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Abstract

Background: Ciguatera fish poisoning (CFP) poses a serious threat to both public health and the use of aquatic resources from
the various warm-water regions of the world. Hence, a process for the efficient determination of the relevant toxins is
required.

Objective: We sought to develop and validate the first LC-MS/MS method to quantify the major toxins prevalent in fish from
the Pacific Ocean.

Method: Toxins were extracted from fish flesh (2 g) using a methanol-water mixture (9:1, v/v). The extract was heated at 80°C,
and low-polarity lipids were eliminated using hexane, initially from the basic solution and later from the acidic solution.

The cleanup was performed using solid-phase extraction, Florisil, silica, reversed-phase C18, and primary secondary amine
columns. A validation study was conducted by spiking fish flesh with two representative toxins having different skeletal
structures and polarities and was calibrated by NMR (QNMR) spectroscopy.

Results: The validation parameters for the ciguatera toxins CTX1B and CTX3C at spiked levels of 0.1ng/kg were as follows:
repeatabilities of 2.3-3.5% and 3.2-5.3%; intermediate precisions of 6.3-9.8% and 6.0-7.4%; recoveries of 80-107% and 95-120%,
respectively. The lowest detection levels were 0.004 pg/kg for CTX1B, 0.005 pug/kg for 51-hydroxyCTX3C, and 0.009 pg/kg for

CTX3C.

Conclusions: The described method practically clears the international action level of 0.01 ng/kg CTX1B equivalents set by the
U.S. Food and Drug Administration and the European Food Safety Authority and satisfies the global standards set by Codex
and AOAC INTERNATIONAL.

Highlights: A validation study for an LC-MS/MS method for ciguatoxin detection was completed for the first time using
calibrated toxin standards.

Ciguatera fish poisoning (CFP), an illness caused by the inges- Ocean, and the Caribbean Sea (1). The geographical occurrence
tion of toxic fish, poses a serious threat to public health in the and frequency of CFP are increasing, probably due to eutrophi-
tropical and subtropical regions of the Pacific Ocean, the Indian cation and global warming, as exemplified by outbreaks in the
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Eastern Atlantic Canary Islands (2, 3) and coastal waters of
mainland Japan (4). The causative toxins for CFP, viz. ciguatox-
ins (CTXs), differ in structure among the above-mentioned three
regions. The present study deals only with the toxins found in
the Pacific Ocean. In the Pacific Ocean, CTXs are produced by
the benthic dinoflagellate, Gambierdiscus toxicus and related spe-
cies (1, 5). CTX contamination of various fish species occurs
along the food chain, and CTXs undergo various structural
changes to produce approximately twenty different congeners
(6-10). Furthermore, the diversity of the toxin structures and
fish matrixes add to the difficulty of their analyses. Among
these diverse congeners, CTX1B and CTX3C are known to play
the principal roles as they represent the high- and low-polarity
toxins, respectively, and are present in important carnivorous
and/or herbivorous fish (1, 5, 11-13). Additionally, 51-
hydroxyCTX3C, the most toxic CTX3C congener, and 52-epi-54-
deoxyCTX1B, known to occur frequently in the Pacific Ocean (5,
11), were also included in this study. On the other hand, we
omitted CTX4A and CTX4, because their presence is limited to
G. toxicus (14), the parrotfish collected in the Gambier Islands at
the time when CFP flared up there (15), and the spotted knife
jaw, Oplegnathus punctatus, a game fish for anglers in Japan (12).
CTXs are known to activate voltage-dependent Na* channels at
pico-molar levels (16), exhibiting a potency almost 100 times
stronger than that of the well-known fish toxin, tetrodotoxin
(17). Because of this extraordinary toxicity, both the U.S. Food
and Drug Administration (FDA) and the European Food Safety
Authority (EFSA) have proposed a provisional control threshold
at an extremely low level of 0.01 ug/kg for CTX1B equivalents in
fish tissues (18, 19). In light of the urgent need to develop appro-
priate analytical methods for CTX analyses, multiple interna-
tional programs are currently focused on establishing a system
for this purpose (5, 20). Indeed, because of the large errors
reported in quantitative and qualitative data, as well as the eth-
ical concerns associated with animal testing, the traditional
mouse bioassay-based toxicity testing method (21) must be
replaced (22). In this context, Yogi et al. (23) first demonstrated
the strong potential of liquid chromatography-tandem mass
spectrometry (LC-MS/MS)-based methods for toxin analysis.
Using this approach, the toxin profiles in various species of fish
collected from different parts of the Pacific Ocean were success-
fully analyzed with a high sensitivity, selectivity, and accuracy
(12, 23). However, validation studies to enable the wider applica-
tion of this method for practical use did not materialize owing
to a lack of analytical standards for identification and quantifi-
cation, poor availability of appropriate fish for conducting spik-
ing/recovery tests, presence of highly variable matrixes among
different fish species, presence of large fluctuations in the qual-
ity of commercial solid-phase extraction (SPE) columns among
production lots (24), and extremely low limits set for regulation.
However, after years of enormous efforts, calibrated standards
for the major CTXs were prepared at the Japan Food Research
Laboratories (JFRL, 25), thereby renewing the efforts toward de-
veloping effective methods for CTX analysis. The toxicological
data necessary to convert the respective congeners to CTX1B-
equivalents were also acquired (23).

