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Abstract: Ciguatera poisoning is a global health concern caused by the consumption of seafood
containing ciguatoxins (CTXs). Detection of CTXs poses significant analytical challenges due to their
low abundance even in highly toxic fish, the diverse and in-part unclarified structures of many CTX
congeners, and the lack of reference standards. Selective detection of CTXs requires methods such as
liquid chromatography coupled to tandem mass spectrometry (LC–MS/MS) or high-resolution MS
(LC–HRMS). While HRMS data can provide greatly improved resolution, it is typically less sensitive
than targeted LC–MS/MS and does not reliably comply with the FDA guidance level of 0.1 µg/kg
CTXs in fish tissue that was established for Caribbean CTX-1 (C-CTX-1). In this study, we provide
a new chemical derivatization approach employing a fast and simple one-pot derivatization with
Girard’s reagent T (GRT) that tags the C-56-ketone intermediate of the two equilibrating C-56 epimers
of C-CTX-1 with a quaternary ammonium moiety. This derivatization improved the LC–MS/MS
and LC–HRMS responses to C-CTX-1 by approximately 40- and 17-fold on average, respectively.
These improvements in sensitivity to the GRT-derivative of C-CTX-1 are attributable to: the improved
ionization efficiency caused by insertion of a quaternary ammonium ion; the absence of adduct-
ions and water-loss peaks for the GRT derivative in the mass spectrometer, and; the prevention
of on-column epimerization (at C-56 of C-CTX-1) by GRT derivatization, leading to much better
chromatographic peak shapes. This C-CTX-1–GRT derivatization strategy mitigates many of the
shortcomings of current LC–MS analyses for C-CTX-1 by improving instrument sensitivity, while at
the same time adding selectivity due to the reactivity of GRT with ketones and aldehydes.

Keywords: ciguatoxin; Caribbean ciguatoxin; Girard’s reagent; quaternary ammonium; LC–MS;
derivatization

Key Contribution: C-CTX-1 undergoes reductive amination. This can be utilized to introduce a
quaternary ammonium moiety that substantially increases the signal in the mass spectrometer. The
reaction provides additional proof of the presence of C-CTX-1 in e.g., fish samples.

1. Introduction

Ciguatera poisoning is caused by the ingestion of seafood contaminated with algal-
derived ciguatoxins (CTXs) (Figure 1). It is a global problem in circumtropical regions
and can cause health impacts in temperate regions through export of contaminated fish.
Epi-benthic dinoflagellate algae of the genera Gambierdiscus and Fukuyoa [1] have been
identified as the source of CTXs in the Pacific Ocean [2–6]. The algal toxins, or presumed
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CTX precursors, bioaccumulate in marine biota and are thought to undergo metabolic
biotransformations as they move between species and trophic levels in reef food webs.
Historically, CTXs have been categorized into three groups (Pacific, Caribbean, and Indian
Ocean) based on their first reported geographical origin, though this classification scheme
is somewhat outdated and incongruent with naming conventions of other marine toxin
classes [7]. The most studied CTXs are the Pacific CTXs (P-CTXs) that are further divided
into two subtypes (type I and type II) [8,9], and are currently represented by 22 analogs [10].
The least studied group are the Indian CTXs (I-CTXs), which so far include five analogs
that were partially characterized by LC–HRMS methods [11–13]. Caribbean CTXs (C-CTXs)
were initially discovered in fish from the Caribbean Sea [14] and to date 12 C-CTXs have
been reported [15], but only four have been structurally characterized [16,17]. All elucidated
ciguatoxins (CTXs) have been shown to contain a ladder-shaped polyether structure and a
relatively high molecular mass (1022–1158 Da) [8–10,18,19]. Ciguatoxic fish in the Western
Atlantic Ocean, including the Caribbean and Gulf of Mexico, and more recently in southern
Europe [20–22], have been reported to be predominantly contaminated with C-CTX-1 and
-2, which is an equilibrating pair of 56-epimers (1, Figure 1, based on [18]).
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Figure 1. Chemical structures of the equilibrating pair of 56-epimers C-CTX-1 and C-CTX-2 (1),
referred to as C-CTX-1 for simplicity, and its non-equilibrating reduced analogues, C-CTX-3 and
C-CTX-4 (2). The structures of 1 are shown in accordance with Lewis et al. [18], and structures of 2
were reported previously [17].

Several in vitro bioassays are currently in use for the detection of CTXs, typically in com-
bination with targeted low-resolution LC–MS/MS methods. The most commonly reported
bioassay for CTX assessment is the sodium-channel-dependent 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT)-based mouse neuroblastoma (MTT-N2a) assay.
The MTT-N2a method is a tetrazolium-based assay that provides a measure of mitochondrial
metabolic activity in N2a cells exposed to sample extracts, which indirectly correlates to cell
viability [23–25]. Some selectivity is afforded by the co-exposure of cells to ouabain and vera-
tridine (or veratrine), which allows differentiation of toxins acting on voltage-gated sodium
channels (NaV) e.g., CTXs, brevetoxins etc., from phycotoxins with alternative toxicity mecha-
nisms (e.g., okadaic acid, domoic acid). Modifications to the MTT-N2a assay can also allow
functional detection of toxins that inhibit NaV such as saxitoxins and tetrodotoxin [26,27],
and toxins that exert their toxicity through Ca2+ modulation such as maitotoxin [28]. This
high-throughput assay is extremely sensitive and can be applied to the evaluation of CTX
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activity in both algal and fish extracts in ciguatera investigations [29–34]. The MTT-N2a
assay enables the detection of CTXs at or below their respective US FDA-recommended
guidance levels (0.01 µg/kg CTX-1B [35], and 0.1 µg/kg C-CTX-1, in fish [36,37], which are
also endorsed by the European Food Safety Authority [38]). Other reported approaches
include radioligand [29,39] and fluorescence-based receptor binding assays [29,40–42], and
immunoassays [10,43], that have been reviewed by others [10,44,45].

While most of the in vitro bioassays for CTX detection are very sensitive and can
estimate the risk of fish by measuring a composite “ciguatoxicity”, they lack the ability to
discriminate between CTX congeners. For such analyses, liquid chromatography coupled
with low-resolution tandem mass spectrometry (LC–MS/MS) or high-resolution mass spec-
trometry (LC–HRMS) are the methods of choice. Currently, only methods based on modern
LC–MS/MS instruments, such as triple quadrupole [46–48] or quadrupole ion-trap tech-
nologies [49], can detect levels below the FDA guidance level (limit of quantitation (LOQ)
in the range 0.01–0.1 µg/kg for P-CTXs and 0.01 µg/kg for 1). LC–HRMS instruments
are able to perform one or several types of MS/MS experiments and provide information
regarding accurate masses, isotopic distributions, and adduct ions, and also allow retro-
spective analyses of full-scan data. LC–HRMS instruments, such as the quadrupole time of
flight (Q-TOF) [50] or Orbitrap [51] instruments, are generally more expensive, and cannot
compete with low-resolution MS/MS instruments in terms of detection limits, which are
one–two orders of magnitude higher than is the case for state-of-the-art LC–MS/MS.

Here we report that derivatization of 1 with Girard’s reagent T (GRT), a positively-
charged quaternary ammonium tag, improves the analytical sensitivity of LC–MS detection
in fish extracts by more than an order of magnitude (Figure 2).

2. Results and Discussion

CTXs are analytes with poor ionization efficiency [46,52]. Recent publications showed
limits of quantification for P-CTXs in the range 1–10 pg on-column using LC–MS/MS,
depending on the instrument used [46,52]. There are three features that impair detection
of 1 at low concentrations by mass spectrometry: the MS signal intensity is spread over
a complicated set of adduct ions and ions from dehydration (Figure 3V); the absence of
functional groups of sufficient acidity or basicity to promote ionization, and; 1 is a pair of
equilibrating C-56 epimers (Figure 1) that elute as a rather broad peak (Figure 3II) from LC
columns [17]. Although the complex mass spectra of C-CTXs are useful for identification of
novel congeners, they represent an obstacle for instrument sensitivity and quantification
since the relative abundance of adducts can change over time and is dependent on the
instrument status. HRMS-based software may sum peak areas for all detected adducts and
report a “total peak area”. However, such an approach is not feasible for low-resolution
instruments because these rely on selected MS/MS transitions specifically defined for each
ion of interest. Tagging an analyte molecule with a constant charge is common practice in
mass spectrometry, and numerous methods have been published for the improvement of
ionization efficiency of oligosaccharides [53], peptides [54], steroids, [55] and lipids [56].

