foxins

Communication

Tetrodotoxin Derivatization with a Newly Designed
Boron Reagent Leads to Conventional Reversed-Phase
Liquid Chromatography

Shimba Kawasue *, Kyoko Kuniyoshi

check for
updates

Citation: Kawasue, S.; Kuniyoshi, K.;
Uema, M.; Oshiro, N. Tetrodotoxin
Derivatization with a Newly
Designed Boron Reagent Leads to
Conventional Reversed-Phase Liquid
Chromatography. Toxins 2024, 16, 260.
https://doi.org/10.3390/
toxins16060260

Received: 10 May 2024
Revised: 29 May 2024
Accepted: 2 June 2024
Published: 4 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Masashi Uema © and Naomasa Oshiro *

National Institute of Health Sciences, 3-25-26 Tonomachi, Kawasaki 210-9501, Japan;
k-kuniyoshi@nihs.go.jp (K.K.); m-uema@nihs.go.jp (M.U.)
* Correspondence: skawasue@nihs.go.jp (5.K.); n-oshiro@nihs.go.jp (N.O.)

Abstract: Tetrodotoxin (TTX) is a representative natural toxin causing pufferfish food poisoning,
which is especially prominent in East and Southeast Asia, including Japan. TTX has been analyzed
through post-column derivatization high-performance liquid chromatography (HPLC), ion-pair
LC-MS(/MS), and hydrophilic interaction liquid chromatography (HILIC)-MS(/MS) as alternatives
to the mouse bioassay method. However, post-column derivatization requires a system for online
derivatization reactions, and with the ion-pair LC-MS approach, it is difficult to remove residual
ion-pair reagents remaining in the equipment. Moreover, HILIC-MS provides poor separation
compared to reversed-phase (RP) HPLC and requires a long time to reach equilibration. Therefore,
we decided to develop a TTX analytical method using pre-column derivatization and RP HPLC for
the rapid assessment of outbreak samples, including food remnants. In this study, we focused on
the vic-diol moiety of TTX and designed a new derivatization reagent coded as NBD-H-DAB. This
NBD-H-DAB was synthesized from 4-hydrazino-7-nitro-2,1,3-benzoxadiazole (NBD-H) and 3-fluoro-
2-formylphenylboronic acid (FFPBA) with a simple reaction system and rapidly converted to its
boronate form, coded NBD-H-PBA, in an aqueous reaction solution. The NBD-H-PBA demonstrated
appropriate hydrophobicity to be retained on the RP analytical column and successfully detected with
a UV spectrometer. It was easily reacted with the vic-diol moiety of TTX (C6 and C11) to synthesized
a boronic ester. The derivatized TTX could be detected using the RP HPLC-UV, and the limit of
detection in the fish flesh samples was 0.06 mg/kg. This novel pre-column derivatization of TTX
with NBD-H-PBA proves capable for the analysis of TTX.
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Key Contribution: The newly designed derivatization reagent (NBD-H-DAB) for tetrodotoxin (TTX)
rapidly formed highly reactive NBD-H-PBA in the reaction solution and selectively derivatized
with the vic-diol moiety of TTX. The derivatized TTX was retained on a reversed-phase liquid
chromatography column and detected with a UV spectrometer. This novel method is applicable to
the conventional HPLC-UV system.

1. Introduction

Tetrodotoxin (TTX) is the most historically recognized and studied marine biotoxin
responsible for pufferfish food poisoning, which is especially prominent in the East and
Southeast Asian regions [1,2]. From a food safety perspective, the analysis of TTX in food
and fish specimens is essential. The mouse bioassay (MBA) method has previously been
employed for TTX detection and toxicity quantification based on the symptoms in mice and
the dose—death time relationship, respectively [1]. Nevertheless, regarding animal tests, an
MBA has issues with selectivity, reproducibility, accuracy, and animal welfare. Therefore,
it is necessary to develop alternative chemical analytical methods [3,4]. However, TTX's
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chemical characteristics, including its highly polar nature and lack of a UV absorption
group, has impeded the development of chemical analytical methods using the widely
utilized reversed-phase (RP) high-performance liquid chromatography (HPLC) [5].

To date, three instrumental analytical methods for TTX have been developed. In
the HPLC post-column derivatization method, TTX and its analogs (TTXs) are sepa-
rated with a C30-RP column using an ion-pair reagent such as ammonium heptafluo-
robutyrate and the eluates are treated with a strongly basic condition at a high temperature
(e.g., with 4 M NaOH at 105 °C) to generate a fluorescent C9 base [4,6]. This method allows
the analysis of TTXs with high sensitivity and separation using a fluorescence detector.
However, this post-column derivatization method requires specific instrument settings,
and the processing and disposal of the resulting waste liquid is troublesome [3,4,6-8].