We herein report our in-depth evaluation of the causes and
types of challenges previously encountered during sample
cleanup for LC-MS/MS analysis, address the various process
limitations, and validate the method according to the interna-
tional standards. In addition, we optimized the accuracy and
robustness of this ultra-trace analysis method without
compromising on its simplicity and rapidity. The data
obtained from this analysis will be expected to help ensure
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food safety, support medical diagnosis and epidemiological
studies, and improve the efficiency of CTX testing. For this
study, classification of the CTXs, abbreviations, and synonyms
employed, and the toxicity data follow those described in the
latest expert review on CFP and CTXs (5).

METHOD

Experimental

Chemicals.—Methanol(MeOH), acetone, ethyl acetate (EtOAc),
hexane (Hex), acetonitrile (MeCN), sodium acetate, sodium carbon-
ate (Na,COs3), anhydrous citric acid, acetic acid, ammonium ace-
tate, formic acid, ammonium formate of analytical grade, and
MeOH of HPLC grade were purchased from Fuyjifilm Wako
Chemical Industry, Ltd (Osaka, Japan). The deionized water was
prepared using the MilliQ Water Purification system (Merck
Millipore, Billerica, MA). The SPE-Florisil columns [InertSep FL-PR
500mg/3mL (five different lots), GL Sciences Inc., Tokyo, Japan],
SPE-C18 and SPE-silica columns (Sep-Pak Plus short C18 360 mg
and Sep-Pak Plus Long Silica 690 mg, Waters Corp., Milford, MA),
and SPE-primary and secondary amine columns (PSA, anion ex-
change, Inert Sep PSA 50mg/g, GL Sciences Inc.,) were used to pre-
pare the sample solutions.

Fish Specimens

An amberjack (Seriola quinqueradiata) and a seabream (Pagrus ma-
jor) were purchased from a Tokyo market to test the effectiveness
of the various solvents for initial toxin extraction. Both species
are important commercial fish with no history of CFP implica-
tions in Japan. Amberjack is a fatty fish, whereas seabream is not.
A total of seven red snappers (Lutjanus bohar) and five groupers
(Variola louti), which were free of CXTs or contained only trace
amounts of CTXs, were sourced from Okinawa, Japan, and were
used for the spiking and recovery tests. The absence of toxins
was confirmed by mouse bioassays (26) and/or LC-MS/MS analy-
sis using the method described by Yogi et al. (23). The naturally
contaminated ciguateric fish caught in Okinawa included a red
snapper (L. bohar), a grouper (V. louti), and a white-edged grouper
(Variola albimarginata). These samples were used to compare the
method established in the present study with the previously pub-
lished method (23). The fish flesh was minced while frozen, and
stored at around -30°C prior to sample preparation.

Reference CTX Toxins

Based on the skeletal structures, the CTXs present in fish found
in the Pacific Ocean can be classified into two groups, the
CTX1B group and CTX3C group (Figure 1). Both groups consist of
12 ether rings but differ in the size and alignment of the rings.
The CTX1B-group contains a butenyl sidechain that is absent in
the CTX3C group. In addition, the numbers and positions of the
hydroxyl groups vary among the individual toxins. Such struc-
tural diversity produces complex behaviors during the cleanup
and chromatographic analyses of the toxins. Owing to the
limited stock of pure toxins, we selected CTX1B and CTX3C to
spike the fish flesh samples for recovery tests. As mentioned
previously, the majority of congeners found in commercially
important species showed polarity ranges between the two tox-
ins. We also conducted recovery tests using 51-hydroxyCTX3C
and 52-epi-54-deoxyCTX1B; the former is the only congener to
exceed CTX1B in toxicity, and the latter is particularly abundant
in the Pacific Ocean (5, 11). However, owing to the limited
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Figure 1. Structures of the CTX congeners.