We have recently studied and described the epimerization of 1, which can lead to asym-
metrical and rather broad LC peaks, especially when octadecylsilane (ODS)-based column
chemistries are employed [17]. We therefore studied the derivatization of the equilibrating
hemiketal/ketone group at C-56 of 1 (Figure 1) via reductive amination with a hydrazide
(GRT) and an amine ((2-aminoethyl)trimethylammonium chloride hydrochloride, AETMA),
each of which contains a quaternary trimethylammonium ion (Figure 2). The aim of this
approach was to insert a fixed charge into the analyte while simultaneously removing the
possibility for ketone–hemiketal equilibration. Reducing reagents were selected that were
expected to be able to preferentially reduce the C=N bond of imines and hydrazones in
the presence of a keto-group. Reduction of hydrazone 3 to yield 4 (Figure 2, Table 1) was
found to be necessary, as 3 was unstable on-column resulting in poor chromatography,
likely in part because of hydrolysis. These approaches were modifications of derivatization
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techniques that have been reported for the LC–MS based quantification of oligosaccharides,
which are well known for their low LC–MS ionization efficiencies [53].
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Figure 2. Reaction scheme showing conversion of C-CTX-1 (1) to the desired GRT hydrazine 4 via
GRT hydrazone 3, and possible routes for formation of by-products 2 and 5. The structures of GRT
and AETMA are shown in the inset.

Table 1. Molecular formulae, ring plus double-bond equivalents (RDBE), and retention times (RT) for
LC–HRMS method 1, as well as observed m/z for main ions, and mass error (∆m) for compounds in
this study.

Compound Neutral
Formula a RDBE RT (min) Ion Accurate

m/z ∆m (ppm)

C-CTX-1 (1) C62H92O19 17 11.23 [M+H–H2O]+ 1123.6232 +2.8
C-CTX-3/-4 (2) C62H94O19 16 9.75 [M+H]+ 1143.6493 +2.7

C-CTX-1–GRT (3) C67H104N3O19
+ 18 8.84 M+ 1254.7303 +3.6

Reduced C-CTX-1–GRT (4) C67H106N3O19
+ 17 7.71 M+ 1256.7449 +2.7

C-CTX-1 56-methyl ketal (5) C63H94O19 17 13.07 [M+H–MeOH b]+ 1123.6231 +2.8
C-CTX-1 56-(2-methoxyethyl) ketal C65H98O20 17 13.93 [M+H–C3H8O2]+ 1123.6206 +0.5

C-CTX-1 56-(1-butyl) ketal C66H100O19 17 15.34 [M+H–BuOH c]+ 1123.6208 +0.7

a Except for 3 and 4, which contain cationic trimethylammonium moieties (Figure 2). b Methanol. c 1-Butanol.

2.1. Optimization of the Reductive Amination of 1

Achievement of efficient derivatization requires thorough optimization of reaction
conditions. Parameters such as pH, concentration of acid/base, and reaction temperature
and time, as well as whether the reductive amination is performed as a one-step or two-step
procedure, are important for the derivatization yield (Tables S1A–D) [53]. Due to the
very limited availability of highly ciguatoxic materials containing 1 in the concentrations
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required for reliable LC–HRMS detection, the number of replicate measurements during
method development had to be kept to a minimum.

We found that 1 could be derivatized by AETMA catalyzed by acetic acid (derivati-
zation method 3), as has been reported for oligosaccharides [57,58], but with only modest
efficiency (typically <50%). However, although derivatization with AETMA produced a
derivative with a fixed positive charge (Figure 2), the product was a pair of epimers in
a ca. 1:1 ratio (Figure S1). This results in reduced signal/noise, especially for low-level
samples. The results obtained with AETMA demonstrated in principle the potential of this
derivatization approach, so we examined derivatization with GRT to determine whether it
could be a more suitable reagent for analysis of 1.

Initial experiments, prior to optimization, used cyanoborohydride as the reducing
agent, which was added to a mixture of ciguatoxic extracts, GRT, and 10% formic acid.
After shaking the mixture for 2 h at 60 ◦C, we were able to detect five CTX peaks in the
LC–HRMS chromatograms (Figure S2). These could be attributed to unreacted and chro-
matographically unresolved C-CTX-1 epimers (1), the non-reduced GRT-hydrazone of 1
(3), and the desired C-CTX-1–GRT reduction products (4), as well as C-CTX-3/-4 (2) as
undesired by-products from reduction of 1. We also detected a compound affording m/z
1123.6231 ions without the presence of other prominent adducts in the reaction mixture
(Figure S3). This ion originated from the recently reported artefact C-CTX-1 56-methylketal
(5) (Figures 2 and S4) [59], and was a result of in-source fragmentation (Figure S3). Con-
firmation of this was obtained by dissolving small amounts of dried sample-L in either
methanol, 2-methoxyethanol, or 1-butanol, with the addition of 10% trifluoroacetic acid
(TFA) (Figure S4). The products from all three reactions were observed at m/z 1123.6231
(as the predominant ion) but at different retention times. These retention times varied
with the alcohol that had been used as the solvent, with retention times for methanol
< 2-methoxyethanol < 1-butanol (Figure S4), indicating the formation of the 56-methyl,
-(2-methoxyethyl), and –butyl ketal derivatives of 1. Furthermore, compound 5 eluted as a
sharp peak from the UHPLC column, and thus the two expected 56-epimers were either
not chromatographically resolved or the formation of one epimer is preferred during the
reaction with alcohol. Another observation was that 5 did not form sodium or ammonium
adducts in positive mode (Figure S3) and was not detectable in negative mode (data not
shown). This behavior is attributable to the absence of the vicinal diol moiety. Another
peak in the chromatograms was due to the non-reduced hydrazone intermediate 3 (Fig-
ure 2). Increasing the reaction temperature and replacing formic acid with TFA led to faster
conversion, but lower overall reaction yield (Tables S1A–D). As a compromise between a
long reaction time (i.e., up to 22 h) and pronounced formation of 5, we found optimum
conditions for reductive amination of 1 with GRT using cyanoborohydride as the reducing
agent in a 22-h two-step reaction (derivatization method 2).

According to data on the reductive amination of oligosaccharides [57], using 2-picoline-
borane complex (2PBC) for reduction of the hydrazones provides higher yields and shorter
reaction times. Replacing cyanoborohydride with 2PBC for reductive amination of 1 with
GRT eliminated the formation of side-product 5, most likely due to faster reduction of
intermediate 3, leading to a shift in the equilibrium position and preferentially to formation
of the stable and thermodynamically favored product 4 (Figure 2). This allowed use of
a stronger acid (TFA) and an increase in the reaction temperature to 60 ◦C, which led
to a faster one-pot derivatization (derivatization method 1A). TFA and formic acid were
found to be about equally efficient in catalyzing the derivatization reaction, but they
differ in the formation of side products. We observed that the TFA-catalyzed reaction
resulted in a slightly lower production of side-products 2 and 5 compared to reaction
employing formic acid (Figure S5). However, we could not see any substantial difference
in the signal enhancement between the two acids (i.e., derivatization methods 1A and
1B). A potentially problematic property of TFA is its ability to form ion pairs, which we
observed when the TFA from the sample co-eluted with 4 or side-products such as 2.
This may lead to disturbance of the chromatography under some conditions, especially
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when faster gradients with short retention times are used, leading to the appearance of
artefact peaks and poor peak shape (Figure S6). When TFA is used (derivatization method
1A), we recommend using longer gradients (with a retention time for 4 of at least 7 min).
Alternatively, preparation of samples according to derivatization method 1B (i.e., using
formic acid instead of TFA) can be used (Figure S7).

The very poor peak shape observed for 1 during LC–HRMS on ODS-based LC columns
has been attributed to on-column epimerization of the 56-ketal [17]. The possibility for
this epimerization is eliminated by reductive amination of 1 with GRT, and we observed
excellent chromatographic peak shape and separation of 4 using an ODS column when
using LC–HRMS method 2 (Figure S8). Thus, the derivatization procedure described here
also opens the way for the application of a wider range of LC columns to the analysis of
samples containing 1.

