example, acetic
cid [11,18,24,25], hydrochloric acid [26] or mixture of formic acid
nd acetonitrile [15] have previously been used. In our study, we
odified the extraction solvent from the study of Dell’Aversano

t al. [15] and used freeze-dried algae samples for breaking the
ells and minimizing the water content in samples. Depending on
ample type (e.g. dinoflagellate or cyanobacteria), different homog-
nization methods have also been used. Dinoflagellates have thin
ell walls which break easily when freezing and melting the sample.
owever, cyanobacteria need harder treatment like ultrasonication

o break the thick cell wall.
Three different filters were tested for sample preparation; PVDF

.45 �m,  PTFE 0.2 �m and YM-3 with molecular cut-off 3 kDa (Mil-
ipore) to remove the impurities and algal cell remains of the
ample. The long centrifugation time (20 min) of sample with
M-3 filter indicated that this filter type was too thick for sam-
le preparation. The results with this filter were poor. The PVDF
nd PTFE filters gave quite similar results and STX was recov-
red with both filters. Later in analysis of STX containing cultured
lgal sample, PTFE filters seemed to absorb compounds produced
y algae and that is why  the PVDF filter was chosen for the fur-
her validation studies to avoid possible losses of other interesting
ompounds.

.4. Validation

Food and Drug Administration’s (FDA’s) bioanalytical method
alidation recommendations were used in our validation study
xcept in recovery samples [20]. To fulfil FDA recommendations
horoughly, three different concentration levels and at least six
arallel samples (n = 6) were analysed.

For saxitoxin, four different product ions were taken into
ccount, one being so-called quantifier (Q) at m/z 282 and other
hree as qualifiers (q) at m/z 221 (q1), m/z  204 (q2), m/z 186 (q3).
n the used true ion trap instrument, parent ion is totally dis-
ociated in the optimum conditions for MS/MS. The advantage
f full scan MS/MS  method compared to previously used SIM or
RM methods [15] is the availability of full product ion spec-
ra for reliable identification of STX and for recognition of false
ositives.

Validation was performed using a PSP analogue, GTX 1, as an
nternal standard. It was chosen because of the lack of commercially
vailable isotopically labelled standard and the next best alterna-
ive for internal standard is structure analogue of the analyte. GTX 1
as totally different retention time and precursor and product ions
ompared to STX. Minor weakness of GTX 1 is that its ionization in
SI compared to STX is inferior.

All standards for validation studies were made in blank algal
atrix which was extracted as described above. Before validation

tudies blank algal matrix was verified for absence of STX and
TX 1. Validation runs were performed at 4 days. Three calibration
urves were obtained daily during 3 days (n = 9). The recovery tests
ere performed at fourth day. True values for the concentrations

f the calibration standards and their accuracy (relative standard
eviation, RSD) were calculated from nine calibration curves. Pre-
ision (variance within group and between groups), random error,
ystematic error (bias) and estimation of uncertainty were calcu-
ated from the true values of the calibration standards. Single-factor
NOVA (Analysis of Variance) was used to calculate these valida-

ion results. The validation results were calculated over the linear

oncentration range from 5 ng/ml to 50 ng/ml (average correlation
oefficient R2 = 0.9714, n = 9) and from 25 ng/ml to 200 ng/ml (aver-
ge correlation coefficient R2 = 0.9768, n = 9). Average calibration
urves are presented in Fig. 4. Linear calibration was not possible
Fig. 4. Average calibration curves for STX in linear ranges (A) 5–50 ng/ml and (B)
25–200 ng/ml.

in whole concentration range of 5–200 ng/ml because of bending
of the curves by reason of ion suppression. Ion suppression derives
from salty sample matrix [22], physical characteristics of ESI source
[22] and also concentration-dependence of the ionization of PSP
toxins [24].