availability of these toxins, the experiments were conducted on
a limited scale. The purities and quantities of the toxins were
confirmed by comparison with standard toxins, which were
quantified by quantitative NMR (qNMR) spectroscopy (25).
Because of the poor availability of CTX3C, its epimer, 49-
epiCTX3C, was used instead of CTX3C in some spiking tests,
whereby the same ionization rate was assumed for both. In ad-
dition, six other congeners were used to identify the following
toxins in the fish samples: 52-epi-54-deoxyCTX1B, 54-
deoxyCTX1B, 2,3-dihydroxyCTX3C, 51-hydroxyCTX3C, CTX4A,
and CTX4B. The calibration curves for CTX1B, CTX3C, 49-
epiCTX3C, 51-hydroxyCTX3C, CTX4A, and 52-epi-54-
deoxyCTX1B were prepared over a concentration range of 0.02-
0.4ng/mL.

Sample Preparation Procedure

The sample extraction and purification procedures were exten-
sively optimized based on the previously reported methods (23).
More specifically, a fish tissue sample (2g) was homogenized
with a MeOH-water solvent mixture (38 mL, 9:1, v/v) for 2min at
10 000 rpm (NS-51, Physcotron, Microtec Co. Ltd, Chiba, Japan) in
a 60 mL polypropylene centrifuge tube (126 x 30 mm,; Sarstedt
K.K., Tokyo, Japan). Subsequently, the tube was capped, heated
in a water bath at 80°C for 10 min, and then cooled to the ambi-
ent temperature. After subsequent centrifugation for 5min at
18219 (H-80a; Kokusan Co. Ltd., Tokyo, Japan), a portion (30 mL)
of the supernatant (equivalent to 1.5g fish tissue) was trans-
ferred to another tube, combined with a saturated Na,COs5 solu-
tion (0.4 mL) and Hex (20 mL). The mixture was shaken for 1 min
and subjected to centrifugation once again (as above). The lower
layer was then combined with a 5% citric acid solution (2mL)
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and Hex (40mL) in a 100 mL separatory funnel, and shaken for
1min. After allowing to stand for ~5min, the lower layer was
condensed to a syrup (2-3mL) at 45°C using a rotary evaporator.
This syrup was combined with a water-saturated Hex-EtOAc
mixture (5mL, 1:1, v/v) in a 10 mL glass centrifuge tube, shaken
for 1min, and subjected to centrifugation. The upper layers
were then combined in a 50 mL flask and mixed with Hex
(10mL). The lower layer was further subjected to the above lig-
uid-liquid partition procedure (x2), and after centrifugation,
each upper layer was combined in the flask. This combined
mixture was applied to a normal-phase SPE (Florisil) column
pre-conditioned with a water-saturated Hex-EtOAc mixture
(3mL, 7:3, v/v) to remove any polar interferences from the ex-
tract. The CTX congeners adsorbed on the column were collec-
tively eluted with an EtOAc-MeOH mixture (10mlL, 8:2, v/v).
Subsequently, the eluate was evaporated to dryness with a ro-
tary evaporator and then under a gentle stream of nitrogen at
the ambient temperature. This drying procedure was employed
throughout the various cleanup steps. The residue was then
dissolved in an acetone-MeOH mixture (10 mL, 9:1, v/v) and fil-
tered through a silica cartridge column pre-conditioned with an
acetone-MeOH mixture (3mL, 9:1, v/v). The column was washed
with an acetone-MeOH mixture (2mL, 9:1, v/v), and the com-
bined filtrate was evaporated in a similar manner as above prior
to redissolution in a MeOH-water mixture (6 mL, 7:3, v/v). The
resulting solution was applied to a reversed-phase SPE-C18 col-
umn pre-conditioned sequentially with MeOH (5mL) and a
MeOH-water mixture (SmL, 7:3, v/v). The C18 cartridge column
was then washed with a MeOH-water mixture (2mL, 7:3, v/v),
and the retained toxins were eluted using a MeOH-water mix-
ture (10mL, 95:5, v/v). Finally, the eluate was directly passed
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through an anion exchange SPE-PSA column pre-conditioned
with MeOH (5 mL). The obtained eluent was dried, dissolved in a
MeOH-water mixture (0.75mL, 78:22, v/v), and used for LC-MS/
MS analysis (Figure 2). An 1-mL portion of the sample solution
corresponded to 2 g of the fish flesh. The procedures described
above were carried out at room temperature.