2.2. Signal Enhancement of 1 Using GRT

Twelve fish extracts containing C-CTXs (A–L), and a negative control sample (N),
were selected to test the procedure for derivatization and enhanced detection of 1. Table 2
summarizes details of the signal enhancement, including peak areas for 1 and 2 prior
to derivatization (from direct analysis), and peak areas for 2 and 4 after derivatization.
The yield of the derivatization reaction and formation of by-products was studied in
more detail for the samples containing the highest concentrations of 1 (A–D and L) by
MS. Under optimized conditions (derivatization method 1A), we did not observe the
presence of 5, nor of unreduced intermediate 3. The only by-product was 2, which was
also present naturally in the toxic extracts. On average, the ratio between major and minor
epimers of 4 was in range 15:1–25:1 (Figure 3). In contrast, the epimer ratio of AETMA-
tagged 1 was approximately 1:1 (Figure S1). To test the effect of the derivatization on
instrument sensitivity, we diluted a CTX-containing fish extract (sample L) with variable
proportions of an extract that did not contain detectable amounts of 1 (sample N) (Figure 4).
Without derivatization, we were able to detect 1 in a mixture comprised of 20% sample-L in
sample-N using LC–HRMS method 1, whereas after GRT derivatization we could reliably
detect 1 (as derivative 4) in a mixture comprised of 1% sample-L in sample-N. The signal
enhancements observed in the dilution study (Figure 4) suggest that derivatization of 1
with GRT resulted in an approximately 17-fold increase in analyte peak area, consistent
with the enhancements observed for the five selected extracts (samples A–D, and L) in
Table 2. However, Table 2 also shows that the apparent signal enhancement for the different
samples was somewhat variable (peak area increase by a factor of ~8–23). Thus, for routine
applications, the achieved signal enhancement should be validated and refined. The
observed variation of the signal enhancement for 1 via derivatization with GRT can in part
be explained by very low peak areas for 1 in some cases, as well as variable matrix effects
between samples by MS analysis.

2.3. Application of Reductive Amination of 1 for LC–MS/MS Based Analysis

Product ion spectra of 4 were evaluated both using HRMS/MS (Figure S9), and on
a triple quadrupole mass spectrometer to establish the applicability of this derivatiza-
tion on low resolution instrumentation. The product ion observed was the quaternary
trimethylammonium ion at m/z 60.4 which retained the positive charge (Figure 5). No
other product ions were observed across the mass range and collision energy limits of the
instrument; therefore this ion was selected for the MRM transition of 4. LC–MS/MS source-
and compound-specific conditions were optimized to ensure high sensitivity of 4 based on
this transition.
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Table 2. Peak areas for C-CTX-1 (1) prior to derivatization, and of C-CTX-1-GRT (4) after reductive
amination with GRT (n = 3) using derivatization method 1A and LC–HRMS method 1. Peak areas are
from extracted ion chromatograms for 1 ([M+H–H2O]+), its GRT derivative 4 ([M]+), and 2 ([M+H]+),
using LC–HRMS method 1.

Tissue Equiv.
(g/mL)

Peak Areas before Derivatization Peak Areas after Derivatization Signal
EnhancementC-CTX-1 (1) C-CTX-3/4 (2) C-CTX-1-GRT (4) C-CTX-3/4 (2)

Sample A 40 2.58 × 105 2.00 × 104 3.48 × 106 4.53 × 104 13.5
Sample B 40 4.18 × 105 7.48 × 104 5.43 × 106 1.01 × 105 13.0
Sample C 40 5.06 × 105 8.06 × 104 7.37 × 106 1.13 × 105 14.6
Sample D 40 2.71 × 106 4.60 × 105 4.95 × 107 6.81 × 105 18.2
Sample E 24 6.12 × 103 (1.32 × 103) a 1.38 × 105 (1.62 × 103) a 22.6
Sample F 24 1.59 × 104 (2.64 × 103) a 2.88 × 105 (4.84 × 103) a 18.1
Sample G 24 2.35 × 104 (2.89 × 103) a 2.82 × 105 (4.18 × 103) a 12.0
Sample H 168 (2.25 × 103) a (1.61 × 103) a 2.43 × 104 (1.45 × 103) a 10.8
Sample I 184 (4.73 × 102) a - 7.97 × 103 - 16.8
Sample J 25.2 (4.82 × 103) a - 4.51 × 104 - 9.4
Sample K 24.2 9.32 × 103 - 7.08 × 104 - 7.6
Sample L 10 2.43 × 105 2.87 × 104 3.82 × 106 4.69 × 104 15.7
Sample N 10 0 0 0 0 -

a Peak areas in parentheses were below the LOQ, which was estimated to be 5 × 103 for a signal-to-noise ratio
(S/N) of 10.
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Figure 4. Instrument response achieved either by direct LC–HRMS analysis ((a), derivatization
method 1A; (b), derivatization method 1B on the right) for 1 (m/z 1123.6200) of C-CTX-1-containing
fish extracts (squares, blue dashed line) before, or for 4 (m/z 1256.7415) after, GRT derivatization
(circles, green full line) using derivatization method 1. The data were obtained by mixing extracts
of sample-L (0%, 1%, 5%, 20%, 50%, and 100%) with negative control fish extract-N, and show an
increase of about 17-fold (a) (left) and 19-fold (b) in sensitivity after reductive amination with GRT.
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Chromatographic comparison of the underivatized sample D, diluted to be consistent
with the GRT-derivatized solution, revealed a significant enhancement in instrument sensi-
tivity. The peak area response was 40 times higher for 4 compared to 1 in the underivatized
sample (Figure S10). GRT-derivatized sample D was serially diluted with MeOH, and 4
was detected in all but the lowest dilution. The 1/1000-fold dilution gave a S/N of 80,
which is well above recommendations for quantitation, while the peak detected in the 1/10
000-fold dilution had a S/N of 5, suggesting that it is above the limit of detection, but below
quantitation levels. Linear response was confirmed with the serially diluted samples, with
a linear range over several orders of magnitude from the non-diluted sample down to the
1/1000-fold diluted sample (Figure 6), and repeatability of replicate injections (n = 3) had
a relative standard deviation of 0.5% in sample D. Given the lack of reference standards
of C-CTXs, it is not possible to definitively assign a linear range or quantitative detection
limit, but this data suggests the applicability of this derivatization technique to detect the
presence of low levels of C-CTXs using low resolution mass spectrometers.
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3. Conclusions

Reductive amination is a promising strategy for improving the signal response for
C-CTX-1 in mass spectrometry-based detection. Adding a fixed charge to C-CTX-1 via
derivatization with GRT increased instrument response by more than an order of magnitude.
For routine applications, the derivatization reaction must be validated, especially with
regard to matrix effects for determination of 1 and 4, which will influence the apparent
signal enhancement across different samples. Such a validation requires access to analytical
standards and/or characterized reference materials. GRT was superior to AETMA, since
the pair of epimeric GRT-derivatized products showed a large predominance of one epimer,
which is an advantage for signal enhancement. Moreover, derivatization with GRT in
MeOH–TFA did not result in the detectable formation of the methyl ketal by-product 5
under optimized conditions. Derivatization of 1 with GRT eliminated the possibility of
on-column epimerization of the N-ring hemiketal moiety observed for 1, and consequently
the derivatization products were resolved as sharp symmetrical peaks not only on a
pentafluorophenyl-propyl column, but also on an ODS LC column. Application of the
derivatization reaction allowed reliable detection of 1 by LC–HRMS in fish tissue, and
the reaction of 1 to form 4 provides additional confirmatory evidence of the presence of
C-CTX-1 in complex matrices.

