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Biogenic amines (BAs) are organic nitrogenous compounds that are responsible for several biological
events. If their concentration reaches the threshold level, it can cause mild to serious health problems in
human. A novel bis-styrylphenyl Meldrum's acid derivative (BSMAD) was synthesized and served as
a fluorescent turn-on pre-column derivatizing reagent for the quantitative analysis of BAs. A method for
the determination of BA by high-performance liquid chromatography (HPLC) was established, which has
a low detection limit (0.4 nmol L™Y), excellent linearity (R> = 0.9946) and repeatability (RSD = 3.7% intra-
day, RSD = 5.8% inter-day). The proposed method was successfully applied for the determination of BAs
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Accepted 20th May 2021 in several alcoholic beverages, including yellow wine, red wine, cooking wine, and beer. Satisfactory
recoveries were obtained in the range of 94.6-100.5%. Compared with other methods, this pre-column

DOI 10.1039/d1ra01436f derivatization method using BSMAD is simple, reliable, highly sensitive, and of low interference, providing
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1 Introduction

Biogenic amines (BAs) are a class of low molecular weight basic
nitrogenous compounds with biological activity, which are
usually formed from amino acids by decarboxylation, and by
amination and transamination of aldehydes or ketones.'?
According to the structure of BAs, they can be classified into
three different categories: putrescine (PUT), cadaverine (CAD),
spermine (SPN), spermidine (SPD), and other aliphatic amines;
tyramine (TYM), phenylethylamine (PEA), and other aromatic
amines; histamine (HIM), tryptamine (TRM), and other
heterocyclic amines. BAs are typical active components in
organisms, and an appropriate amount of them can promote
normal physiological activities. However, excessive intake of
BAs will produce adverse reactions. HIM is the most toxic BA,
and excessive HIM can lead to headache, dyspepsia, abnormal
blood pressure, and even neurotoxicity. TYM is next most toxic,
and excessive TYM can also cause headaches and hypertension.
CAD and PUT are less toxic, but they can inhibit HIM and TYM-
related metabolic enzyme activities, increasing the amount of
them and enhancing bodily discomfort symptoms. TRM and
PEA can also lead to hypertension when excessive amounts exist
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an effective method for future studies of BAs in different matrices.

in the human body. SPN and SPD are less toxic and can promote
cell proliferation.'”

BAs exist not only in living organisms but also in a variety of
foods, especially in fermented foods such as cheese, sausage,
beer, wine, rice wine, and condiments. They present in many
aquatic and meat products as well. HIM and other BAs have
been used as the primary chemical markers of food bacterial
spoilage, and their content can serve as an index of food
freshness. The toxicological level of these BAs is very difficult
to establish, because it depends on the presence of other
amines and each BA has different characteristics. Different
concentration thresholds for BAs have been reported in the
literature and legal regulations. A concentration threshold of
100 mg HIM/kg food and 2 mg L ™" alcoholic beverage have been
suggested. Values of 100-800 mg kg~ ' for TYM and PEA have
been suggested as the legal upper limit for the existence of them
in food.» The quantitative analysis of BAs in food is of great
significance to promote food safety and protect human health,
though different concentration threshold of them might exist.
More and more studies have been carried out on BAs' quanti-
tative analysis in various kinds of meat products, aquatic
products, and other foods.**>°

BAs determination in food is usually complicated because
their concentrations are low, and the food samples usually need
some pre-processing steps. Common methods for BAs deter-
mination are chromatographic ones, such as thin-layer chro-
matography (TLC),*” capillary electrophoresis (CE),*** gas
chromatography (GC),"*™"® and high-performance liquid chro-
matography (HPLC)."”>® HPLC is the most widely used because
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of its high resolution, sensitivity, efficiency, and reliability.
Nevertheless, a single chromatographic approach to simulta-
neously determine mixture of BAs without derivatization is not
feasible due to the lack of adequate chromatographic or
absorption/fluorescence properties. A derivatization step is
usually necessary before chromatographic separation and
detection.

Fluorescent reagents are widely used in the pre-column or
post-column derivatization in high-performance liquid chro-
matography coupled with fluorescence detection (HPLC-FLD),
which dramatically enhances the sensitivity of the detection
of BAs. 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC),""*®* dansyl chloride (DNS-CI),"*** 9-fluorenylmethyl
chloroformate (FMOC-CI1),>*** and O-phthalaldehyde (OPA)**>°
are some popular derivatizing reagents used for the determi-
nation of BAs. AQC, DNS-Cl, and FMOC-CI all have intrinsic
fluorescence and may generate fluorescent by-products during
the derivatization process, which complicates BAs' quantitative
analysis. OPA is a fluorogenic derivatizing reagent, which may
avoid the shortcomings of AQC, DNS-Cl, and FMOC-CIL
However, BAs derivatives generated from OPA are usually
unstable, and OPA itself is sensitive to air and light. Thus, there
is still an urgent need for novel fluorogenic derivatizing
reagents for BAs.