LC-MS/MS Analysis

LC-MS/MS analysis was carried out according to a previously
reported method (23) with minor modifications. The LC-MS/MS
instrument employed was an Infinity 6470 Triple Quadrupole
LC-MS instrument (Agilent Technologies, CA) equipped with an
Agilent Jet Stream electrospray ionization source, and was
based at the JFRL. The CTX congeners were separated on a
Zorbax Eclipse Plus C18 column (2.1 x 50 mm, 1.8 pm, Agilent) at
a column temperature of 40°C. The LC mobile phases consisted
of 5mM ammonium acetate, 5uM sodium acetate, and 0.1%
acetic acid in water (A) and MeOH (B). The gradient used was as
follows: 70% B held for 0.25 min, increased to 80% B over 0.5 min,
increased to 90% B over 10 min, 90% B held for 5min. The flow
rate and the injection volume were 0.4 mL/min and 2 pL, respec-
tively. An additional LC-MS/MS instrument was also employed
(Infinity 6460 Triple Quadrupole LC-MS) at the National Institute
of Health Sciences (NIHS, Japan). Identical LC separation condi-
tions were employed to those described above with the excep-
tion that the mobile phases consisted of 5mM ammonium
formate and 0.1% formic acid in water (A) and MeOH (B). The
flow rate and the injection volume were 0.4 mL/min and 5pL,
respectively.

The mass spectrometer was operated in multiple reaction
monitoring (MRM) mode with a collision energy of 40V, and
the [M+Na]" ions were monitored for both the precursor and
product ions, as previously described (23). The instrumental
parameters employed were as follows: drying gas, 10L/min of
N, at 300°C; sheath gas, 11L/min of N, at 350°C; nebulizer gas,
N, at 50psi; capillary voltage, 5000 V; nozzle voltage: 1000V;
fragmentor voltage, 340 V; and delta electron multiplier value,
200V. The LC column was washed with MeOH for 5min be-
tween sample injections. The instrumental parameters were
as those described in the literature (23), but with a sheath gas
temperature of 400°C and a fragmentor voltage of 350V. The
toxins were monitored according to their m/z values [M+Na]"
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as follows: CTX1B (m/z 1133.6), 2,3-dihydroxyCTX3C (m/z
1079.6), 51-hydroxyCTX3C (m/z 1061.6), 52-epi-54-deoxyCTX1B
and 54-deoxyCTX1B (m/z 1117.6), 49-epiCTX3C/CTX3C
(m/z 1045.6), and CTX4A/CTX4B (m/z 1083.6).

Results and Discussion

Extraction and Liquid-Liquid Partition

Based on the instrument sensitivity, we considered that 2g of
fish flesh would be sufficient for analysis. The initial extraction
was carried out only once using a MeOH-water mixture (38 mL,
9:1, v/v) to minimize the extraction of low-polar lipids such as
triglycerides. The efficacy of the present extraction method was
verified by measuring the amounts of toxin in the first and the
second extracts prepared from the flesh of a naturally contami-
nated grouper. More than 95% of CTXs (total of 0.53ng/g) were
found to have been recovered in the first extraction, with only
0.02ng/g of CTXs being recovered in the second extraction. We
assumed that 2 g of fish flesh was approximately equal to 2mL,
thereby giving a total extract volume of 40 mL. The 30 mL por-
tion used for analysis, therefore, corresponded to 1.5g of the
sample flesh. The efficiency of MeOH-water mixture (9:1, v/v) as
the extractant was examined in experiments performed on the
two species of non-ciguateric fish. More specifically, the two
toxins, viz. CTX1B and 49-epiCTX3C, were spiked into seabream
and amberjack, respectively, at a concentration range of 0.05-
0.5pg/kg and were extracted using the MeOH-water mixture
(9:1, v/v). The extracts were subjected to cleanup following the
procedure depicted in Figure 2, but without heating the extract,
the solvent partitions under acidic or alkaline conditions, or SPE
silica filtrate. The results from six repeated experiments are
shown in Figure3. For the three samples, the RSD slightly
exceeded the acceptable range set by Codex, and the recoveries
and other parameters were within the range set by Codex for
analytes below 1 pg/kg (27).