4. Materials and Methods
4.1. Chemicals and Reagents

Methanol (gradient quality) was from Romil Ltd. (Cambridge, UK). Acetone, water, hex-
ane, chloroform, and dichloromethane used in extractions were all HPLC grade from Fisher
Scientific (Hampton, NH, USA). Acetonitrile and water for instrumental analyses were Optima
LC–MS grade (Fisher Scientific). Trifluoroacetic acid (TFA) (≥99.0%), formic acid (for LC–MS
LiChropur, 97.5–98.5%), 2-methylpyridine borane complex (2PBC) (95%), sodium cyanoboro-
hydride (reagent grade, 95%), 2-methoxyethanol (ReagentPlus, ≥99.0%), 1-butanol (ACS
reagent, ≥99.4%), Girard′s reagent T (GRT, (hydrazinocarbonylmethyl)trimethylammonium
chloride, LiChropur, 99.0–101.0%), and (2-aminoethyl)trimethylammonium chloride hy-
drochloride (AETMA) (99%) were from Sigma–Aldrich (St. Louis, MO, USA).
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4.2. Sample Collection, Preparation, and Extraction

A variety of high trophic level fish including independent specimens of Scomberomorus
cavalla, Scomberomorus regalis, and Sphyraena barracuda were collected on hook and line from
St. Thomas, U.S., Virgin Islands, Puerto Rico, and Dauphin Island, Alabama, USA from
2016–2020 and used in this study (Table 3). All fish species were identified based on known
morphological characteristics upon collection and stored on ice until return to the laboratory.
Fish were then dissected within 4 h, or frozen whole until dissection could be conducted
in a controlled laboratory environment. Muscle tissue was obtained from each side of the
fish and all bones, skin, scales, and connective tissue removed. Excised muscle tissue was
gently rinsed in deionized water and blotted dry with paper towels before homogenizing
in a heavy duty air-cooled stainless steel meat grinder (STX-4000-TB2-PD fitted with a
small grinding plate with 88 × 4 mm diameter holes; STX International, Lincoln, NE, USA).
Individual samples were passed through the grinder at least three times, mixing tissue well
between processing steps. Homogenized tissue was subsampled and stored at−20 ◦C until
toxin extraction. All components of the grinder were soaked in warm water, then washed
three times (detergent in water, 10% bleach solution, and water), and sterilized thoroughly
between samples with 70% (v/v) isopropanol in water. Process controls (verified negative
fish) were passed through the system periodically to evaluate crossover, which was not
detected. To ensure consistency in sample identification from field identification and
subsequent partitioning and subsampling of tissues, all samples were further identified by
DNA barcoding methods [60] immediately prior to use. Reported species identifications for
all samples used in this study (Table 3) included positive identification by morphometric
and DNA barcoding methods.

Samples were extracted using one of three methods (Table 2). Extraction 1: Approxi-
mately 50 g of homogenized tissue was weighed and extracted in cold acetone (5 mL/g;
250 mL) in a stainless steel explosion-proof blender (Waring, McConnellsburg, PA, USA)
at 8000 rpm, then quantitatively transferred and filtered through Whatman filter papers
(20–25 µm, #4, and; 2.5 µm, #5, stacked on top of each other) in a Büchner funnel under
light vacuum. The residual tissue recovered from the filters was then extracted an ad-
ditional two times with 250 mL acetone, and filtrates from individual fish were pooled
separately and stored at −20 ◦C in a sealed glass container overnight. Samples were
subsequently re-filtered (Whatman #5; 2.5 µm) to remove protein and lipid precipitates,
and rotary evaporated (Heidolph; Wood Dale, IL, USA) at 45 ◦C. The dried residues were
then dissolved in 200 mL 80% aqueous MeOH and partitioned twice with an equal vol-
ume of hexane (200 mL). The methanolic phase was then adjusted to 50% by addition of
120 mL water (320 mL total extract volume), partitioned with chloroform (3 × 0.5 vol.;
160 mL), and the chloroform phase was rotary evaporated. Dried residues were dissolved
in dichloromethane (5 mL) to transfer from the round bottom flasks and quantitatively
transferred to glass tubes, evaporated under a stream of nitrogen at 35 ◦C, and stored at
−20 ◦C. Final dried residues were diluted in 2 mL dichloromethane prior to SPE. Excessive
frothing of the extract was observed during the initial phase of rotary evaporation (presum-
ably caused by increased lipid extraction by acetone compared to MeOH), so a modified
procedure (Extraction 2) was developed.

Extraction 2: Fish tissue homogenates (approx. 50 g) were weighed and extracted in
MeOH (5 mL/g; 250 mL total), yielding an extract with approximately 15% water in the
crude extract derived from the fish tissue (i.e., approx. 37.5 mL water from a 50 g sample).
The wet tissue derived water was estimated from mean weights pre- and post-freeze-drying
in parallel experiments with those fish species that consistently showed a 75% water loss
(data not shown). Tissue was separated by filtration as described for Extraction 1 and
extracted a second time with 80% aq. MeOH at the original tissue to solvent ratio (250 mL).
Filtrates from both extractions were pooled (500 mL at ~82.5%) for each fish sample and the
volume adjusted with 15 mL water to bring the MeOH content of the extract to approx. 80%
(515 mL). The extracts were immediately partitioned with hexane (2 × 0.6 vol.; 309 mL) and
the hexane discarded. The water content of the methanolic phase was adjusted with water
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to 50% (309 mL added, total volume 824 mL), and the extracts were further partitioned
with dichloromethane (3 × 0.5 vol.; 412 mL). The dichloromethane phases were collected,
pooled, and rotary evaporated at 35 ◦C. Dried residues were dissolved in dichloromethane
(5 mL), quantitatively transferred to glass tubes, evaporated under a stream of nitrogen at
35 ◦C, and stored at −20 ◦C. Prior to SPE, residues were diluted in 2 mL dichloromethane.
Extraction method 2 expedited the partitioning and evaporation steps).

Table 3. Sample ID and origin of fish prepared and analyzed in this study. Note that different sample
IDs for the same species from a given region refer to independent fish.

Sample ID Genus. Species a Common
Name

Region of
Collection

Extraction
Method

MTT-N2a Screening c

20 mg TE 2 mg TE

A S. cavalla King Mackerel St. Thomas,
USVI 1 (+) (−)

B S. regalis Cero Mackerel St. Thomas,
USVI 1 (+) (+)

C S. barracuda Great
barracuda

St. Thomas,
USVI 1 (+) (+)

D S. barracuda Great
barracuda

St. Thomas,
USVI 1 (+) (+)

E S. cavalla King Mackerel Puerto Rico 2 (+) (−)

F S. cavalla King Mackerel Puerto Rico 2 (+) (−)

G S. cavalla King Mackerel Puerto Rico 2 (+) (−)

H S. barracuda Great
barracuda

St. Thomas,
USVI 2 (+) (+)

I S. barracuda Great
barracuda

St. Thomas,
USVI 2 (+) (+)

J S. barracuda Great
barracuda

St. Thomas,
USVI VI 2 (+) (+)

K S. cavalla King Mackerel St. Thomas,
USVI VI 2 (+) (−)

L S. barracuda Great
barracuda

St. Thomas,
USVI Virgin

Islands
1 (+) (+)

N b S. barracuda Great
barracuda

Dauphin Island,
US 3 (−) (−)

a Species identification by morphometric and barcoding methods. b Negative sample. c MTT-N2A performed in a
screening format at 20 mg and 2 mg tissue equivalent (mgTE) doses, performed as previously reported [17,32].
Non-specific activity was not detected in any sample, and thus ouabain–veratrine-sensitized response is reported.
Positive CTX-like response exceeding 30% reduction in cell viability compared to controls is indicated by a (+)
and responses below this threshold are indicated with (−).

Extraction 3: Extraction was performed using freeze-dried and powdered S. barracuda
(sample N) that had been verified by MTT-N2a and LC–MS/MS as not possessing ciguatoxic
activity or containing 1, respectively (data not shown). An aliquot (5 g dry weight; note:
equivalent to 20 g wet weight as measured pre- and post- freeze dry) was suspended in
10 mL acetone–water (3:1, v/v) and gently shaken on an orbital shaker for 20 h at ambient
temperature (~22 ◦C). The mixture was centrifuged at 15,000× g for 5 min, and the extract
was evaporated to dryness under a stream of nitrogen at 60 ◦C. The residue was dissolved
in 1 mL MeOH, partitioned with hexane (3 × 1 mL), then evaporated to dryness (60 ◦C,
nitrogen), and finally diluted in 2 mL dichloromethane prior to SPE.