The ion-pair LC-MS method uses an ion-pair reagent (e.g., heptafluorobutyric acid)
to solve the problem of analyzing TTX, similar to the HPLC post-column derivatization
method [9-13]. However, the ion-pair reagents used for LC-MS can remain on the LC-MS
line and analytical column after TTX analysis, when using the HPLC system for a different
type of analysis, they might be carried over and interfere with other analyses.

Recently, the HILIC-MS method has been applied for TTX analysis [14-20]. HILIC
columns are suitable for analyzing TTX because they can retain highly polar compounds.
This method also allows it to elute under a high organic solvent ratio, allowing for a
more sensitive analysis by LC-MS [21]. Therefore, HILIC-MS/MS is employed in most
TTX analyses. However, some issues remain: e.g., this approach requires a long time for
conditioning and analytical runs, broader peaks may decrease its sensitivity, and so on.

In this study, we focused on the esterification of boronic acid with vic-diol, which is
easily completed under mild conditions. Here, we report an investigation into the design
and synthesis of a novel pre-column derivatization reagent coded as NBD-H-DAB, bearing
a UV absorption group and a functional group selectively reacting with the vic-diol moiety
of TTX. We also study the established analytical methods for analyzing TTX using the
conventional RP HPLC-UV system.

2. Results and Discussion
2.1. Design of Derivatization Reagent

The derivatization reagent was designed to react with the vic-diol moiety at C6 and
C11 of TTX and to be capable of UV absorption on the long-wavelength side to reduce
interference from the matrix components. The vic-diol moiety has been reported to react
selectively with phenylboronic acid to form stable boronic esters, and this reaction has been
used for the derivatization and purification of target compounds from complicated matrices
in the past [22-25]. Boronic esters are stable in bulkier structures [26], and phenylboronic
acids react at lower pH levels through increasing the acidity of the boronic acid moiety [27].
Therefore, a novel derivatization reagent, NBD-H-DAB (Figure 1A), was developed in this
study and designated for TTX analyses. This NBD-H-DAB was synthesized by reacting
4-hydrazino-7-nitro-2,1,3-benzoxadiazole (NBD-H) with 3-fluoro-2-formylphenylboronic
acid (FFPBA), which has an electron-withdrawing group (Figure 1B). The synthesized NBD-
H-DAB was easily hydrolyzed under aqueous conditions to derive boronic acid, coded as
NBD-H-PBA (Figure 1B) [28,29]. Thus, the derivatization reaction was performed under
heating in water, NBD-H-DAB was rapidly converted to NBD-H-PBA and reacted with
TTX (Figure 1C). In this study, the NBD-H-PBA was thought to have an imine-mediated
7-nitro-2,1,3-benzoxadiazole (NBD) structure at the o-position of the boronic acid, which
not only increased the stability of the derivatized TTX, but also allowed it to react under
weakly acidic conditions. NBD-H-PBA has an absorption maximum at 503 nm (Figure S3A),
so the derivatized TTX also had this absorption maximum at the long-wavelength side.
This reduced any interference from the matrix components in the fish flesh (Figure S3B).
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Figure 1. Synthesis of the derivatization reagent, NBD-H-DAB (A), its hydrolyzation under aqueous
conditions, deriving NBD-H-PBA (B), and derivatization reaction of TTX with NBD-H-PBA (C).

2.2. Optimization of Derivatization Conditions

To investigate the optimal derivatization reaction conditions in the matrix, TTX-spiked
fish flesh extracts were prepared and used. The derivatization conditions were optimized
based on the HPLC-UV peak area of the derivatized TTX for various pH levels, solvent
systems, concentrations of the derivatization reagents, temperatures, and reaction times.
At the evaluated pH levels using acetate buffers (pH 3, 4, 5, and 6), the peak area of the
derivatized TTX increased with the pH up to pH 5 but decreased at pH 6 (Figure S4A). The
lower peak intensity observed at pH 6 may be due to the degradation of TTX since TTX is
only a stable compound under weakly acidic conditions [30]. Although the basic condition
is suitable for the esterification of boronic acid [27], the acidification of the boronic acid
moiety might have improved the reactivity, as the boronic acid reacted well at pH 5.

Generally, conditions with less water are suitable for the esterification of boronic
acid [22]. However, TTX is only soluble in acidic solutions, so we dissolved the derivati-
zation reagent in 50-100% THF in water and compared the reactivity to produce a TTX
derivative based on the peak area of the derivatized TTX. As a result, it was confirmed
that the derivatization efficiency increased as the water ratio decreased. Therefore, the
derivatization reagent was dissolved in 100% THF (Figure 54B). We also studied varying
the concentration of NBD-H-DAB in the range of 0.1-3 mg/mL. As a result, the peak areas
of the derivatized TTX became constant at values higher than 2 mg/mL (Figure S4C). The
2 mg/mL concentration of NBD-H-DAB was thus selected as the optimal concentration.
Moreover, the reaction temperature (40, 50, and 60 °C) and time (5, 10, 30, 60, and 120 min)
were varied, and the highest peak areas of the derivatized TTX were recorded at 50 °C,
60 min and at 40 °C, 120 min (Figure S4D). However, under high-temperature conditions,
the TTX and derivatization reagents were at risk of decomposition. Therefore, the optimal
reaction temperature and time were set at 40 °C and 120 min.