The extracts were heated at 80°C for 10min to release the
toxins from the bound proteins. Subsequently, liquid-liquid
partition was performed in two steps. Initially, the hexane
washing was performed under alkaline conditions to remove
basic compounds in hexane. Subsequently, the lower layer was
acidified with a 5% aqueous citric acid solution and the acidic
lipids such as fatty acids were removed by washing with hex-
ane. This alternate acid/base treatment effectively reduced the
background interferences. An example can be seen in the

100 — 100
S Recovery  1RSDr
—~ 801 = ] m - 80
= P T R = P R A
. 60 60 =
3
§ 40 40 g:)
€ 20 R R S 20
o1 .\‘U"“D

0 0

05 01 05 01 025 0.05 025 0.05
nalkg ualkg na'kg uafkg
Seabream | Amberjack Seabream Amberjack

CTX1B 49-epiCTX3C

Figure 3. Recoveries and RSDs for MeOH-water mixture (9:1, v/v) extraction tests
on the toxin-spiked non-ciguateric fish. The black and grey bold lines indicate
the recovery and RSD, respectively, which are defined as per the Codex proce-
dural manual (27): average recovery = 40-120%, and RSD; ~22% (inferred from
RSDR < 44%) for a target analyte below a concentration of 1ug/kg. Broken lines
show the acceptable ranges defined by AOAC (28): average recovery = 70-125%,
RSD; = 15% for analytes at concentrations less than 10 pg/kg.
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Figure 4. Total ion chromatogram (TIC) (m/z 500-1500) of a red snapper sample
solution prepared according to Figure 2 with or without sodium carbonate wash-
ing (top) and also with or without citric acid washing (bottom). Each bold line
represents the TIC with washing.

sample solution of the extract from a red snapper (L. bohar),
where the intense peaks corresponding to interfering ions ob-
served in the region corresponding to the CTXs in the total ion
chromatogram disappeared after alternating use of sodium car-
bonate and citric acid solutions (Figure 4).

SPE Column Cleanups

We initially examined the use of SPE-Florisil columns for the
cleanup procedure. Florisil is effective for the removal of fatty
acids, phospholipids, and other interfering compounds, but its
quality has been known to fluctuate between both manufac-
turers and columns from the same manufacturer (24). Five dif-
ferent lots purchased from the same source were tested, i.e.,
lot-A through to lot-E. The column cartridges from lot-A were
used without any problems in the early stage of our study, even
though SPE-silica treatment and other minor modifications had
not yet been incorporated (Figure 5).

When the stock of lot-A was exhausted, a new lot was
purchased from the same manufacturer (lot-B) and tested. The
results from the analysis based on the columns from lot-B were
starkly different and afforded <40% recoveries of both CTX1B and
49-epiCTX3C. This prompted us to examine the variations in the
quality of SPE-Florisil columns among different production lots.

After testing a range of solvent compositions, a water-satu-
rated Hex-EtOAc mixture (7:3, v/v) was found suitable for the
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Figure 5. Recovery and repeatability tests on two species of non-toxic ciguateric
fish. The figure legends are as those given in Figure 3. SPE-Florisil columns
from lot-A were used. Data in respective bar and plot were collected from three
independent experiments carried out on three different days.

Table 1. Adsorbed ratio (%) on the SPE-Florisil columns in Hex—
EtOAc (1:1, v/v)?

Lot CTX1B CTX3C
B >99 63
C >99 68
D >99 62
—Avg. >99 64

20.2ng each of CTX1B and CTX3C was dissolved in 25mlL water-saturated
Hex-EtOAc (1:1), charged to SPE Florisil, and then eluted with 10mL EtOAc-
MeOH (8:2). >99 denotes charged at over 99% yield.

adsorption of CTX1B and CTX3C, while leaving the low-polarity
contaminants un-adsorbed.

Tests on the adsorption and elution of the toxins revealed
that more than 35% of CTX3C was not adsorbed using the wa-
ter-saturated Hex-EtOAc mixture (1:1, v/v) (Table 1), and that
~20% of CTX1B remained uneluted from the column upon
washing with the EtOAc-MeOH mixture (85:15, v/v). After test-
ing various solvent compositions, the water-saturated Hex-
EtOAc mixture (7:3, v/v) and EtOAc-MeOH mixture (8:2, v/v)
were found to be suitable for the adsorption and elution of
CTX1B and CTX3C, respectively (Table 2). The low-polarity con-
taminants were not adsorbed.

It was also found that increasing the MeOH content in the
eluent increased the extraction of interfering compounds. Thus, to
reduce such interferences, an additional SPE-silica column filtra-
tion was incorporated. For this purpose, the extracts were dis-
solved in an acetone-MeOH mixture (9:1, v/v) and simply
percolated through a SPE-silica column. Subsequently, the toxins
were dissolved in a MeOH-water mixture (7:3, v/v) and applied to a
SPE-C18 column. The retained toxins were eluted with MeOH-wa-
ter mixture (95:5, v/v) instead of MeOH alone to deter the elution of
the low-polarity interferences. A final elution through SPE-PSA col-
umns was used to remove the remaining fatty acids and other
acidic interferences whose proportions may increase during stor-
age. The cleanup procedure is depicted in Figure 2.