SPE fractionation: The dichloromethane solutions were loaded by gravity onto Silica
SPE cartridges (Agilent Bond Elut, 1 g, 6 mL, 40 µm; Santa Clara, CA, USA), preconditioned
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with three column volumes (18 mL) each of MeOH and then dichloromethane (18 mL).
Sample vials were then washed with 500 µL dichloromethane an additional two times
to ensure quantitative transfer and the combined 1 mL wash loaded onto the column by
gravity. After washing the SPE bed with two column-volumes of dichloromethane (12 mL),
samples were eluted with 18 mL 10% MeOH in dichloromethane, and the resultant fraction
evaporated under a gentle stream of nitrogen at 40 ◦C. Prior to bioassay analysis, the SPE
fractions of each sample were standardized to 10–184 g/mL tissue equivalents relative
to the original fish tissue (Table 2) by dilution with MeOH. Aliquots from these were
further diluted to 20 and 2 mg tissue equivalents (mgTE) and screened in the MTT-N2a
assay as described elsewhere [17]. Since an MTT-N2a method comparison was not the
focus of this study, samples were analyzed in a screening format (positive vs. non-detect)
to simply verify CTX-like activity of extracts confirmed to contain C-CTXs by LC-HRMS.
Characteristic CTX-like activity was evaluated in cells co-treated with ouabain and veratrine
and considered positive if >30% loss in cell viability was observed compared to controls.
Screening data below the 30% threshold at the stated dose was noted as a non-detect.
Non-specific activity was evaluated in cells co-treated with PBS (no ouabain or veratrine)
to monitor for potential matrix effects, but was not observed at the doses tested.

4.3. Derivatization of C-CTX-1 (1) in Fish Extracts

As pure reference materials were not available for method optimization, we selected
five fish extracts (samples A–D and L) based on MTT–N2a screening. These were then
shown to contain 1 and C-CTX-3/-4 (2) by LC–HRMS and comparison to authenticated
extracts containing 1 and 2 that were available from previous work [17].

Derivatization methods 1A and 1B. To C-CTX-containing extracts (15 µL, equivalent to
0.15–2.76 g fish tissue) the following were added in the order listed: GRT (25 µL; 20 mg/mL
in MeOH), 2PBC (15 µL; 10 mg/mL in MeOH), and 6 µL of TFA (Method 1A) or formic
acid (Method 1B). Mixtures were left to react for 2 h at 60 ◦C.

Derivatization method 2. To C-CTX-containing extracts (15 µL; as above) the follow-
ing reagents were added: GRT (7.5 µL; 1 mg/mL in MeOH), and formic acid in water
(15 µL; 2.5% v/v). The mixture was shaken for 18 h at 20 ◦C, and thereafter sodium
cyanoborohydride (7.5 µL; 2 mg/mL in MeOH) was added and allowed to react for 4 h at
40 ◦C.

Derivatization method 3. To C-CTX-containing extracts (15 µL; as above) the following
were added in order: AETMA (25 µL; 10 mg/mL in water), 2PBC (15 µL; 10 mg/mL in
MeOH), and acetic acid (6 µL). Mixtures were allowed to react for 2 h at 60 ◦C (Figure 2).

In general, reaction mixtures were analyzed by LC–HRMS method 1 immediately after
derivatization, and without further purification. Derivatized samples were stored at−20 ◦C
and were stable for several weeks based on re-analyses over time. For determination of MS
signal enhancement, untreated fish extracts were diluted with MeOH to obtain the same
concentration as in the reaction mixtures and analyzed by LC–HRMS method 1 alongside
the derivatized aliquots. Control samples and reaction mixtures were stored at −20 ◦C and
analyzed in three technical replicates.

4.4. LC–HRMS and LC–MS/MS

LC–HRMS method 1. This method was used for qualitative analyses of the products
from the derivatization reaction, and to determine the signal enhancement. Analyses
were performed on a Vanquish Horizon UHPLC instrument connected to a Q-Exactive
Hybrid Quadrupole–Orbitrap mass spectrometer, equipped with a HESI-II heated elec-
trospray interface (all Thermo Fisher Scientific, Waltham, MA, USA). Extracts containing
C-CTXs and reaction mixtures (3 µL injections) were separated on a Kinetex F5 column
(100 mm × 2.1 mm i.d., 1.7 µm; Phenomenex, Torrance, CA, USA). Analytes were eluted
at 0.3 mL/min and 30 ◦C with a linear gradient of mobile phases A (0.1% formic acid in
acetonitrile–water, 5:95, v/v) and B (0.1% formic acid in acetonitrile–water, 95:5, v/v), from
20% to 50% B over 14 min, followed by a column flush with 99% B for 3 min, and then
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returned to 20% B and equilibrated for 3 min. The mass spectrometer was set to full-scan in
the mass range m/z 1050–1350 in positive ionization mode. Other important instrument
parameters included mass resolution set to 140,000 (at 200 m/z), target ion count automatic
gain control set to 1 × 106, maximum ion inject time of 512 ms, an S-lens RF level of 100%,
and an ESI voltage of 3.0 kV.

LC–HRMS method 2. This was identical to LC–HRMS method 1 except that a Kinetex
EVO C18 column (100 mm × 2.1 mm i.d., 1.7 µm; Phenomenex) was used, and the gradient
was adjusted to rise from 20% to 60% B over 14 min. This method was used to verify
the performance of octadecylsilane (ODS) LC columns for the analysis of the derivatized
extracts.

LC–MS/MS method. Analyses were performed on an Agilent 1290 Infinity II LC coupled
to a 6495B mass spectrometer (Agilent Technologies, Missisauga, ON, Canada). Separation
conditions were identical to LC–HRMS method 1. The mass spectrometer was set to MRM
mode evaluating the transitions for 1 (m/z 1123.6→ 1105.6, CE 25 eV), 2 (m/z 1143.6→
1107.6, CE 25 eV), and 4 (m/z 1256.7→ 60.4, CE 67 eV), with dwell times of 200 ms. Source
conditions were as follows: gas temperature 220 ◦C, gas flow 11 L/min, nebulizer pressure
20 psi, sheath gas heater 400 ◦C, sheath gas flow 12 L/min, capillary 4000 V, nozzle voltage
0 V, high pressure RF 210, and low pressure RF 120.

4.5. Estimation of LC–HRMS and LC–MS/MS Signal Enhancement for 1 via Reductive Amination
with GRT

The LC–HRMS signal enhancement for samples was calculated from extracted ion
chromatograms (±5 ppm) as the ratio of the area of the base peak (PA) of the main epimer
of C-CTX-1–GRT (4, [M]+, m/z 1256.7415) after derivatization and the peak area of the base
peak of 1 (m/z [M+H–H2O]+, 1123.6200) in the corresponding untreated control sample
(after dilution to make the concentration directly comparable to that of the derivatized
sample):

Signal enhancement = PA (4)/PA (1)

To further evaluate the sensitivity enhancement, and the degree to which detection of
low levels of 1 in fish extracts can be improved by the derivatization procedure, dilutions of
C-CTX-containing sample A were prepared in negative sample N (0%, 1%, 5%, 20%, 50%,
and 100%). Derivatized (derivatization method 1A and method 1B) and non-derivatized
aliquots of these mixtures were analyzed using LC–HRMS method 1.

In order to evaluate the performance of the reductive amination procedure for a
tandem quadrupole mass spectrometer method, non-derivatized sample D was analyzed
against the derivatized sample. The peak areas corresponding to the transitions for 1 and
4 were compared. Serial dilutions of the GRT-derivatization solution for sample D were
prepared at 10-, 100-, 1000-, 10,000-, and 100,000-fold dilutions with MeOH to evaluate
instrument response, sensitivity, and linearity. Instrument repeatability was assessed by
injecting triplicate injections of GRT-derivatized sample D.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14060399/s1, Figure S1: LC–HRMS chromatograms following
derivatization of 1 with AETMA; Figure S2: Derivatization under non-optimized conditions showing
by-products; Figure S3: Comparison of full-MS LC–HRMS spectra of 5 and 1; Figure S4: LC–HRMS
chromatograms for C-56 alkoxy-ketals obtained from reaction of 1 with different alcohols in the
presence of TFA; Figure S5: HRMS spectrum for C-56 methoxyethyl ketal; Figure S6: LC–HRMS
chromatograms of 4 using different derivatization methods (1A and 1B); Figure S7: LC–HRMS
chromatograms of 4 using derivatization methods 1A and 1B and different LC gradients; Figure S8:
LC–HRMS chromatograms of 1 and 4 using a Kinetex F5 and Kinetex EVO C18 UHPLC column;
Figure S9: LC–HRMS/MS product ion spectrum from HCD of the [M]+ ions of 4; Figure S10: Overlaid
LC–MS/MS chromatograms of Sample D and the GRT-derivatized solution of Sample D; Table S1A–D:
Reaction conditions during initial optimization.

https://www.mdpi.com/article/10.3390/toxins14060399/s1
https://www.mdpi.com/article/10.3390/toxins14060399/s1


Toxins 2022, 14, 399 14 of 16

Author Contributions: Conceptualization, F.K., C.O.M. and S.U.; methodology, F.K., E.M.M., C.O.M.,
S.V.G. and S.U.; validation, F.K. and E.M.M.; investigation, F.K., A.R., E.M.M., S.V.G. and S.U.;
resources, A.R. and S.U.; data curation, F.K., S.V.G. and E.M.M.; writing—original draft preparation,
F.K. and S.U.; writing—review and editing, A.R., E.M.M. and C.O.M.; visualization, F.K. and E.M.M.;
supervision, F.K.; project administration, S.U.; funding acquisition, A.R. and S.U. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was part of the CiguaPIRE project funded by The National Science Foundation
Partnerships in International Research and Education program (1743802 to Alison Robertson) and
The Research Council of Norway, grant number 279247 (to Silvio Uhlig).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All necessary data are shown either in the manuscript or the Supple-
mentary Materials.