In the present work, a novel fluorogenic bis-styrylphenyl
Meldrum's acid derivative (BSMAD, Fig. 1) was designed and
synthesized for BAs' quantitative analysis. BSMAD has a bis-
styrylphenyl structure, which can serve as a fluorogenic
moiety* and a Meldrum's acid derivative form, which can react
with amines due to its a,B-unsaturated nature, according to
Anslyn group's work.**> BSMAD is nonfluorescent itself;
however, a fluorescent derivative is formed upon the reaction
with nucleophilic amines. This work aimed to achieve a new
method using BSMAD as the derivatizing reagent allowing the
qualitative and quantitative analysis of BAs in foods with HPLC-
FLD. Reaction parameters were optimized to achieve high
derivatization yields under mild conditions. The method was
validated by analyzing BAs in alcoholic beverages. The study
focused on HIM, TYM, TRM, PUT, CAD, and PEA, since they
represent BAs with higher toxicity. The established method has
a low detection limit (0.4 nmol L"), excellent linearity (R> =
0.9946), and high repeatability (RSD = 3.7% intra-day, RSD =

reacting unit

} linker

fluorophore

Fig. 1 The chemical structure of fluorogenic bis-styrylphenyl Mel-
drum'’s acid derivative (BSMAD), the bis-styrylphenyl structure serves
as a fluorophore and the Meldrum's acid derivative part serves as
a reacting unit able to react with amines.
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5.8% inter-day), which suggests that it has a great potential in
the sensitive analysis of BAs in various sources.

2 Experimental
2.1 Reagents and chemicals

Unless stated otherwise, all reagents were of analytical grade.
BSMAD was synthesized in our laboratory (Section 2.9 and ESIf).
4-(4-Hydroxyphenyl)-2-butanone (99%+) were purchased from
Aladdin. Chloroform-d (99.8%+), dimethyl sulfoxide (DMSO,
99.9%+), DMSO-d6 (99.8%+), N,N-dimethylformamide (DMF,
99.9%+), styrene (99.5%+), palladium(u) acetate (99%+), hista-
mine dihydrochloride (HIM, 99+%), tyramine (TYM, 98%-+),
putrescine dihydrochloride (PUT, 99+%), cadaverine dihydro-
chloride (CAD, 99+%), tryptamine (TRM, 98%), and 2-phenyl-
ethylamine (PEA, 99%) were purchased from Innochem (Beijing,
China). Ammonium hydroxide (25-28%), potassium iodide
(99.5%+), iodine (99.0%+), sodium thiosulfate pentahydrate
(99.5%+), sodium chloride (99.5%+), sodium sulfate (99.5%-+),
potassium carbonate (99.5%+), concentrated sulfuric acid
(99.5%+), acetic anhydride (98.5%+), triethylamine (99.9%), tri-
phenylphosphine (99.5%+), petroleum ether, ethyl acetate
(99.5%+), tetrahydrofuran (THF, 99.9%+), potassium hydrogen
phthalate, sodium tetraborate, sodium dihydrogen phosphate
(99+%), and disodium hydrogen phosphate dodecahydrate
(99+%) were purchased from Sinopharm Chemical Reagent Co.
Ltd (Shanghai, China). N,N-Diisopropylethylamine (99.5%+),
methyl iodide (99.5%+), propanedioic acid (99.0%+), carbon
disulphide (99.0%), propanone (99.5%+), dichloromethane
(99.0%+), triphenylphosphine (99.5%+) were purchased from
Shanghai Qinba Chemical Co., Ltd. HPLC grade of acetonitrile
(ACN, 99.9%) was purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). Water was Milli-Q grade. Filter (N66, 13 mm x 0.22
um) was purchased from Jinteng (Tianjin, China). All HPLC
solvents were filtered through a 0.22 pum membrane and
degasified in an ultrasonic bath for 30 min.

PBS buffer (pH 7.4, 0.2 mol L™ ') was prepared by mixing
81.0 mL of disodium hydrogen phosphate (0.2 mol L") and
19.0 mL of sodium dihydrogen phosphate (0.2 mol L™"). Unless
noted otherwise, the concentration of all PBS reagents in the
study was 10 mmol L. A specific amount of BSMAD was
weighted and dissolved in ACN to prepare a stock solution with
a concentration of 10 mmol L ™" as the fluorescent derivatization
reagent. Specific amounts of BAs (HIM, TYM, PUT, CAD, TRM,
and PEA) were dissolved in ACN-PBS (50/50, v/v) to prepare
a stock solution with a concentration of 10 mmol L™" as the
standard solution of BAs. These standard stock solutions were
stored in the refrigerating chamber of a refrigerator at —20 °C.

2.2 Apparatus

Analytical TLC was performed with silica gel GF254 plates. The
'H and C NMR spectra were recorded at 25 °C using a 500
MHz NMR spectrometer (Bruker Avance III). Chemical shifts (6)
are reported in PPM using tetramethylsilane (TMS) as an
internal standard (6 = 0 ppm), or using the deuterated solvent
signal as reference. Spin-spin coupling constants (/) are given

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in Hz. Infrared spectra were registered on a Nicolet iS5 (Thermo
Fisher Scientific) in potassium bromide tablets. Chromato-
graphic analyses were performed on an LC-20AT system (Shi-
madzu, Japan) with a fluorescence detector (RF-20A, Shimadzu,
Japan) and a UV detector (SPD-20A, Shimadzu, Japan). Separa-
tions were performed on a reversed-phase HPLC column (Agi-
lent Eclipse XDB-C18, 5 um, 4.6 mm x 150 mm). UV-Vis spectra
were recorded with a UV757CRT UV-Vis spectrophotometer
(Shanghai spectrum instrument Co., Ltd). Fluorescence spectra
were obtained by an LS55 (PerkinElmer, UK) fluorescence
spectrometer. A PB-10 pH meter (Sartorius, USA) was used to
determine the pH values.