Variation in the Mobile Phase for LC Separation

We compared two different mobile phase compositions for
LC separation, viz. ammonium acetate-acetic acid and the
ammonium formate—-formic acid buffers, as described previously



Nagae et al.: Journal of AOAC INTERNATIONAL Vol. 104, No. 5,2021 | 1277
Table 2. Recoveries (%) from SPE-Florisil columns® 800 16
CTX1B CTX3C CTX1B CTX3C
Charge Elution Charge Elution D o0 — 12 D
EtOAc- Hex- EtOAc-
Hex-EtOAc MeOH EtOACc MeOH i 400 - 8 a
Lot Run (7:3)° (8:2) (7:3)° (8:2) g w)
@, $
B 1 >99 88 >99 93 < 200 4 —
2 >99 88 >99 97
Avg. >99 88 >99 95
C 1 99 90 99 105 - 5 " g
) “oo " “oo 08 Without ~ With Without  With
> > wash wash wash wash
Avg. >99 89 >99 105
D 1 >99 97 >99 111 Figure 7. Column washings increased the signal intensities (peak areas) and re-
2 >99 94 >99 106 duced the RSDs in both CTX1B and CTX3C. The presented results were obtained
Avg. ~99 95 ~99 109 by six injections of an extract from a red snapper. The LC column was washed
E 1 ~99 94 ~99 109 with MeOH for 5min in between injections with intervals of 15 min.
2 >99 90 >99 107
Avg. >99 92 >99 108

@ One nanogram each of CTX1B and CTX3C was dissolved in 25 mL Hex-EtOAc
(7:3), charged to SPE Florisil, and then eluted with 10 mL EtOAc-MeOH (8:2). >99
denotes charged at over 99% yield.

b Saturated with 0.1% citric acid.

CTX1B

25 5.0 7.5 10 125
Time (min)

Figure 6. LC separation of the CTX1B and 49-epiCTX3C standards using two
mobile phases, viz. the present acetate buffer (bold line) and the previously
employed formate buffer (23).

(23). The relative sensitivities toward CTX1B and 49-epiCTX3C, as
well as the baseline response, were markedly improved when the
acetate buffer was used (Figure 6).

Washing of the LC Column to Eliminate Interferences During
LC-MS/MS

Repeated injection of the fish extracts causes the accumulation of
interferences, which impairs the maximum sensitivity. Thus, a
column washing step was inserted between sample injections.
Enhancement of the signal intensities and a reduction in the RSDs
were clearly observed after this additional washing (Figure 7).

Optimization of the Injection Volume

To prevent the accumulation of interferences from repeated
injections of the sample extracts and to improve the peak
shapes, the injection volume was reduced from the previously
reported level of 5uL (23) to 2L (4 mg equivalent of fish flesh).
This led to sharpening of the peak shapes, which in turn
enhanced the sensitivity.
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Figure 8. Calibration curves for the major CTX standards.
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Figure 9. Chromatogram for the CTX standards. The structures and names of
these standards are shown in Figurel. The toxins are labeled as follows:
dihydroxyCTX3C (2,3-dihydroxyCTX3C), hydroxyCTX3C (51-hydroxyCTX3C),
epi-deoxyCTX1B (52-epi-54-deoxyCTX1B), deoxyCTX1B (54-deoxyCTX1B), and
epiCTX3C (49-epiCTX3C).

Calibration Curves, Chromatographic Separation, and
Detection Limits Determined Using the CTX Standards

The linearity of the calibration curves and suitable chromato-
graphic resolution of the major CTX congeners can be seen in
Figures 8 and 9, respectively. The overlapped calibration curves
for CTX3C and 49-epiCTX3C justify the use of the latter in place
of the former for the cleanup experiments.

Figure 10 shows the chromatograms for CTX1B, CTX3C, and
the sample solutions prepared from a red snapper (R. snapper),
and a grouper spiked at 0.01 or 0.1 ug/kg equivalents.
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Figure 10. Chromatograms for CTX1B and CTX3C, either pure or spiked to a red snapper (R. snapper) and a grouper. The spiked levels of CTX1B and CTX3C were
0.01 and 0.1 ug/kg equivalents, respectively. The blank specimen of R. snapper (shown by a grey arrow in the second column, second row) contained a trace level of
CTX1B. Sample solutions were prepared according to the present cleanup procedure.
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Table 3. LOD and LOQ calculated for CTX1B, 51-hydroxyCTX3C, and
CTX3C (ng/kg)