Acknowledgments: We are grateful to Sarah de Saeger from the Department of Bioanalysis at Ghent
University, Belgium, for supporting this project as the promoter of the Master’s thesis of Soetkien
Van Gothem.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lewis, R.J. The changing face of ciguatera. Toxicon 2001, 39, 97–106. [CrossRef]
2. Bagnis, R.; Chanteau, S.; Chungue, E.; Hurtel, J.M.; Yasumoto, T.; Inoue, A. Origins of ciguatera fish poisoning: A new

dinoflagellate, Gambierdiscus toxicus Adachi and Fukuyo, definitively involved as a causal agent. Toxicon 1980, 18, 199–208.
[CrossRef]

3. Laza-Martinez, A.; David, H.; Riobo, P.; Miguel, I.; Orive, E. Characterization of a strain of Fukuyoa paulensis (Dinophyceae) from
the Western Mediterranean Sea. J. Eukaryot. Microbiol. 2016, 63, 481–497. [CrossRef] [PubMed]

4. Rhodes, L.; Harwood, T.; Smith, K.; Argyle, P.; Munday, R. Production of ciguatoxin and maitotoxin by strains of Gambierdiscus
australes, G. pacificus and G. polynesiensis (Dinophyceae) isolated from Rarotonga, Cook Islands. Harmful Algae 2014, 39, 185–190.
[CrossRef]

5. Yasumoto, T.; Nakajima, I.; Oshima, Y.; Bagnis, R. New toxic dinoflagellate found in association with ciguatera. Dev. Mar. Biol.
1979, 1, 65–70.

6. Adachi, R.; Fukuyo, Y. The thecal structure of a marine toxic dinoflagellate Gambierdiscus toxicus gen. et sp. nov. collected in a
ciguatera endemic area. Bull. Jpn. Soc. Sci. Fish. 1979, 45, 67–71. [CrossRef]

7. Food and Agriculture Organization of the United Nations and World Health Organization. Report of the expert meeting on
ciguatera poisoning: Rome, 19–23 November 2018. Food Saf. Qual. Ser. 2020, 9, 133. [CrossRef]

8. Murata, M.; Legrand, A.M.; Ishibashi, Y.; Yasumoto, T. Structures of ciguatoxin and its congener. J. Am. Chem. Soc. 1989, 111,
8929–8931. [CrossRef]

9. Satake, M.; Murata, M.; Yasumoto, T. The structure of CTX3C, a ciguatoxin congener isolated from cultured Gambierdiscus toxicus.
Tetrahedron Lett. 1993, 34, 1975–1978. [CrossRef]

10. Pasinszki, T.; Lako, J.; Dennis, T.E. Advances in detecting ciguatoxins in fish. Toxins 2020, 12, 494. [CrossRef]
11. Hamilton, B.; Hurbungs, M.; Vernoux, J.P.; Jones, A.; Lewis, R.J. Isolation and characterisation of Indian Ocean ciguatoxin. Toxicon

2002, 40, 685–693. [CrossRef]
12. Hamilton, B.; Hurbungs, M.; Jones, A.; Lewis, R.J. Multiple ciguatoxins present in Indian Ocean reef fish. Toxicon 2002, 40,

1347–1353. [CrossRef]
13. Diogène, J.; Reverté, L.; Rambla-Alegre, M.; del Río, V.; de la Iglesia, P.; Campàs, M.; Palacios, O.; Flores, C.; Caixach, J.; Ralijaona,

C.; et al. Identification of ciguatoxins in a shark involved in a fatal food poisoning in the Indian Ocean. Sci. Rep. 2017, 7, 8240–8247.
[CrossRef] [PubMed]

14. Vernoux, J.P.; Lewis, R.J. Isolation and characterisation of Caribbean ciguatoxins from the horse-eye jack (Caranx latus). Toxicon
1997, 35, 889–900. [CrossRef]

15. Pottier, I.; Vernoux, J.P.; Jones, A.; Lewis, R.J. Characterisation of multiple Caribbean ciguatoxins and congeners in individual
specimens of horse-eye jack (Caranx latus) by high-performance liquid chromatography/mass spectrometry. Toxicon 2002, 40,
929–939. [CrossRef]

16. Lewis, R.J.; Sellin, M.; Poli, M.A.; Norton, R.S.; Macleod, J.K.; Sheil, M.M. Purification and characterization of ciguatoxins from
moray eel (Lycodontis-Javanicus, Muraenidae). Toxicon 1991, 29, 1115–1127. [CrossRef]

17. Kryuchkov, F.; Robertson, A.; Miles, C.O.; Mudge, E.M.; Uhlig, S. LC-HRMS and chemical derivatization strategies for the
structure elucidation of caribbean ciguatoxins: Identification of C-CTX-3 and -4. Mar. Drugs 2020, 18, 182. [CrossRef]

http://doi.org/10.1016/S0041-0101(00)00161-6
http://doi.org/10.1016/0041-0101(80)90074-4
http://doi.org/10.1111/jeu.12292
http://www.ncbi.nlm.nih.gov/pubmed/26686980
http://doi.org/10.1016/j.hal.2014.07.018
http://doi.org/10.2331/suisan.45.67
http://doi.org/10.665/332640
http://doi.org/10.1021/ja00206a032
http://doi.org/10.1016/S0040-4039(00)91978-6
http://doi.org/10.3390/toxins12080494
http://doi.org/10.1016/S0041-0101(01)00259-8
http://doi.org/10.1016/S0041-0101(02)00146-0
http://doi.org/10.1038/s41598-017-08682-8
http://www.ncbi.nlm.nih.gov/pubmed/28811602
http://doi.org/10.1016/S0041-0101(96)00191-2
http://doi.org/10.1016/S0041-0101(02)00088-0
http://doi.org/10.1016/0041-0101(91)90209-A
http://doi.org/10.3390/md18040182


Toxins 2022, 14, 399 15 of 16

18. Lewis, R.J.; Vernoux, J.P.; Brereton, I.M. Structure of Caribbean ciguatoxin isolated from Caranx latus. J. Am. Chem. Soc. 1998, 120,
5914–5920. [CrossRef]

19. Yasumoto, T.; Igarashi, T.; Legrand, A.M.; Cruchet, P.; Chinain, M.; Fujita, T.; Naoki, H. Structural elucidation of ciguatoxin
congeners by fast-atom bombardment tandem mass spectroscopy. J. Am. Chem. Soc. 2000, 122, 4988–4989. [CrossRef]

20. Pérez-Arellano, J.L.; Luzardo, O.P.; Brito, A.P.; Cabrera, M.H.; Zumbado, M.; Carranza, C.; Angel-Moreno, A.; Dickey, R.W.;
Boada, L.D. Ciguatera fish poisoning, Canary Islands. Emerg. Infect. Dis. 2005, 11, 1981–1982. [CrossRef]

21. Loeffler, C.R.; Robertson, A.; Quintana, H.A.F.; Silander, M.C.; Smith, T.B.; Olsen, D. Ciguatoxin prevalence in 4 commercial fish
species along an oceanic exposure gradient in the US Virgin Islands. Environ. Toxicol. Chem. 2018, 37, 1852–1863. [CrossRef]
[PubMed]