Limit of detection (LOD) and lower limit of quantification (LLOQ)
were calculated from the range of 5 to 50 ng/ml with Eqs. (1)–(4),
where STDEV(n) is the standard deviation of the intersection, m
is the slope and n is the intersection of the calibration curves. For
STX, calculated LOD was 3 ng/ml and LLOQ 11 ng/ml. Compared to
earlier studies, lowest LOD for STX using triple quadruple and SRM
method was estimated to 20 nM (with S/N 3) which corresponds
6 ng/ml STX concentration [15].

LOD(y = mx + n)

If n > 0, LOD = 3x STDEV(n)
m

(1)

If n < 0, LOD = 3x STDEV(n) − n

m
(2)

LLOQ(y = mx + n)

If n > 0, LOQ = 10x  STDEV(n)
m

(3)

If n < 0, LOQ = 10x  STDEV(n) − n

m
(4)

In the range of 5–50 ng/ml method was found to be accurate
(RSD’s < 15%) and precise since variance both within- and between
group was <9% except limit of detection level (LOD). These values
fall in the FDA recommendations where each concentration level

should not exceed 15% except for LLOQ, where it should not exceed
20%. In our study, the LLOQ level was also recovered with RSD lower
than 15%. In the range of 25–200 ng/ml, the method was  likewise
accurate (RSD’s < 7%) and precise (both within- and between group
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Table 2
Calculated validation results for STX standards spiked in algal matrix in calibration ranges 5–50 ng/ml and 25–200 ng/ml.

Chemical Standard
concentration

Average
concentration

SD RSD (%) Variance within
group (%)

Variance between
groups (%)

Random
error (%)

Systematic
error (%)

Combined
uncertainty (%)

STX 5.0 (LOD) 3.9 0.6 14.5 30.7 10.1 32.3 3.76 33
10.0  (LLOQ) 10 0.6 5.8 8.2 3.4 8.9 0.58 9
25.0  26.5 0.6 2.4 7.8 3.8 8.7 0.09 9
50.0  49.2 0.3 0.5 1.8 0.9 2.0 0.01 3

QC  (25 ng/ml)a 26.9 2.8 10.4 13.5 9.1 16.3 0.39 18.8

STX 25.0 21.7 1.4 6.3 22.6 11.6 25.4 0.29 25
500 54.3 1.5 2.7 5.2 1.3 5.3 0.05 7
100.0 99.3 1.0 1.0 9.0 5.1 10.3 0.01 11
200.0 199.7 0.5 0.2 1.8 1.0 2.1 0.00 9

QC  (25 ng/ml)a 27.6 5.2 18.7 21.9 

a QC runs were performed four times a day; before in the middle and after every calibr

Fig. 5. Chromatograms and MS/MS  spectra of extracts after dilution of cultured,
authentic STX containing algal samples (A) AOTV-A4/3 and (B) AOTV-B4/6 contain-
i
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tion time is dependent on salt concentration and this effect was
shown by dilution. It is recommended to dilute the samples with
mobile phase. If possible, reference chemicals should be prepared
in similar matrix than the sample if available or other alternative is

y = 0.0409x + 0.0541
R² = 0.9991
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Calibration curve for algal samples
ng STX.

as <12%) except in the level of 25 mg/ml. The selectivity of the
ethod was tested with blank algal samples and purified water

uring the validation. No effects were noticed from the early or late
luting compounds during the validation. The validation results are
resented in Table 2.

For recovery studies the concentration levels of 10 ng/ml and
00 ng/ml for STX were used. The recoveries of 10 ng/ml samples
ere calculated from calibration curve of range 5–50 ng/ml and for

00 ng/ml samples from calibration range 25–200 ng/ml. Recover-
es were found to be excellent. However, since calibration curve
ave tendency to bend for the ion suppression, we  would recom-

end that sample containing 200 ng/ml or more of STX should be

iluted. Results of recovery test are presented in Table 3.
17.5 28.0 0.68 29.4

ation curve (n = 12).