Table 5. Recoveries (%) for 52-epi-54-deoxyCTX1B and 51-
hydroxyCTX3C tests on fish flesh of a grouper

Run CTX1B® 51-hydroxyCTX3C CTX3C
1 0.013 0.020 0.017
2 0.011 0.020 0.019
3 0.013 0.020 0.018
4 0.011 0.017 0.022
5 0.011 0.016 0.024
6 0.012 0.017 0.024
7 0.014 0.017 0.021
Avg. 0.012 0.018 0.021
SD 0.00122 0.00183 0.00285
LOD? (SD x 3) 0.00366 0.00549 0.00855
LOQ? (SD x 10) 0.01219 0.01828 0.02851

2 LOD and LOQ were estimated by using SD x 3 and SD x 10, respectively.
b Data for CTX1B were obtained after subtraction of the blank value. The sample
studied was the R. snapper spiked at 0.03 ug/kg.

Table 4. Recovery, repeatability, and intermediate precision (%) ex-
amined with fish flesh?

CTX1B* CTX3C?
Fish Experimental day Runl Run2 Runl Run2
R. snapper Day 1 97 100 113 99
Day 2 82 90 107 98
Day 3 107 102 120 118
Day 4 104 102 107 101
Day 5 85 88 101 104
Avg. 96 107
Repeatability 35 53
Intermediate precision 9.8 7.4
Grouper Day 1 89 85 103 104
Day 2 93 89 111 108
Day 3 93 93 115 105
Day 4 83 80 95 96
Day 5 81 82 105 103
Avg. 87 105
Repeatability 2.3 3.2
Intermediate precision 6.3 6.0

2Each spiked level of CTX1B and CTX3C is 0.1 pg/kg.

The LODs estimated from the recovery tests using the spiked
samples were <0.01png/kg for CTX1B and ~0.02 pg/kg for CTX3C.
By contrast, the LODs and the LOQs were calculated from the
standard deviations of the data obtained using samples of an R.
snapper spiked at 0.03 ug/kg equivalent. Owing to its high toxicity,
we also calculated the LOD and LOQ for 51-hydroxyCTX3C by con-
ducting the same recovery test. The calculated LODs were 0.004 pg/
kg for CTX1B, 0.005 pg/kg for 51-hydroxyCTX3C, and 0.009 ng/kg for
CTX3C. The calculated LOQs were 0.01 pg/kg for CTX1B, 0.02 ug/kg
for 51-hydroxyCTX3C, and 0.03 ug/kg for CTX3C (Table 3).

These results are the first to be derived from real fish
samples and demonstrate that the present LC-MS/MS method
can practically meet the rigorous level of 0.01pg/kg CTX1B
equivalents set by the U.S. FDA and the EFSA (18, 19).

Validation of the Cleanup Procedure

The cleanup procedure (Figure 2) was subjected to a validation
study. The recovery, repeatability, and intermediate precision
calculated from 10 data points are shown in Table 4. The data

Spiked level

Toxin Run 0.1 ug/kg 0.5 png/kg
52-epi-54-deoxyCTX1B 1 70 68
2 70 72
Avg. 70 70
51-hydroxyCTX3C 1 89 86
2 72 88
Avg. 78 87

were gathered from two independent experiments carried out
on five separate days. The SPE-Florisil columns used were from
“lot-B.” The recoveries were between 86 and 107%, and a repeat-
ability of <6% was achieved using two fish specimens spiked
with CTX1B and CTX3C at a level of 0.1ug/kg, respectively.
These data fall into the acceptable ranges of the global stand-
ards proposed by Codex and AOAC (27, 28).

To complement the above validation data, we carried out
additional recovery tests by spiking 52-epi-54-deoxyCTX1B and
51-hydroxyCTX3C into the flesh of a R. snapper. As shown in
Table 5, acceptable recoveries (trueness) to the global standards
were obtained for the two CTXs.

Comparison of the Present Method with a Previously
Reported Method Using Naturally Contaminated Fish

The present method was then evaluated by conducting separate
experiments at two institutions, viz. the JFRL and NIHS, using
the same toxic fish samples. At the NIHS, the analysis was car-
ried out according to a previously reported method (23) using
SPE-Florisil columns from lot-A. At the JFRL, columns from lot-B
were used. The data variation was evaluated by injecting the
same test solution in triplicate. At first glance, the data from
the two methods appeared comparable, especially when the to-
tal amounts were considered alone (Table 6). However, a closer
evaluation revealed that the RSDs were significantly smaller in
the data based on the present method, thereby indicating its
superior reliability compared to the previously reported
method (23).