22. Sanchez-Henao, A.; García-Álvarez, N.; Sergent, F.S.; Estévez, P.; Gago-Martínez, A.; Martín, F.; Ramos-Sosa, M.; Fernández, A.;
Diogène, J.; Real, F. Presence of CTXs in moray eels and dusky groupers in the marine environment of the Canary Islands. Aquat.
Toxicol. 2020, 221, 105427. [CrossRef] [PubMed]

23. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Meth. 1983, 65, 55–63. [CrossRef]

24. Manger, R.L.; Leja, L.S.; Lee, S.Y.; Hungerford, J.M.; Wekell, M.M. Tetrazolium-based cell bioassay for neurotoxins active on
voltage-sensitive sodium channels: Semiautomated assay for saxitoxins, brevetoxins, and ciguatoxins. Anal. Biochem. 1993, 214,
190–194. [CrossRef]

25. Manger, R.L.; Leja, L.S.; Lee, S.Y.; Hungerford, J.M.; Hokama, Y.; Dickey, R.W.; Granade, H.R.; Lewis, R.; Yasumoto, T.; Wekell,
M.M. Detection of sodium-channel toxins: Directed cytotoxicity assays of purified ciguatoxins, brevetoxins, saxitoxins, and
seafood extracts. J. AOAC Int. 1995, 78, 521–527. [CrossRef]

26. Viallon, J.; Chinain, M.; Darius, H.T. Revisiting the neuroblastoma cell-based assay (CBA-N2a) for the improved detection of
marine toxins active on voltage gated sodium channels (VGSCs). Toxins 2020, 12, 281. [CrossRef]

27. Humpage, A.R.; Ledreux, A.; Fanok, S.; Bernard, C.; Briand, J.F.; Eaglesham, G.; Papageorgiou, J.; Nicholson, B.; Steffensen, D.
Application of the neuroblastoma assay for paralytic shellfish poisons to neurotoxic freshwater cyanobacteria: Interlaboratory
calibration and comparison with other methods of analysis. Environ. Toxicol. Chem. 2007, 26, 1512–1519. [CrossRef]

28. Caillaud, A.; Yasumoto, T.; Diogène, J. Detection and quantification of maitotoxin-like compounds using a neuroblastoma
(Neuro-2a) cell based assay. Application to the screening of maitotoxin-like compounds in Gambierdiscus spp. Toxicon 2010, 56,
36–44. [CrossRef]

29. Darius, H.T.; Ponton, D.; Revel, T.; Cruchet, P.; Ung, A.; Fouc, M.T.; Chinain, M. Ciguatera risk assessment in two toxic sites of
French Polynesia using the receptor-binding assay. Toxicon 2007, 50, 612–626. [CrossRef]

30. Reverté, L.; Toldrà, A.; Andree, K.B.; Fraga, S.; de Falco, G.; Campàs, M.; Diogène, J. Assessment of cytotoxicity in ten strainsof
Gambierdiscus australes from Macaronesian Islands by neuro-2a cell-based assays. J. Appl. Phycol. 2018, 30, 2447–2461. [CrossRef]

31. Chinain, M.; Darius, H.T.; Ung, A.; Cruchet, P.; Wang, Z.H.; Ponton, D.; Laurent, D.; Pauillac, S. Growth and toxin production in
the ciguatera-causing dinoflagellate Gambierdiscus polynesiensis (Dinophyceae) in culture. Toxicon 2010, 56, 739–750. [CrossRef]
[PubMed]

32. Liefer, J.D.; Richlen, M.L.; Smith, T.B.; DeBose, J.L.; Xu, Y.; Anderson, D.M.; Robertson, A. Asynchrony of Gambierdiscus spp.
abundance and toxicity in the U.S. Virgin Islands: Implications for monitoring and management of ciguatera. Toxins 2021, 13, 413.
[CrossRef] [PubMed]

33. Robertson, A.; Garcia, A.C.; Quintana, H.A.F.; Smith, T.B.; Castillo, B.F.; Reale-Munroe, K.; Gulli, J.A.; Olsen, D.A.; Hooe-Rollman,
J.I.; Jester, E.L.E.; et al. Invasive lionfish (Pterois volitans): A potential human health threat for ciguatera fish poisoning in tropical
waters. Mar. Drugs 2014, 12, 88–97. [CrossRef] [PubMed]

34. Costa, P.R.; Estévez, P.; Soliño, L.; Castro, D.; Rodrigues, S.M.; Timoteo, V.; Leao-Martins, J.M.; Santos, C.; Gouveia, N.; Diogène, J.;
et al. An update on ciguatoxins and CTX-like toxicity in fish from different trophic levels of the Selvagens Islands (NE Atlantic,
Madeira, Portugal). Toxins 2021, 13, 580. [CrossRef]

35. Chan, W.H.; Mak, Y.L.; Wu, J.J.; Jin, L.; Sit, W.H.; Lam, J.C.W.; de Mitcheson, Y.S.; Chan, L.L.; Lam, P.K.S.; Murphy, M.B. Spatial
distribution of ciguateric fish in the Republic of Kiribati. Chemosphere 2011, 84, 117–123. [CrossRef]

36. O’Toole, A.C.; Dechraoui Bottein, M.-Y.; Danylchuk, A.J.; Ramsdell, J.S.; Cooke, S.J. Linking ciguatera poisoning to spatial ecology
of fish: A novel approach to examining the distribution of biotoxin levels in the great barracuda by combining non-lethal blood
sampling and biotelemetry. Sci. Total Environ. 2012, 427, 98–105. [CrossRef]

37. U.S. Department of Health and Human Services. Food and Drug Administration Center for Food Safety and Applied Nutrition: Fish and
Fishery Products Hazards and Controls Guidance, 4th ed.; U.S. Department of Health and Human Services: Washington, DC, USA, 2021.

38. EFSA Panel on Contaminants in the Food Chain. Scientific opinion on marine biotoxins in shellfish-emerging toxins: Ciguatoxin
group. EFSA J. 2010, 8, 1627–1664. [CrossRef]

39. Dechraoui Bottein, M.-Y.; Tiedeken, J.A.; Persad, R.; Wang, Z.H.; Granade, H.R.; Dickey, R.W.; Ramsdell, J.S. Use of two detection
methods to discriminate ciguatoxins from brevetoxins: Application to great barracuda from Florida Keys. Toxicon 2005, 46,
261–270. [CrossRef]

40. Louzao, M.C.; Vieytes, M.R.; Yasumoto, T.; Botana, L.M. Detection of sodium channel activators by a rapid fluorimetric microplate
assay. Chem. Res. Toxicol. 2004, 17, 572–578. [CrossRef]

http://doi.org/10.1021/ja980389e
http://doi.org/10.1021/ja9944204
http://doi.org/10.3201/eid1112.050393
http://doi.org/10.1002/etc.4137
http://www.ncbi.nlm.nih.gov/pubmed/29710376
http://doi.org/10.1016/j.aquatox.2020.105427
http://www.ncbi.nlm.nih.gov/pubmed/32044545
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1006/abio.1993.1476
http://doi.org/10.1093/jaoac/78.2.521
http://doi.org/10.3390/toxins12050281
http://doi.org/10.1897/06-064R1.1
http://doi.org/10.1016/j.toxicon.2010.03.012
http://doi.org/10.1016/j.toxicon.2007.05.007
http://doi.org/10.1007/s10811-018-1456-8
http://doi.org/10.1016/j.toxicon.2009.06.013
http://www.ncbi.nlm.nih.gov/pubmed/19540257
http://doi.org/10.3390/toxins13060413
http://www.ncbi.nlm.nih.gov/pubmed/34200870
http://doi.org/10.3390/md12010088
http://www.ncbi.nlm.nih.gov/pubmed/24378919
http://doi.org/10.3390/toxins13080580
http://doi.org/10.1016/j.chemosphere.2011.02.036
http://doi.org/10.1016/j.scitotenv.2011.11.053
http://doi.org/10.2903/j.efsa.2010.1627
http://doi.org/10.1016/j.toxicon.2005.04.006
http://doi.org/10.1021/tx0342262


Toxins 2022, 14, 399 16 of 16

41. McCall, J.R.; Jacocks, H.M.; Niven, S.C.; Poli, M.A.; Baden, D.G.; Bourdelais, A.J. Development and utilization of a fluorescence-
based receptor-binding assay for the site 5 voltage-sensitive sodium channel ligands brevetoxin and ciguatoxin. J. AOAC Int.
2014, 97, 307–315. [CrossRef]