2.3. Effects of the Derivatization of TTX and Structural Analysis

Since the derivatization reaction of TTX with NBD-H-DAB was carried out under
aqueous conditions, NBD-H-DAB was immediately hydrolyzed to produce NBD-H-PBA.
Thus, the resulting product was a boronate ester of TTX and NBD-H-PBA. This derivatized
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product was analyzed using HPLC-UV with a C18 column. The peak suspected to corre-
spond to the TTX derivative with NBD-H-PBA was detected at a retention time of 14.9 min
(Figure 2). The compound was retained well on the RP column and could be analyzed
using RP-HPLC coupled with a UV detector (510 nm).

!

— Blank
— Derivatized TTX

Peak intensity

135 14.5 15.5 min

Figure 2. HPLC-UV chromatograms obtained after the derivatization reaction with NBD-H-DAB
(NBD-H-PBA) of the solutions containing (red) or not containing (black) TTX.

The corresponding peak was collected and applied for a high-resolution MS (HRMS)
analysis to confirm that the suspected reaction was completed (Figure 3). The LC-HRMS of
the derivatized product showed a peak corresponding to [M + H]* (m/z 629. 1566), and it
matched the expected m/z of the derivatized TTX (m/z 629. 1558). A comparison of the
fragment ions of TTX (Figure 4A) and the derivatized TTX (Figure 4C) showed that the
derivatized TTX at CE 30 eV provided a unique fragment (m/z 346. 1059) in which the
boronic acid moiety was bonded to TTX (Figure 4C). At CE 50 eV, a m/z 206. 0740 fragment
ion was detected in the derivatized TTX (Figure 4D), corresponding to the TTX-specific
m/z 162.0665 fragmention (Figure 4B) esterified with boronic acid [25]. These observations
confirmed that the boronic acid moiety of NBD-H-DAB was esterified with the 6, 11-diols
of TTX. The absorption maxima of NBD-H-DAB (503 nm) and derivatized TTX (508 nm)
were approximately equivalent, which was also the evidence for the determination of the
derivatized TTX structure (Figure S3A,B).
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Figure 3. The full mass spectrum of a derivatization product of TTX and NBD-H-DAB (NBD-H-PBA)
recorded using LC-HRMS.
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Figure 4. LC-HRMS product ion spectra of the TTX (derived from m/z 320.1088 as a precursor
ion, (A,B)) and derivatization products of TTX and NBD-H-PBA (derived from m/z 629.1558 as a
precursor ion, (C,D)). The collision energies were set at 30 eV (A,C) and 50 eV (B,D).

2.4. Analysis of Matrix Sample

For the matrix sample analysis, TTX-free flesh specimens of Takifugu rubripes spiked
with TTX (0, 2, and 10 mg/kg) were extracted and purified as described below (Section 4.4).
The resulting extract solution was reacted with NBD-H-DAB and analyzed using RP HPLC-
UV. As a result, TTX was derivatized and could be detected at 2 mg/kg (10 mouse unit
(MU)/g) (Figure 5). Phenylboronic acid is known to react with sugars [31], but in this study,
no peaks corresponding to derivatized products with sugars were identified. Thus, it is
suspected that the bulky structure at the reaction site of the NBD-H-PBA might enhance
the selectivity of counter compounds such as TTX.

Peak intensity

13.5 14 145 15 15.5 16 min
Figure 5. HPLC-UV chromatograms obtained after the derivatization reaction with NBD-H-DAB

(NBD-H-PBA) of Takifugu rubripes flesh spiked with 0 (black), 2 mg/kg (blue), and 10 mg/kg (red)
of TTX.
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The limit of detection for this analytical method was 0.06 mg/kg (calc. signal-to-noise
ratio: 3 in matrix sample), which is sufficient for the analysis of TTX food poisoning levels.

3. Conclusions

We developed a novel pre-labeled derivatization reagent that could be used in the
analysis of TTX via RP HPLC-UV. The derivatization reagent NBD-H-DAB was designed to
have moderate hydrophobicity, UV absorption at long wavelengths, and excellent reactivity
with 1,2-diols. Our NBD-H-DAB was rapidly converted to NBD-H-PBA in the reaction
solution used and reacted with the 6,11-diols of TTX under weakly acidic conditions (pH 5).
Moreover, the derivatized TTX could be analyzed using RP HPLC (510 nm). We were able
to detect 10 MU /g of TTX in the spiked fish flesh samples using this analytical method,
and we believe that it could present a new alternative to the MBA method. Our method
does not require a mass spectrometer or the setup of any other equipment for post-column
derivatization. Thus, it is a practical analytical method that can be performed if only
reagents and an HPLC-UV are available. To the best of our knowledge, this study details
the first TTX pre-labeled derivatization-HPLC method and shows that derivatization is
useful for TTX analyses.