In this study extensive efforts were devoted to overcoming
the variations imparted by different SPE cartridges, and in par-
ticular, from the Florisil columns. Attention has also been paid
to instrument-derived variations, such as the use of different
models, maintenance conditions, and sample storage condi-
tions. In terms of the LC-MS/MS system, attention should be
paid to the electron multiplier (EM) horn, which should be
changed before the EM value reaches the maximum threshold,
and before application of the method.

In addition, the gNMR-calibrated toxins served as excellent
tools to evaluate the performance of the analytic methods.
Indeed, the limited amounts of standards available indicate the
need for continued efforts to produce pure toxins.

Thus, using purified toxins, we successfully developed and
validated a quantitative LC-MS/MS method to determine the
CTXs present in fish sourced from the Pacific Ocean. To attain
maximum sensitivity and accuracy, we rigorously examined all
the steps starting from the initial extraction through to the par-
tition conditions, including any variations in charge, elution sol-
vents for the SPE cartridges, injection volumes, LC column
washes, and finally, mobile phase buffer. The LODs attained for
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Table 6. Data comparison between the present method and a reported method with real toxic fish (figures are the toxin concentrations in
ng/kg)®
Present method Reported method
Fish Injection = CTX1B Epi-deoxyCTX1B DeoxyCTX1B Total CTX1B Epi-deoxyCTX1B DeoxyCTX1B  Total
Red snapper 1 0.07 0.04 0.09 0.20 0.12 0.02 0.07 0.21
2 0.06 0.04 0.10 0.20 0.07 0.02 0.03 0.13
3 0.07 0.04 0.08 0.19 0.17 0.04 0.06 0.27
Avg. 0.07 0.04 0.09 0.20 0.12 0.03 0.05 0.20
RSD, % 4.6 2.7 9.0 2.6 32.8 23.6 27.3 27.3
Grouper 1 0.10 0.09 0.20 0.40 0.13 0.05 0.19 0.38
2 0.09 0.08 0.18 0.36 0.10 0.04 0.10 0.23
3 0.12 0.08 0.24 0.43 0.25 0.09 0.27 0.61
Avg. 0.10 0.08 0.21 0.39 0.16 0.06 0.19 0.41
RSD, % 12.0 10.2 13.8 9.8 42.0 37.3 37.1 38.6
White-edged 1 0.04 0.08 0.07 0.19 0.06 0.07 0.08 0.21
grouper 2 0.03 0.09 0.07 0.19 0.04 0.05 0.04 0.13
3 0.05 0.07 0.10 0.21 0.12 0.11 0.12 0.35
Avg. 0.04 0.08 0.08 0.19 0.07 0.07 0.08 0.23
RSD, % 20.7 11.9 21.7 7.4 47.4 35.7 39.6 40.6

@ Average and RSD, % were calculated from three data points produced from three injections of the same test solution. The NIHS used the reported method (23),
whereas JFRL used the present method. The absence of CTX3C and 49-epiCTX3C in fish from Okinawa agrees with the report in the literature (12, 23). The abbreviations

are the same as in Figure9.

CTX1B, 51-hydroxyCTX3C, and CTX3C were 0.004, 0.005, and
0.009 ng/kg, respectively. Using mouse toxicity data (5), the
CTX1B equivalents (ug/kg) calculated for CTX1B, 51-
hydroxyCTX3C, and CTX3C are 0.004, 0.0065, and 0.0018. While
the FAO-WHO expert meeting reported (5) “both the FDA and
EFSA have proposed a fish CTX concentration of 0.01pg/kg
CTX1B as being unlikely to elicit symptoms of CFP. This concen-
tration is just below the lowest concentrations seen in fish sam-
ples associated with CFP cases (0.02 pg/kg CTX1B equivalents).”

These results, therefore, indicate that the present method
practically meets the required levels for toxin determination.
More specifically, the parameters determined for the method per-
formance meet the acceptable ranges proposed by AOAC and
Codex as global standards (27, 28). The contribution of the present
method also has potential to extend beyond food safety consider-
ations and provide deeper insights into ciguatera. Moreover, the
regional variations in the toxin profiles can depict the differences
in the genotypic clones of G. toxicus and enable tracking of the en-
vironmental effects on the population based on the toxin strains,
in addition to providing basic information for the application of
enzyme-linked immunosorbent assays. Ideally, the rapid progress
of the modern technological development will enable such ultra-
sensitive quantification to be carried out with ease.

The standard toxins produced and quantified by gNMR at
the JFRL can be made available, upon request, to the relevant
institutions.
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