42. Hardison, D.R.; Holland, W.C.; McCall, J.R.; Bourdelais, A.J.; Baden, D.G.; Darius, H.T.; Chinain, M.; Tester, P.A.; Shea, D.;
Quintana, H.A.F.; et al. Fluorescent receptor binding assay for detecting ciguatoxins in fish. PLoS ONE 2016, 11, e012248.
[CrossRef] [PubMed]

43. Tsumuraya, T.; Hirama, M. Rationally designed synthetic haptens to generate anti-ciguatoxin monoclonal antibodies, and
development of a practical sandwich ELISA to detect ciguatoxins. Toxins 2019, 11, 533. [CrossRef] [PubMed]

44. Reverté, L.; Soliño, L.; Carnicer, O.; Diogène, J.; Campàs, M. Alternative methods for the detection of emerging marine toxins:
Biosensors, biochemical assays and cell-based assays. Mar. Drugs 2014, 12, 5719–5763. [CrossRef] [PubMed]

45. Caillaud, A.; de la Iglesia, P.; Taiana Darius, H.; Pauillac, S.; Aligizaki, K.; Fraga, S.; Chinain, M.; Diogène, J. Update on
methodologies available for ciguatoxin determination: Perspectives to confront the onset of ciguatera fish poisoning in Europe.
Mar. Drugs 2010, 8, 1838–1907. [CrossRef] [PubMed]

46. Yogi, K.; Oshiro, N.; Inafuku, Y.; Hirama, M.; Yasumoto, T. Detailed LC–MS/MS analysis of ciguatoxins revealing distinct regional
and species characteristics in fish and causative alga from the Pacific. Anal. Chem. 2011, 83, 8886–8891. [CrossRef]

47. Estevez, P.; Castro, D.; Leao, J.M.; Yasumoto, T.; Dickey, R.; Gago-Martinez, A. Implementation of liquid chromatography tandem
mass spectrometry for the analysis of ciguatera fish poisoning in contaminated fish samples from Atlantic coasts. Food Chem.
2019, 280, 8–14. [CrossRef]

48. Reis Costa, P.; Estevez, P.; Castro, D.; Soliño, L.; Gouveia, N.; Santos, C.; Margarida Rodrigues, S.; Manuel Leao, J.; Gago-Martínez,
A. New insights into the occurrence and toxin profile of ciguatoxins in Selvagens Islands (Madeira, Portugal). Toxins 2018, 10, 524.
[CrossRef]

49. Jun Wu, J.; Ling Mak, Y.; Murphy, M.B.; Lam, J.C.W.; Hei Chan, W.; Wang, M.; Chan, L.L.; Lam, P.K.S. Validation of an accelerated
solvent extraction liquid chromatography–tandem mass spectrometry method for Pacific ciguatoxin-1 in fish flesh and comparison
with the mouse neuroblastoma assay. Anal. Bioanal. Chem. 2011, 400, 3165–3175. [CrossRef]

50. Sibat, M.; Herrenknecht, C.; Darius, H.T.; Roué, M.; Chinain, M.; Hess, P. Detection of Pacific ciguatoxins using liquid chro-
matography coupled to either low or high resolution mass spectrometry (LC–MS/MS). J. Chromatogr. A 2018, 1571, 16–28.
[CrossRef]

51. Leonardo, S.; Gaiani, G.; Tsumuraya, T.; Hirama, M.; Turquet, J.; Sagristà, N.; Rambla-Alegre, M.; Flores, C.; Caixach, J.; Diogène,
J.; et al. Addressing the analytical challenges for the detection of ciguatoxins using an electrochemical biosensor. Anal. Chem.
2020, 92, 4858–4865. [CrossRef]

52. Meyer, L.; Carter, S.; Capper, A. An updated ciguatoxin extraction method and silica cleanup for use with HPLC–MS/MS for the
analysis of P-CTX-1, PCTX-2 and P-CTX-3. Toxicon 2015, 108, 249–256. [CrossRef]

53. Unterieser, I.; Mischnick, P. Labeling of oligosaccharides for quantitative mass spectrometry. Carbohydr. Res. 2011, 346, 68–75.
[CrossRef] [PubMed]

54. Setner, B.; Stefanowicz, P.; Szewczuk, Z. Quaternary ammonium isobaric tag for a relative and absolute quantification of peptides.
J. Mass Spectrom. 2018, 53, 115–123. [CrossRef] [PubMed]

55. Deng, T.; Wu, D.; Duan, C.; Guan, Y. Ultrasensitive quantification of endogenous brassinosteroids in milligram fresh plant with a
quaternary ammonium derivatization reagent by pipette-tip solid-phase extraction coupled with ultra-high-performance liquid
chromatography tandem mass spectrometry. J. Chromatogr. A 2016, 1456, 105–112. [CrossRef] [PubMed]

56. Li, Y.L.; Su, X.; Stahl, P.D.; Gross, M.L. Quantification of diacylglycerol molecular species in biological samples by electrospray
ionization mass spectrometry after one-step derivatization. Anal. Chem. 2007, 79, 1569–1574. [CrossRef] [PubMed]

57. Renee Ruhaak, L.; Steenvoorden, E.; Koeleman, C.A.M.; Deelder, A.M.; Wuhrer, M. 2-Picoline-borane: A non-toxic reducing agent
for oligosaccharide labeling by reductive amination. Proteomics 2010, 10, 2330–2336. [CrossRef]

58. Cosenza, V.A.; Navarro, D.A.; Stortz, C.A. Usage of α-picoline borane for the reductive amination of carbohydrates. Arkivoc 2011,
2011, 182–194. [CrossRef]

59. Estevez, P.; Leao, J.M.; Yasumoto, T.; Dickey, R.W.; Gago-Martinez, A. Caribbean ciguatoxin-1 stability under strongly acidic
conditions: Characterisation of a new C-CTX1 methoxy congener. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk
Assess. 2019, 37, 519–529. [CrossRef]

60. Bennett, C.T.; Robertson, A.; Patterson, W.F., III. First record of the non-indigenous Indo-Pacific damselfish, Neopomacentrus
cyanomos (Bleeker, 1856) in the northern Gulf of Mexico. BioInvasions Rec. 2019, 8, 154–166. [CrossRef]

http://doi.org/10.5740/jaoacint.SGEMcCall
http://doi.org/10.1371/journal.pone.0153348
http://www.ncbi.nlm.nih.gov/pubmed/27073998
http://doi.org/10.3390/toxins11090533
http://www.ncbi.nlm.nih.gov/pubmed/31540301
http://doi.org/10.3390/md12125719
http://www.ncbi.nlm.nih.gov/pubmed/25431968
http://doi.org/10.3390/md8061838
http://www.ncbi.nlm.nih.gov/pubmed/20631873
http://doi.org/10.1021/ac200799j
http://doi.org/10.1016/j.foodchem.2018.12.038
http://doi.org/10.3390/toxins10120524
http://doi.org/10.1007/s00216-011-4977-4
http://doi.org/10.1016/j.chroma.2018.08.008
http://doi.org/10.1021/acs.analchem.9b04499
http://doi.org/10.1016/j.toxicon.2015.10.021
http://doi.org/10.1016/j.carres.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21118748
http://doi.org/10.1002/jms.4040
http://www.ncbi.nlm.nih.gov/pubmed/29087004
http://doi.org/10.1016/j.chroma.2016.06.026
http://www.ncbi.nlm.nih.gov/pubmed/27338695
http://doi.org/10.1021/ac0615910
http://www.ncbi.nlm.nih.gov/pubmed/17297957
http://doi.org/10.1002/pmic.200900804
http://doi.org/10.3998/ark.5550190.0012.716
http://doi.org/10.1080/19440049.2019.1705400
http://doi.org/10.3391/bir.2019.8.1.17

	Introduction 
	Results and Discussion 
	Optimization of the Reductive Amination of 1 
	Signal Enhancement of 1 Using GRT 
	Application of Reductive Amination of 1 for LC–MS/MS Based Analysis 

	Conclusions 
	Materials and Methods 
	Chemicals and Reagents 
	Sample Collection, Preparation, and Extraction 
	Derivatization of C-CTX-1 (1) in Fish Extracts 
	LC–HRMS and LC–MS/MS 
	Estimation of LC–HRMS and LC–MS/MS Signal Enhancement for 1 via Reductive Amination with GRT 

	References