3.5. Verification and quantification of STX from algal sample

The validated LC–MS/MS method was tested by analysing and
quantifying STX from freeze-dried Alexandrium Ostenfeldii samples
(AOTV-A4/3 and AOTV-B4/6) using MS  and MS/MS  modes. For this
analysis, the mass spectrometer was  tuned again with STX solution
and capillary temperature was  raised from 300 ◦C to 350 ◦C. After
that, the calibration curves were linear (R2 = 0.999) over the whole
range from 5 to 200 ng/ml, and that was  used in quantification.

STX was  shown to be present in studied algal samples. Ion
chromatograms and mass spectrums’ of the results are given in
Fig. 5 and calibration curve in Fig. 6. The extracts contained STX at
high concentrations (>200 ng/ml), so they were diluted with mobile
phase into one to five (1:5). Before the dilution, measured concen-
trations of STX in AOTV-A4/3 and AOTV-B4/6 algal samples were
317 ng/ml and 238 ng/ml, and after dilution 69 ng/ml and 55 ng/ml,
respectively. Then the real STX concentrations of the samples were
345 ng/ml and 275 ng/ml, respectively. Slight ion suppression effect
is observed when comparing the results of diluted and not diluted
samples.

One of the goals of our study was to evaluate criteria of WADA
and the Organisation for the Prohibition of Chemical Weapons
(OPCW) [27] for identification of STX using validated analysis
method. Both WADA criteria and identification criteria for sched-
uled chemicals, present that retention time shall not differ more
than ±0.1 min  from reference sample. That criterion was  fulfilled
in our validation experiments. However, in studies of cultured algal
samples the retention times were shifted from 6.5 min  (Fig. 2) to
6.7 min  (Fig. 5) when diluting the sample. In HILIC analysis, reten-
Concentration (ng/ml)

Fig. 6. Calibration curve for quantifying STX from algal samples.
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Table 3
Recovery results of STX in spiked algal samples.

Concentration (ng/ml) Recovery samples (%) Average recovery (%) SD (%) RSD (%)

n = 1 n = 2 n = 3
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o spike STX to positive sample to verify its presence by increased
eak height/area. However, in HILIC analyses the retention times
re comparable within the same sample batch, like in our validation
tudy. Because of the retention time shifting, the spectral identi-
cation is crucial in HILIC analysis when the method is used for
erification purposes.

According to the current OPCW identification criteria, intensity
f precursor ion must be at least 10% [27]. In true ion trap, no precur-
or ion ([M+H]+) is left in the MS/MS  spectrum but four product ions
ould be easily monitored and identified. In WADA criteria, there is
ot defined number of diagnostic ions in full scan MS/MS  experi-
ents but the abundance of all diagnostic ions shall be greater than

0% of the base peak [19]. In our experiments even the least abun-
ant product ion was more than 10% of the base peak. S/N ratios of
uantifier ions were always higher than eighteen to one (≥18:1),
ven at the concentration level at 5 ng/ml. The WADA criteria were
ulfilled in our validation studies.

In this study, HILIC–MS/MS was used for verification and
uantification of STX. According to OPCW, identification of each
hemical must be based on at least two different analytical tech-
iques, one being preferably spectrometric. In case of STX, the
econd technique might be HPLC–ox–FLD or biochemical tech-
ique, e.g. ELISA.

. Conclusion

The optimized and validated HILIC–MS/MS method is suitable
or verification and quantification of STX from algal samples. It
as proven to be linear in concentration range from 5 to 50 ng/ml
nd from 25 to 200 ng/ml, and accurate and precise in both LLOQ
nd ULOQ levels. In comparison to previous studies, the validated
ethod is fast and identification criteria were fulfilled using the
ILIC–MS/MS method. The identification is based on full scan
S/MS  spectrum and four diagnostic product ions. Other most

ommon PSP analogues are separated and identified using the
eveloped method. The presented HILIC–MS/MS method has been
ound to be applicable in proficiency testing of STX and quantitative
nalysis of algal samples.
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