4. Materials and Methods
4.1. Reagents and Materials

The fish specimens used were cultured pufferfish (Takifugu rubripes) purchased from
a fish retailer in Japan. 4-chloro-7-nitro-2,1,3-benzoxadiazole (NBD-Cl) was purchased
from Sigma Aldrich (St. Louis, MO, USA). Acetic acid, sodium acetate, and TTX were
obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Hydrazine
monohydrate and FFPBA were purchased from Tokyo Chemical Industry (Tokyo, Japan),
and all aqueous solutions were prepared using ultrapure water that was purified with
a Milli-Q Gradient-A10 system (Merck KGaA, Darmstadt, Germany). All other organic
solvents and reagents were of HPLC grade.

4.2. Synthesis of NBD-H-DAB

For the synthesis of NBD-H-DAB, 50 mL 1% hydrazine (MeOH) was mixed with an
NBD-Cl solution (500 mg in 50 mL of chloroform) and stirred for 60 min. The solution was
filtered (ADVANTEC Filter Paper No.5C) and washed with chloroform to obtain NBD-H
as a brown solid on the filter. A resulting NBD-H and FFPBA (90 mg) were dissolved with
methanol (100 mL) and left to stand for 3 h at 40 °C, then evaporated to dry in vacuo. The
residue was suspended in ethyl acetate (200 mL) and washed with 200 mL of 100 mM HCl
and brine to remove any remaining reagents. Then, anhydrous sodium sulfate was added to
the organic solution to achieve dryness, and the solution was then filtered and concentrated.
The residue was subjected to C18 column chromatography (HCOOH-H,0O-MeCN) to
obtain purified NBD-H-DAB (formate) as a red solid. 'H NMR (600 MHz, DMSO-dg): 5 8.78
(s, 1H), 8.48 (d, | = 8.8 Hz, 1H), 8.06 (s, 2H), 7.44-7.40 (m, 1H), 7.29 (d, ] = 8.8 Hz, 1H),
7.20-7.17 (m, 2H) (Figure S1). LC-HRMS (electrospray ionization) calc. for C;3HgO4N5BF
[M +HJ*: m/z 328.0647, found 328.0645 (Figure S2). The 13C NMR spectrum is not reported
as the signal intensity was too weak due to the combined effect of 1F splitting and the
adjacent 1B [32]. UV spectra of the NBD-H-DAB are shown in Figure S3A.

4.3. Confirmation of NBD-H-DAB and Derivatized Product of TTX with NBD-H-DAB

TTX containing citric acid as a stabilizer was dissolved in 0.1% acetic acid. To confirm
that the derivatization was complete at predicted sites between TTX and NBD-H-PBA,
LC-HRMS analysis was carried out with Q-Exactive Plus Orbitrap (Thermo Scientific,
Waltham, MA, USA) equipped with the Vanquish UHPLC system (Thermo Scientific,
Waltham, MA, USA). The LC-HRMS conditions are listed in Table 1. We used Rs = 17,500 to
prevent difficulties in analysis due to the decrease in scan speed. This working resolution
assure 2 decimal places. 'H NMR spectra were measured on an ECZ 600R spectrometer
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(JEOL) using deuterated solvents. Chemical shift values were corrected for residual solvent
signals as internal standards (DMSO-d;: 2.50 ppm).

Table 1. LC-HRMS conditions.

HPLC Equipment Vanquish UHPLC System (Thermo Scientific)
Column Zorbax Eclipse Plus C18 (1.8 um, 2.1 x 50 mm, Agilent
Technologies, Santa Clara, CA, USA)
Column temperature 40°C
Injection volume 5uL
Solvent A 5 mM Ammonium formate in 0.1% Formic acid
Solvent B Formic acid and 5 mM ammonium formate in 90%
(v/v) CH3CN (0.1:99.9, v/v)
Flow rate 0.4 mL/min
Gradient condition 0-5 min: 10% B, 5-10 min: 10 — 100% B,
10-15 min — 100% B, 15-20 min: 10% B
MS Equipment Q-Exactive Plus Orbitrap (Thermo Scientific)
Ionization heated electrospray ionization (HESI)
Spray voltage 3.5kV
Auxiliary gas 450 °C, 15 L/min
Sheath gas 50 L/min
Capillary temperature 300 °C
Collision energy 30 and 50 eV
Resolution 17,500
AGC target 3e®
Maximum IT 200 ms
Scan ranges m/z 100-1000
MS/MS Spray voltage 35kV
Auxiliary gas 450 °C, 15 L/min
Sheath gas 50 L/min
Capillary temperature 300 °C
Collision energy 30 and 50 eV
Resolution 17,500
AGC target 2e5
Maximum IT 100 ms
Precursor TTX: 320.10884, derivatized TTX: 629.15579