2.3 Fluorescent analysis

2 mL of BSMAD (2 pmol L") and 2 mL of amine (2 pmol L)
solution reacted at 25 °C for 2 h to obtain the derivative. The
maximum absorption wavelength was obtained by scanning on
a UV757CRT UV-Vis spectrophotometer. The derivative's
maximum absorption wavelength was then set as the excitation
wavelength on an LS-55 fluorescence spectrometer, and the
emission spectrum was scanned in the range of 350 to 600 nm.
Then the emission wavelength was set at the maximum value,
and the excitation wavelength was scanned in the range of 200
to 400 nm to obtain the maximum of it. A similar fluorescent
analysis was also carried out on BSMAD itself.

2.4 Derivatisation procedure

In the standard derivatization procedure, 60 uL mixture of stan-
dard BA sample (HIM, TYM, PUT, CAD, TRM, and PEA,
0.01 mmol L"), 120 uL, BSMAD solution (1 mmol L"), and 60 pL
ACN-PBS (50/50, v/v, pH 7.4) solution were mixed in an Eppen-
dorf tube. It was vortexed and then kept in a thermostatic water-
bath (25 °C) for 2 h and then subjected to HPLC-FLD analysis.

2.5 Chromatographic separation

Chromatographic analyses were carried out on an HPLC system
using a C18 column (5 um, 4.6 x 150 mm). The excitation and
emission wavelengths were set at 310 and 405 nm, respectively.
20 pL of the prepared test solution was injected into the HPLC.
Mobile phase A was 97% water/3% tetrahydrofuran, and
mobile-phase B was 97% acetonitrile/3% tetrahydrofuran. The
elution condition was: 0-60 min, 65% solvent B. The flow rate
was kept at 1 mL min~?, and the LC column temperature was
set at 25 °C, which was pre-balanced with the mobile phase for
30 min before analysis.

2.6 LC-MS analysis

The target analyte was characterized by Q-Exactive plus (Thermo
Fisher Scientific). Easy NLC 1000 combined with InertSustain-
C18 column (5 pm, 4.6 mm x 150 mm, Agilent eclipse) was
used to separate the analytes. The positive ion mode was used
for detection, and the scanning range was set at 50-2000 m/z.
The primary mass spectrometry scanning mode was SIM
(selective ion detection) mode. The nano upgraded electric
spray ion (ESI) source has a voltage of 2.25 kV and a column
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temperature of 25 °C. Mobile phase A was 97% water/3%
tetrahydrofuran, and mobile phase B was 97% acetonitrile/3%
tetrahydrofuran. The elution condition was as follows: 0-
60 min, 65% solvent B the flow rate was 300 nL min*. Xcalibur
3.1 software was used for data processing.

2.7 Method validation

The proposed method was validated according to the ref. 33.
The linearity was determined by analyzing standard amine
mixtures (HIM, TYM, PUT, CAD, TRM, and PEA) with different
concentrations, starting from the limit of quantification (LOQ,
S/N = 10) values to 5 umol L. Intra-day precision was deter-
mined by six replicates analyses of standard amines solution on
the same day. Inter-day precision was measured using the same
method on three different days under the same operational
parameters. Recoveries of the six amines were calculated by
analyzing the samples spiked with amine standards at medium
and high concentrations (0.4 pmol L™ and 1.0 pumol L™ ") before
the sample preparation procedure. The concentration of
amines recovered (Crecoverea) and amines spiked (Cspikea) Were
compared to calculate the recovery percentage using the
following equation: recovery = [Crecovered/Cspikea] X 100%.

2.8 Sample processing

60 pL wine sample was filtered by 0.22 pm filter membrane and
then transferred into a 1 mL sample tube. 1 mL ACN-PBS (50/50, v/
v) was added to adjust the wine sample's pH to 7.4, which was then
used for the following quantitative analysis based on HPLC-FLD.

2.9 Synthesis

2.9.1 Synthesis of 4-(4-hydroxy-3,5-diiodophenyl)butan-2-
one (1). A solution of potassium iodide (26.56 g, 160.1 mmol)
and iodine (10.15 g, 39.99 mmol) in water (90 mL) was added
dropwise into a solution of 4-(4-hydroxyphenyl)butan-2-one
(3.28 g, 20.0 mmol) in ammonium hydroxide (70 mL) at room
temperature. The reaction was allowed to stir for 6 h. Then the
solution was acidified with concentrated HCI until it reached
pH 1-2. The yellow solid was collected by filtration and then
dissolved in ethyl acetate (150 mL). The resulting solution was
washed with saturated aqueous NaS,0; (70 mL x 2), water
(100 mL x 2), and saturated aqueous NaCl (150 mL). The
organic layer was dried over anhydrous Na,SO, and filtered. The
filtrate was evaporated under vacuum to obtain a residue. The
crude product was purified by column chromatography on silica
gel using petroleum ether: ethyl acetate = 5 : 1 as eluent to give
compound 1.

Compound 1 was a light brown solid, yield: 31.0%; "H NMR
(500 MHz, CDCl;) 6 7.51 (s, 2H), 5.64 (s, 1H), 2.75-2.78 (m, 2H),
2.70-2.73 (m, 2H), 2.15 (s, 3H); "*C NMR (126 MHz, CDCl;) é:
207.1, 151.9, 139.0, 137.2, 82.1, 44.8, 30.1, 27.5; HRMS: m/z
calculated for C;oH;01,0, [M + H]" 416.8843, found 416.8803.

2.9.2 Synthesis of 4-(3,5-diiodo-4-methoxyphenyl)butan-2-
one (2). Compound 1 (2.57 g, 6.18 mmol), potassium
carbonate (5.10 g, 37.0 mmol) and iodomethane (9.60 g, 66.0
mmol) were dissolved in acetone (17 mL). The reaction mixture
was allowed to stir at 56 °C for 6 h. Completion of the reaction

RSC Adv, 2021, 11, 19541-19550 | 19543
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was monitored by TLC. Then the reaction mixture was cooled to
25 °C and evaporated to remove acetone. The residue was par-
titioned between ethyl acetate (80 mL) and saturated NaCl
aqueous solution (50 mL x 3). The separated organic layer was
dried over anhydrous Na,SO, and evaporated to dryness. The
crude product was purified by column chromatography on silica
gel using petroleum ether: ethyl acetate = 5 : 1 as eluent to give
compound 2.

Compound 2 was colorless oil, yield: 98.0%; "H NMR (500
MHz, CDCl,): 6 7.59 (s, 2H), 3.83 (s, 3H), 2.76-2.79 (m, 2H), 2.71-
2.74 (m, 2H), 2.16 (s, 3H); >C NMR (126 MHz, CDCl,): 6 206.8,
157.1, 141.0, 139.6, 90.3, 60.6, 44.5, 30.0, 27.7; HRMS: m/z
Calculated for C1;H;,1,0, [M + H]" 430.8999, found 430.9007.

2.9.3 Synthesis of 4-(4-methoxy-3,5-di((E)-styryl)phenyl)
butan-2-one (3). Compound 2 (1.64 g, 3.81 mmol), styrene
(1.19 g, 11.4 mmol), N,N-diisopropylethylamine (2.46 g, 19.0
mmol), Pd(OAc), (5 mol%, 85.3 mg) and PPh; (7 mol%, 69.8 mg)
were dissolved in DMF (10 mL) and H,O (5 mL). The reaction
mixture was allowed to stir under nitrogen at 90 °C for 4 h.
Completion of the reaction was monitored by TLC. The reaction
mixture was cooled to 25 °C and filtered through celite. The filtrate
was collected and evaporated in vacuum. The crude product was
purified by column chromatography on silica gel using petroleum
ether: ethyl acetate = 10 : 1 as eluent to give compound 3.

Compound 3 was a white solid, yield: 73.0%; "H NMR (500
MHz, DMSO-d6): 6 7.63 (d, J = 7.5 Hz, 4H), 7.56 (s, 2H), 7.37-
7.42 (m, 6H), 7.29-7.32 (m, 4H), 3.74 (s, 3H), 2.86-2.89 (m, 2H),
2.80-2.83 (m, 2H), 2.14 (s, 3H); "*C NMR (126 MHz, DMSO-d6):
6 208.1, 154.2, 137.7, 130.7, 130.2, 129.2, 128.2, 127.0, 125.9,
122.8, 62.4, 44.7, 30.2, 29.3. HRMS: m/z Calculated for C,;H,¢0,
[M + H]" 383.2006, found 383.1980.

2.9.4 Synthesis of 2-(4-methoxy-3,5-di((E)-styryl)
phenethyl)-2-methyl-1,3-dioxane-4,6-dione (4). Malonic acid
(375 mg, 3.60 mmol) and concentrated sulfuric acid (3 drops)
were dissolved in acetic anhydride (1 mL). The reaction mixture
was stirred at 0 °C for 20 min and 3 (689 mg, 1.80 mmol) was
added. Upon completion of addition, the resulting reaction
mixture was stirred overnight. The mixture was purified by

NH3+H,0, KI, I,

RT,6h

o
HO/@/\)‘\

malonic acid, Ac,0

H,S0,, 0°C, 12 h

Scheme 1 The synthetic route of derivating reagent BSMAD.
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column chromatography on silica gel using petroleum ether:
ethyl acetate = 3 : 1 as eluent to give compound 4.

Compound 4 was a white solid, yield: 24.0%; "H NMR (500
MHz, DMSO0-d6): 6 7.62-7.64 (m, 6H), 7.36-7.42 (m, 8H), 7.28-
7.33 (m, 2H), 4.24 (d, J = 20.5 Hz, 1H), 3.99 (d, J = 20.5 Hz, 1H),
3.75 (s, 3H), 2.79 (t,J/ = 8.0 Hz, 2H), 2.36 (t,/ = 8.0 Hz, 2H), 1.81
(s, 3H). '*C NMR (126 MHz, DMSO-d6): 6 164.0, 153.8, 137.2,
136.5,130.3, 129.8, 128.8, 127.8, 126.5, 125.5, 122.2, 106.8, 62.0,
40.9, 36.7, 28.5, 25.2. HRMS: m/z Calculated for C3yH,505 [M +
H]" 469.2010, found 469.2020.