4.4. Sample Preparation from Fish Flesh

To extract TTX from the fish specimens and carry out purification, we followed
procedures described in previous studies, with some modifications [16,17,33]. Frozen
fillet samples were half-thawed under running water, and 5 g of flesh was homogenized
with 0.1% acetic acid (v/v, 5 mL), then heated in boiling water for 10 min. After each sample
had cooled at room temperature, it was centrifuged (13,400 x g, 15 min), and the supernatant
(500 pL) was ultra-filtrated with a Pall Nanosep® Centrifugal Device (OmegaTM Membrane
10K, Nihon Pall Ltd., Tokyo, Japan). The filtrate and chloroform (500 nL) were mixed well
with a vortex, and the organic layer was removed. An SPE cartridge (Supelclean ENVI-Carb
250 mg/3 mL, Supelco, Sigma-Aldrich, St. Louis, MO, USA) was conditioned by first using
3 mL of 1% acetic acid in 20% CH3CN and 3 mL of 0.025% ammonium water. Then, 5 uLL
of 25% ammonium water was added to the extract, and it was loaded onto the cartridge
and washed with 700 uL. H,O. TTX was eluted with 2 mL of 1% acetic acid in 20% CH3CN.
The eluate was dried under reduced pressure, and the residue was dissolved in 100 puL
of a 100 mM sodium acetate buffer (pH 5.0) before being used in the derivatization with
NBD-H-DAB.

4.5. Derivatization Procedure

The sample solution was mixed with 1000 pL of 2 mg/mL NBD-H-DAB in THF,
tightly sealed, and left at 40 °C for 120 min for the derivatization reaction. The resulting
product was dried under a N, stream and dissolved with 400 puL of CH3OH. The reaction
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mixture was filtered with using a single STEP Filter vial (0.2 um PTFE, Thomson Instrument
Company, Oceanside, CA, USA) and a 3 pL aliquot of the solution was injected into the
HPLC system.

4.6. Instrumentation and LC-UV Conditions

LC analysis was performed using a Nexera HPLC system (Shimadzu corporation,
Kyoto, Japan) equipped with a system controller (SCL-40), a binary solvent delivery system
(LC-40B XR), an autosampler (SIL-40C XR), a column heater oven (CTO-40C), and a photo
diode array detector (SPD-M30A, high sensitivity flow cell). The samples were separated
with a Mightysil RP-18 PA (150 mm x 4.6 mm i.d., 2.5 pm, Kanto Chemical Co. Inc.,
Tokyo, Japan). Solvents A (5 mM ammonium formate in 0.1% (v/v) formic acid) and B
(0.1:99.9 (v/v) mixture of formic acid and 5 mM ammonium formate in 90% (v/v) CH3CN)
were used as mobile phases for gradient elution. The flow rate was 0.8 mL/min. The
concentration of mobile phase B (%) was maintained at 15% for 0-5 min, then changed
linearly from 15 to 70% for 5-20 min and were held at 100% for 20-25 min, and finally held
at 15% for 25-30 min. The column oven temperature was set at 25 °C, and the injection
volume was 3 uL. UV acquisition was performed at 510 nm (Figure S3B).

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/ toxins16060260/s1: Figure S1: The "H NMR spectrum
(DMSO-dg, 600 MHz) of synthesized NBD-H-DAB; Figure S2: The LC-HRMS of NBD-H-DAB;
Figure S3: The UV spectra of NBD-H-DAB (A) and derivatized TTX with NBD-H-PBA (B); Figure S4:
Comparison of relative peak areas of derivatized TTX (ratio to maximum peak) under various condi-
tions (A: pH, B: THF concentration, C: NBD-H-DAB D: reaction temperature and time) to optimize
derivatization reaction conditions.

Author Contributions: Conceptualization, S.K. and N.O.; methodology, S.K. and N.O.; formal analy-
sis, S.K,; investigation, S.K.; resources, N.O. and K.K.; data curation, S.K. and N.O.; writing—original
draft preparation, S.K. and N.O.; writing—review and editing, all authors; supervision, M.U.;
project administration, S.K. and N.O. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Grant-in-Aid for JSPS Fellows (grant number KJ2188).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: We extend our thanks to Naoki Sugimoto, Yutaka Abe, and Takashi Kurohara
(National Institute of Health Sciences) for allowing us to use their equipment and valuable discussions,
and Ayako Nomura (Shimadzu Corporation, Kanagawa, Japan) for providing excellent technical
support in the HPLC experiments.