2.9.5 Synthesis of 5-(bis(methylthio)methylene)-2-(4-
methoxy-3,5-di((E)-styryl)phenethyl)-2-methyl-1,3-dioxane-4,6-
dione (BSMAD). To a solution of 4 (490 mg, 1.05 mmol) in
DMSO (2.7 mL) was added triethylamine (0.82 mL, 5.04 mmol)
and carbon disulfide (0.27 mL, 2.07 mmol) in quick succession.
The mixture was stirred vigorously at room temperature for 1 h.
After cooling (ice-bath), iodomethane (0.38 mL, 6.1 mmol) was
slowly added to the reaction mixture. When the addition was
complete, the mixture was allowed to warm up to room
temperature and was stirred for a further 12 h before being
diluted with ice-cold water (30 mL). The suspension was filtered
and the yellow solid was washed with water (5 mL). The crude
product was purified by column chromatography on silica gel
using petroleum ether: dichloromethane = 2 :1 as eluent to
give product BSMAD.

BSMAD was a yellow solid, yield: 10.0%; 'H NMR (500 MHz,
DMSO0-d6): 6 7.63 (d, J = 7.5 Hz, 4H), 7.60 (s, 2H), 7.35-7.42 (m,
8H), 7.28-7.32 (m, 2H), 3.74 (s, 3H), 2.78-2.81 (m, 2H), 2.66 (s, 6H),
2.32-2.35 (m, 2H), 1.79 (s, 3H). *C NMR (126 MHz, DMSO-d6):
6192.1,159.2, 153.8, 137.2, 136.7, 130.4, 129.8, 128.8, 127.8, 126.5,
125.5, 122.2, 104.1, 103.0, 62.1, 40.6, 28.5, 24.4, 20.9. HRMS: m/z
Calculated for C33H;,05S, [M + H]' 573.1764, found 573.1764.

3 Results and discussion

3.1 Fluorogenic reagent and its derivatization reaction with
TRM

Meta-phenylene vinylene (m-PV) unit has tuneable physical,
optical, and electronic properties, making it a popular

styrene,Pd(OAc),
PPhs, DIPEA

DMF/H,0, 90 °C, 4 h

CS,, CHl

DMSO, Et;N

© 2021 The Author(s). Published by the Royal Society of Chemistry
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fluorophore in various research areas.*® We incorporated m-PV
moiety into a Meldrum's acid derivative and synthesized
compound BSMAD, expecting it to serve as a conjugate acceptor
for amines with the fluorescent property. Anslyn group's study
on the Meldrum's acid derivative has proved that the o,pB-
unsaturated nature of it can undergo 1,4-conjugate addition
reactions with amine nucleophiles.*"** The synthetic route of
derivative reagent BSMAD is shown in Scheme 1. Firstly, bis-
styrylphenyl fluorophore was assembled by Heck reaction, and
the keto carbonyl group was then converted to a Meldrum's acid
derivative. The characterizations of the intermediates and final
product are shown in Fig. S1-515.}

Fluorescent analysis on BSMAD showed that it was nonflu-
orescent. However, when TRM was added to the BSMAD solu-
tion, blue fluorescence was turned on almost instantly (Fig. 2).
Fluorescent analysis of the resulting solution on a fluorescence
spectrometer indicated that a product with a fluorescent exci-
tation wavelength of 310 nm and an emission wavelength of
405 nm formed. Similar fluorescent excitation and emission
spectra were aquired for BSMAD derivatives of HIM, TYM, PUT,
CAD, and PEA (Fig. S16+).

A possible explanation for the fluorogenic nature of the
derivatization reaction between BSMAD and the amine is
illustrated in Fig. 3. The sulfur atoms in BSMAD might quench
the m-PV units’ fluorescence through the process of photoin-
duced electron transfer (PET). When one of the methylthio
group leaves upon the addition of an amine, the PET process is
significantly suppressed, and the fluorescence of bis-
styrylphenyl fluorophore is thus recovered.

A more detailed derivatization study was carried out using
TRM as the model BA to react with BSMAD for 2 h at 25 °C
followed by HPLC-FLD analysis. Compared with the blank (see
Fig. 4A), one new peak (fg: 35.6 min) is observed in the HPLC
chromatogram (Fig. 4B) and identified as the TRM-BSMAD
derivative (Fig. 4C). The eluate corresponding to that peak
was then collected and subjected to ESI-MS detection. In the
ESI-MS spectrum, the [M + H]", [M + NH,]" peaks of the TRM-
BSMAD derivative (m/z 685.2731, 702.2995) with high

8004 310 nm

700
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500

Excitation Emission

5

=]

=3
1

300

200

Fluorescence Intensity (mv)

T T T T T T T T
200 250 300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 2 The fluorescent excitation and emission spectra of the deriv-
atization product (TRM-BSMAD), Aex = 310 nm, Aem = 405 nm. Inset:
Images of the solution of BSMAD before and after the reaction with
TRM under 365 nm UV light; the BSMAD solution was nonfluorescent
and derivatization product (TRM-BSMAD) was fluorescent, indicating
the fluorogenic nature of BSMAD.
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R-NH,

Fig. 3 The fluorogenic reaction of BSMAD with an amine to afford
a fluorescent derivative. The addition of an amine to the conjugate
acceptor may suppress the PET process, and thus turn on the fluo-
rescence of bis-styrylphenyl fluorophore.

intensities are observed, which agree very well with the theo-
retical value (m/z 685.2731, 702.2995). These results prove that
TRM was successfully derivatized with BSMAD to form the
TRM-BSMAD.

3.2 Optimization of derivatization reaction

Some important derivatization reaction conditions were optimized
by a single factor optimization method to obtain higher fluores-
cence intensity. The BSMAD concentration, reaction temperature,
reaction time, and pH were optimized using the peak areas of the
derivatives of six BAs (0.05 mmol L' each) as the evaluation
standard. All the reactions were conducted three times in parallel
to reduce the error. The results are shown in Fig. 5.

3.2.1 Effect of reagent concentration on derivatization.
Firstly, the effect of reagent concentration on the derivatization
reaction was investigated. To ensure the efficiency of derivati-
zation reaction, excessive derivatization reagents are usually
selected. However, over derivatization will lead to column
overload and peak tailing, which will affect the accuracy of
detection. Therefore, it is necessary to determine the appro-
priate concentration of derivatization reagent in the reaction. As
shown in Fig. 5A, when the concentration of BSMAD is greater
than or equal to 1 mmol L™, the peak area of the derivative
reaches the maximum. Therefore, 0.1 mmol L' BSMAD was
selected as the optimal concentration for derivatization.

3.2.2 Effect of temperature on derivatization. We further
studied the effect of different reaction temperatures (0-60 °C).
Fig. 5B shows that the peak area first increases with the increase
of temperature at 0-25 °C, and then it is stable at 25-60 °C. The
derivatization temperature of 25 °C is an obvious advantage of
our method, which is room temperature.

3.2.3 Effect of time on derivatization. While other reaction
parameters were unchanged, the effect of time on derivatization
reaction was studied. As shown in Fig. 5C, the peak areas of six
biogenic amines' derivatives reach the maximum at 2 h.
Therefore, 2 h was determined as the optimal reaction time.

3.2.4 Effect of pH on derivatization. The pH value of the
derivatization reaction mixture is crucial because it signifi-
cantly affects the reaction.’* The effect of pH value on deriva-
tization is shown in Fig. 5D. The pH values of 5.7, 6.4, 7.4, 8.0,
and 9.2 were selected in the study. The peak area maximized at
pH 7.4, and it was determined as the optimized pH value for
derivatization.
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Fig. 4 (A) Chromatogram of blank sample (B) representative chro-
matogram obtained from standard TRM solution (20 pumol L) after
derivatization with BSMAD. The derivative TRM-BSMAD has a retention
time of 35.6 min. The elution followed an isocratic mode and the
mobile phase was acetonitrile-water (7.0/3.0, v/v). The flow rate was
1.0 mL min~% (C) ESI-MS spectrum of TRM-BSMAD, [M + H]*, [M +
NH4l* Calculated: m/z = 685.2731, 702.2995, found: m/z = 685.2731,
702.2995.

In summary, the best pre-column derivatization method was
confirmed as follows: a probe concentration of 0.1 mmol L™,
areaction temperature of 25 °C, a pH value of 7.4, and a reaction
time of 2 h.
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3.3 Analysis of amine mixtures

3.3.1 Chromatographic separation. The optimized deriva-
tization method and RP-HPLC were used to analyze the stan-
dard amine mixtures (HIM, TYM, PUT, CAD, TRM, and PEA).

3
|

o
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Fluorecence Units (a.u.)
w S~
1 1

N
1

A A A

T T T
0 10 20 30 40 50 60
Time (min)

Fig. 6 (A) Typical chromatogram of reagent blank carried through the
same derivatization procedure except for the addition of BAs; (B)
typical chromatogram of a standard mixture of six BAs (5.0 umol L™*
each). Shown are the derivatives of HIM (tg: 10.2 min), TYM (tg: 20.5
min), PUT (tg: 28.3 min), CAD (tg: 33.7 min), TRM (tg: 35.7 min), and PEA
(tr: 45.4 min). Mobile phase: A was 97% water/3% tetrahydrofuran, and
B was 97% acetonitrile/3% tetrahydrofuran. The elution condition was

0-60 min, 65% solvent B, flow rate: 1.0 mL min~™.
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Fig. 5 Effect of derivatization conditions on peak areas of the derivatives, including (A) derivatization reagent concentration, (B) reaction
temperature, (C) reaction time, (D) pH. The data represents the average of the three measurements. ll = HIM derivative, ® = TYM derivative, A =
PUT derivative, ¥ = CAD derivative, ® = TRM derivative, and € = PEA derivative.
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Table 1 Linear calibration ranges, regression equations, detection limits, correlation coefficient, and reproducibility of the proposed method