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

1. Noguch, T.; Arakawa, O. Tetrodotoxin—Distribution and Accumulation in Aquatic Organisms, and Cases of Human Intoxication.
Mar. Drugs 2008, 6, 220-242. [CrossRef]

2. Lago, ].; Rodriguez, L.P; Blanco, L.; Vieites, ].M.; Cabado, A.G. Tetrodotoxin, an Extremely Potent Marine Neurotoxin: Distribution,
Toxicity, Origin and Therapeutical Uses. Mar. Drugs 2015, 13, 6384—6406. [CrossRef] [PubMed]

3. Yasumoto, T.; Michishita, T. Fluorometric determination of tetrodotoxin by high performance liquid chromatography. Agric. Biol.
Chem. 1985, 49, 3077-3080. [CrossRef]

4. Yasumoto, T.; Nakamura, M.; Oshima, Y.; Takahata, J. Construction of a continuous tetrodotoxin analyzer. Bull. Jpn. Soc. Sci. Fish.
1982, 48, 1481-1483. [CrossRef]

5. Leung, K.S.-Y,; Fong, BM.-W.; Tsoi, Y.-K. Analytical Challenges: Determination of Tetrodotoxin in Human Urine and Plasma by
LC-MS/MS. Mar. Drugs 2011, 9, 2291-2303. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/toxins16060260/s1
https://doi.org/10.3390/md6020220
https://doi.org/10.3390/md13106384
https://www.ncbi.nlm.nih.gov/pubmed/26492253
https://doi.org/10.1271/bbb1961.49.3077
https://doi.org/10.2331/suisan.48.1481
https://doi.org/10.3390/md9112291
https://www.ncbi.nlm.nih.gov/pubmed/22163187

Toxins 2024, 16, 260 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Yasumoto, T.; Yotsu-Yamashita, M. Chemical and Etiological Studies on Tetrodotoxin and Its Analogs. J. Toxicol. Toxin Rev. 1996,
15, 81-90. [CrossRef]

O’Leary, M.A.; Schneider, ].J.; Isbister, G.K. Use of high performance liquid chromatography to measure tetrodotoxin in serum
and urine of poisoned patients. Toxicon 2004, 44, 549-553. [CrossRef] [PubMed]

Yotsu, M.; Endo, A.; Yasumoto, T. An improved tetrodotoxin analyzer. Agric. Biol. Chem. 1989, 53, 893-895. [CrossRef]

Shoji, Y.; Yotsu-Yamashita, M.; Miyazawa, T.; Yasumoto, T. Electrospray Ionization Mass Spectrometry of Tetrodotoxin and Its
Analogs: Liquid Chromatography/Mass Spectrometry, Tandem Mass Spectrometry, and Liquid Chromatography/Tandem Mass
Spectrometry. Anal. Biochem. 2001, 290, 10-17. [CrossRef] [PubMed]

Kosker, A.R.; Ozogul, F; Durmus, M.; Ucar, Y.; Ayas, D.; Regenstein, ] M.; Ozogul, Y. Tetrodotoxin levels in pufferfish (Lagocephalus
sceleratus) caught in the Northeastern Mediterranean Sea. Food Chem. 2016, 210, 332-337. [CrossRef]

Horie, M.; Kobayashi, S.; Shimizu, N.; Nakazawa, H. Determination of tetrodotoxin in puffer-fish by liquid chromatography-
electrospray ionization mass spectrometry. Analyst 2002, 127, 755-759. [CrossRef] [PubMed]

Fong, BM.-W.; Tam, S.; Tsui, S.-H.; Leung, K.S.-Y. Development and validation of a high-throughput double solid phase
extraction-liquid chromatography—tandem mass spectrometry method for the determination of tetrodotoxin in human urine and
plasma. Talanta 2011, 83, 1030-1036. [CrossRef] [PubMed]

Akaki, K.; Hatano, K. Determination of Tetrodotoxin in Puffer-fish Tissues, and in Serum and Urine of Intoxicated Humans
by Liquid Chromatography with Tandem Mass Spectrometry. J. Food Hyg. Soc. Jpn. (Shokuhin Eiseigaku Zasshi) 2006, 47, 46-50.
[CrossRef] [PubMed]

Nakagawa, T.; Jang, J.; Yotsu-Yamashita, M. Hydrophilic interaction liquid chromatography—electrospray ionization mass
spectrometry of tetrodotoxin and its analogs. Anal. Biochem. 2006, 352, 142-144. [CrossRef] [PubMed]

Rodriguez, P.; Alfonso, A.; Otero, P; Katikou, P.; Georgantelis, D.; Botana, L.M. Liquid chromatography-mass spectrometry
method to detect Tetrodotoxin and Its analogues in the puffer fish Lagocephalus sceleratus (Gmelin, 1789) from European waters.
Food Chem. 2012, 132, 1103-1111. [CrossRef]

Oshiro, N.; Kuniyoshi, K.; Yamamoto, S.; Hotta, A.; Yamada, T.; Suzuki, T.; Sugita, N.; Matsuura, K.; Nakashima, A.; Anzai, Y,;
et al. High Levels of Tetrodotoxin in the Flesh, Usually an Edible Part of the Pufferfish Takifugu flavipterus, Caused by Migration
from the Skin and the Regional Characteristics of Toxin Accumulation. J. Mar. Sci. Eng. 2021, 9, 1312. [CrossRef]

Turner, A.D.; Boundy, M.J.; Rapkova, M.D. Development and Single-Laboratory Validation of a Liquid Chromatography Tandem
Mass Spectrometry Method for Quantitation of Tetrodotoxin in Mussels and Oysters. J. AOAC Int. 2017, 100, 1469-1482.
[CrossRef] [PubMed]

Turner, A.D.; Dhanji-Rapkova, M.; Fong, S.Y.T.; Hungerford, J.; McNabb, P.S.; Boundy, M.].; Harwood, D.T. Ultrahigh-Performance
Hydrophilic Interaction Liquid Chromatography with Tandem Mass Spectrometry Method for the Determination of Paralytic
Shellfish Toxins and Tetrodotoxin in Mussels, Oysters, Clams, Cockles, and Scallops: Collaborative Study. J. AOAC Int. 2020,
103, 533-562. [CrossRef] [PubMed]

Tsujimura, K.; Yamanouchi, K. A rapid method for tetrodotoxin (TTX) determination by LC-MS/MS from small volumes of
human serum, and confirmation of pufferfish poisoning by TTX monitoring. Food Addit. Contam. Part A 2015, 32, 977-983.
[CrossRef] [PubMed]

Saito, T.; Miura, N.; Namera, A.; Ota, S.; Miyazaki, S.; Inokuchi, S. A Rapid Sample Preparation Procedure Using MonoSpin
CBA and Amide Columns for Tetrodotoxin Detection in Serum and Urine Using LC-MS/MS Analysis. Chromatographia 2014,
77,687-693. [CrossRef]

van Nuijs, A.L.; Tarcomnicu, I.; Covaci, A. Application of hydrophilic interaction chromatography for the analysis of polar
contaminants in food and environmental samples. J. Chromatogr. A 2011, 1218, 5964-5974. [CrossRef] [PubMed]

Huo, F; Wang, X.; Han, Y.; Bai, Y.; Zhang, W.; Yuan, H.; Liu, H. A new derivatization approach for the rapid and sensitive analysis
of brassinosteroids by using ultra high performance liquid chromatography-electrospray ionization triple quadrupole mass
spectrometry. Talanta 2012, 99, 420-425. [CrossRef] [PubMed]

Miles, C.O.; Kilcoyne, J.; McCarron, P.; Giddings, S.D.; Waaler, T.; Rundberget, T.; Samdal, I.A.; Levberg, K.E. Selective Extraction
and Purification of Azaspiracids from Blue Mussels (Mytilus edulis) Using Boric Acid Gel. J. Agric. Food Chem. 2018, 66, 2962—-2969.
[CrossRef] [PubMed]

Mudge, E.M.; Robertson, A.; McCarron, P.; Miles, C.O. Selective and Efficient Capture and Release of vic-Diol-Containing Pacific
and Caribbean Ciguatoxins from Fish Extracts with a Boronate Affinity Polymer. |. Agric. Food Chem. 2022, 70, 12946-12952.
[CrossRef] [PubMed]

Beach, D.; Kerrin, E.; McCarron, P; Kilcoyne, J.; Giddings, S.; Waaler, T.; Rundberget, T.; Samdal, I.; Lovberg, K.; Miles, C. Boronate
techniques for clean-up and concentration of the vic-diol-containing tetrodotoxins from shellfish. In Proceedings of the 18th
International Conference on Harmful Algae, Hobart, Australia, 7-11 February 2000; Hess, P., Ed.; International Society for the
Study of Harmful Algae: Nante, France, 2020; pp. 125-128.

Bernardini, R.; Oliva, A ; Paganelli, A.; Menta, E.; Grugni, M.; De Munari, S.; Goldoni, L. Stability of Boronic Esters to Hydrolysis:
A Comparative Study. Chem. Lett. 2009, 38, 750-751. [CrossRef]