RSD® (%)
Range (nmol
Amine LY Regression equations® R LOD’ (nmol L) LOQ’ (nmol L) Intra-day Inter-day
HIM 2-5000 Y = 320.61X — 1.34 x 10* 0.9989 0.4 1.3 2.4 3.6
TYM 2-5000 Y = 2055.95X + 3.92 x 10° 0.9946 0.4 1.3 1.4 3.3
pPUT 2-5000 Y = 865.18X + 1.39 x 10° 0.9961 0.8 2.7 3.7 5.8
CAD 2-5000 Y = 31.42X + 2.17 x 10° 0.9957 0.8 2.7 3.3 4.2
TRM 2-5000 Y = 365.56X — 8.75 x 10° 0.9986 0.8 2.7 2.9 3.9
PEA 2-5000 Y = 1040.29X + 1.2 x 10° 0.9981 0.8 2.7 1.8 2.3

¢ X = sample concentration (nmol L"), ¥ = peak area (mV min). ? Signal-to-noise ratio = 3. “ n = 6.

We initially used the acetonitrile-water system as the mobile
phase. However, the peak of CAD derivative overlapped with
that of TRM derivatives. This problem was solved by adding
tetrahydrofuran to both mobile phases A and B. The elution
procedure and liquid phase conditions are described in detail
in Section 2.5. The obtained chromatogram (Fig. 6) shows that
six BAs derivatives achieve baseline separation within 45
minutes, which provides good chromatographic performance.
The derivatives of HIM-BSMAD, TYM-BSMAD, PUT-BSMAD,
CAD-BSMAD, TRM-BSMAD, and PEA-BSMAD are identified
by ESI-MS (Fig. S17-S22, ESIf). To study the derivatives’
stability, each reaction mixture was kept at room temperature
for 2 h, 24 h, and 48 h, respectively, and then analyzed by
HPLC-FLD at each time interval. The obtained chromatograms
show no significant change, and the peak area of each deriv-
ative remains almost the same (Fig. S231), indicating that the
derivatives have excellent stability.
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3.3.2 Methodological verification. We validated the appli-
cability of the optimized HPLC pre-column derivatization
method of the qualitative and quantitative detection of BAs.
The precision, the linear calibration ranges, regression equa-
tions, limits of detection (LODs), and limits of quantitation
(LOQs) were evaluated as described in Section 2.7. The results
are summarized in Table 1. The calibration curves show good
linearity in wide dynamic ranges (2-5000 nmol L") between
the concentrations and peak areas with correlation coeffi-
cients (R*) from 0.9946 to 0.9989. We also observe low detec-
tion limits ranging from 0.40 nmol L' to 0.80 nmol L™*
(signal to noise = 3, injection volume 20 pL). The reproduc-
ibility of the proposed method, expressed by intra-day and
inter-day relative standard deviation (RSD), is also satisfactory,
ranging from 1.40% to 3.70% and from 2.30% to 5.80%,
respectively.

~
h

N .

L L/J Lo h J\ oo

Flourescence Units (a.u.)
AN oW os e oo

[
i
2

Flourescence Units (a.u1)
PO
"
—
t
I
[
b
g
S
=
a
3
2

2
14

unspiked
04

T T T T T T T
0 10 20 30 40 50 60
Time (min)

Fig. 7 The chromatograms obtained from alcoholic beverage sample and the same sample spiked with HIM, TYM, PUT, CAD, TRM, and PEA,
1.0 mmol L~ each. Mobile phase: A was 97% water/3% tetrahydrofuran, and B was 97% acetonitrile/3% tetrahydrofuran. The elution condition
was 0—60 min, 65% solvent B, flow rate: 1.0 mL min~*. Chromatographic conditions are the same as described in Fig. 6. (A) yellow wine simple, (B)

red wine simple, (C) cooking wine simple, (D) beer simple.
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Table 2 BAs concentrations + SD (n =
samples (ng LY

6) in alcoholic beverage

Content + SD (ug L)

Yellow
Amines wine Red wine Cooking wine  Beer
HIM 13.10 £ 0.31 7.84 £0.31 2.59 £ 0.18 1.72 £ 0.31
TYM 29.39 £ 0.03 18.07 £ 0.03  15.92 £+ 0.12 15.23 £ 0.04
pPUT 12.39 £ 0.46 8.22 £ 0.46 3.36 & 0.46 12.40 £ 0.46
CAD 5.23 +£1.32 3.33 £0.38 4.02 £ 0.19 3.68 £0.22
TRM — 215+ 047 — —
PEA 6.81 + 0.22 5.57 £ 0.52 — —
Total 66.92 £ 2.35 45.18 £2.18 25.89 £ 0.95 33.03 £ 1.03

These results prove that the new derivatization method can
provide sensitive and selective BAs analysis with high
precision.

3.4 Real sample analysis

BAs exist in living organisms and various foods, especially in
fermented ones. To evaluate the method's applicability, six BAs

View Article Online
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in four alcoholic beverages, including yellow wine, red wine,
cooking wine, and beer samples, were analyzed qualitatively
and quantitatively. BSMAD was used as the derivatizing reagent,
and the whole process was completed under optimal derivati-
zation and chromatographic conditions. After simple sample
preparation procedures (described in Section 2.8), the samples
were derivatized with BSMAD, and sent directly for HPLC-FLD
analysis. The whole real sample analysis took several hours
for each one and cost of it is reasonable compared with other
approaches. The HPLC results of these alcoholic beverages
unspiked and spiked with standard BAs mixture solutions are
shown in Fig. 7. All six BAs were well separated and detected
without any interference. The detailed data are listed in Tables 2
and 3. It can be seen from the tables that the recoveries of the
actual samples are between 94.6% to 100.5%, and the repro-
ducibility of the method is high (RSD is 1.37% to 3.68%). These
results show that the established method has good accuracy
and reproducibility for the real sample analysis.

These results show that HIM, TYM, PUT, and PEA are present
in all the alcoholic beverages studied. The contents of HIM,
TYM, and PUT are relatively high, indicating that they need to
be carefully monitored in these products due to their toxicities.

Table 3 Results of BAs determination in yellow wine, red wine, cooking wine, and beer

Yellow wine Red wine Cooking wine Beer

Added (umol Recovery Recovery Recovery Recovery
Amines LY (%) RSD (%) (%) RSD (%) (%) RSD (%) (%) RSD (%)
HIM 0.4 97.9 1.80 98.5 3.50 98.1 4.12 100.0 2.13

1.0 97.5 2.00 97.7 2.02 95.8 3.70 98.4 3.19
TYM 0.4 102.5 2.41 98.9 1.44 95.2 3.60 96.5 2.02

1.0 100.1 3.12 97.0 1.19 96.9 2.98 97.9 3.53
PUT 0.4 100.3 3.34 99.5 2.99 94.6 2.86 100.3 1.91

1.0 99.3 2.28 99.8 2.37 96.0 1.39 99.3 2.18
CAD 0.4 98.2 1.37 96.5 2.30 — — — —

1.0 98.8 2.00 97.0 1.58 — — — —
TRM 0.4 94.7 2.75 95.5 1.23 — — — —

1.0 96.8 3.68 95.3 1.61 — — — —
PEA 0.4 96.6 1.70 100.2 2.84 100.0 1.56 96.6 1.78

1.0 98.0 2.03 99.7 1.95 100.5 2.79 98.0 3.42
Table 4 Comparison with other methods

Derivatize
Matrix Method Labeling reagent Extraction methods temperature LOD (nmol L™') Reference
Wine HPLC-FLD  6-Aminoquinolyl-N-hydroxysuccinimidyl ~ SPE 65 °C 68.63-188.15 18¢
(AQC)
Wine HPLC-FLD Dansyl chloride (DNS-CI) LLE 60 °C 6.98-450.45 23°
Intestine HPLC-FLD  9-Fluorenylmethyl chloroformate — 40 °C 80-400 24
(FMOC-C])

Fish HPLC-FLD O-Phthalaldehyde (OPA) PCX-SPE 25 °C 16.20 28°
Alcoholic beverages HPLC-FLD Bis-styrylphenyl Meldrum's acid — 25°C 0.4-0.8 This work

(BSMAD)

“ A solid-phase extraction (SPE) with mixed-mode resins method before HPLC-FLD analysis. ” A modified liquid-liquid extraction(LLE) with high
performance liquid chromatography-fluorescence detector (HPLC-FLD). ¢ High performance liquid chromatography-fluorescence detector (HPLC-

FLD) with ionexchange solid-phase extraction cartridge (PCX-SPE).
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Additionally, no TRM was observed in the yellow wine sample.
Neither TRM nor PEA was detected in cooking wine and beer. It
is possibly the consequence of different treatment processes in
various alcoholic beverages.

3.5 Comparison with other methods

As shown in Table 4, all other methods using pre-column
derivatization have LODs higher than 6.98 nmol L%, while
our method has a much lower LOD range, which is between 0.4
and 0.8 nmol L™ *. Most of other derivatization reagents need to
be pretreated before derivatization. However, our method does
not require any prior purification or extraction, and the deriv-
atized sample is directly subjected to HPLC-FLD analysis.
Moreover, our derivatization method with BSMAD can be con-
ducted at room temperature. Therefore, our approach has the
advantages of high detection sensitivity and good reproduc-
ibility. We believe BSMAD is more suitable for qualitative and
quantitative BAs analysis according to all these features it owns.

4 Conclusions

In summary, we have detailed a new pre-column derivatization
method based on a new fluorogenic probe of BSMAD, which has
been applied to determine HIM, TYM, PUT, CAD, TRM, and PEA
for the first time. BAs can be labeled with BSMAD with high
derivatization yields under mild conditions, producing stable
derivatives that have significant signal responses for both
fluorescence and MS detection. Additionally, combined with LC
separation, the method is selective and of low interference,
allowing simultaneous analysis of six BAs in alcoholic beverage
samples without complicated purification or extraction proce-
dures. We obtained sub-nmol L™! level detection of BAs, which
is much more sensitive than most other methods. And is good
enough for the determination of any BAs in alcoholic beverages
or other foods in regard to their concentration thresholds. The
results show good reproducibility and high accuracy. We expect
that this new probe can find wide applications in the labeling of
various BAs and other vital biomolecules bearing amino groups.
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