Liu, Z.; He, H. Synthesis and Applications of Boronate Affinity Materials: From Class Selectivity to Biomimetic Specificity. Acc.
Chem. Res. 2017, 50, 2185-2193. [CrossRef] [PubMed]


https://doi.org/10.3109/15569549609064078
https://doi.org/10.1016/j.toxicon.2004.07.008
https://www.ncbi.nlm.nih.gov/pubmed/15450930
https://doi.org/10.1271/bbb1961.53.893
https://doi.org/10.1006/abio.2000.4953
https://www.ncbi.nlm.nih.gov/pubmed/11180932
https://doi.org/10.1016/j.foodchem.2016.04.122
https://doi.org/10.1039/b201128j
https://www.ncbi.nlm.nih.gov/pubmed/12146907
https://doi.org/10.1016/j.talanta.2010.11.014
https://www.ncbi.nlm.nih.gov/pubmed/21147354
https://doi.org/10.3358/shokueishi.47.46
https://www.ncbi.nlm.nih.gov/pubmed/16729664
https://doi.org/10.1016/j.ab.2006.02.010
https://www.ncbi.nlm.nih.gov/pubmed/16574054
https://doi.org/10.1016/j.foodchem.2011.11.081
https://doi.org/10.3390/jmse9111312
https://doi.org/10.5740/jaoacint.17-0017
https://www.ncbi.nlm.nih.gov/pubmed/28425396
https://doi.org/10.5740/jaoacint.19-0240
https://www.ncbi.nlm.nih.gov/pubmed/31645237
https://doi.org/10.1080/19440049.2015.1027879
https://www.ncbi.nlm.nih.gov/pubmed/25768208
https://doi.org/10.1007/s10337-014-2663-3
https://doi.org/10.1016/j.chroma.2011.01.075
https://www.ncbi.nlm.nih.gov/pubmed/21316059
https://doi.org/10.1016/j.talanta.2012.05.073
https://www.ncbi.nlm.nih.gov/pubmed/22967574
https://doi.org/10.1021/acs.jafc.8b00346
https://www.ncbi.nlm.nih.gov/pubmed/29502403
https://doi.org/10.1021/acs.jafc.2c03789
https://www.ncbi.nlm.nih.gov/pubmed/36191081
https://doi.org/10.1246/cl.2009.750
https://doi.org/10.1021/acs.accounts.7b00179
https://www.ncbi.nlm.nih.gov/pubmed/28849912

Toxins 2024, 16, 260 10 of 10

28.

29.

30.
31.

32.

33.

Gu, H,; Chio, T.I; Lei, Z; Staples, R.J.; Hirschi, ].S.; Bane, S. Formation of hydrazones and stabilized boron-nitrogen heterocycles
in aqueous solution from carbohydrazides and ortho-formylphenylboronic acids. Org. Biomol. Chem. 2017, 15, 7543-7548.
[CrossRef] [PubMed]

Antoénio, ]. PM.; Gongalves, L.M.; Guedes, R.C.; Moreira, R.; Gois, PM.P. Diazaborines as New Inhibitors of Human Neutrophil
Elastase. ACS Omega 2018, 3, 7418-7423. [CrossRef] [PubMed]

Goto, T.; Kishi, Y.; Takahashi, S.; Hirata, Y. Tetrodotoxin. Tetrahedron 1965, 21, 2059-2088. [CrossRef] [PubMed]

Wu, X,; Li, Z.; Chen, X.-X.; Fossey, ].S.; James, T.D.; Jiang, Y.-B. Selective sensing of saccharides using simple boronic acids and
their aggregates. Chem. Soc. Rev. 2013, 42, 8032-8048. [CrossRef]

Groleau, R.R.; Chapman, R.S.L.; Ley-Smith, H.; Liu, L.; James, T.D.; Bull, S.D. A Three-Component Derivatization Protocol for
Determining the Enantiopurity of Sulfinamides by 1H and F NMR Spectroscopy. J. Org. Chem. 2020, 85, 1208-1215. [CrossRef]
[PubMed]

Rey, V,; Botana, A.M.; Alvarez, M.; Antelo, A.; Botana, L.M. Liquid Chromatography with a Fluorimetric Detection Method
for Analysis of Paralytic Shellfish Toxins and Tetrodotoxin Based on a Porous Graphitic Carbon Column. Toxins 2016, 8, 196.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/c7ob01708a
https://www.ncbi.nlm.nih.gov/pubmed/28853481
https://doi.org/10.1021/acsomega.8b00702
https://www.ncbi.nlm.nih.gov/pubmed/30087912
https://doi.org/10.1016/s0040-4020(01)98344-9
https://www.ncbi.nlm.nih.gov/pubmed/5896483
https://doi.org/10.1039/c3cs60148j
https://doi.org/10.1021/acs.joc.9b02473
https://www.ncbi.nlm.nih.gov/pubmed/31774680
https://doi.org/10.3390/toxins8070196
https://www.ncbi.nlm.nih.gov/pubmed/27367728

	Introduction 
	Results and Discussion 
	Design of Derivatization Reagent 
	Optimization of Derivatization Conditions 
	Effects of the Derivatization of TTX and Structural Analysis 
	Analysis of Matrix Sample 

	Conclusions 
	Materials and Methods 
	Reagents and Materials 
	Synthesis of NBD-H-DAB 
	Confirmation of NBD-H-DAB and Derivatized Product of TTX with NBD-H-DAB 
	Sample Preparation from Fish Flesh 
	Derivatization Procedure 
	Instrumentation and LC–UV Conditions 

	References

