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Abstract: Neurotoxin β-N-methylamino-L-alanine (BMAA) is hypothesized as an important pathogenic
factor for neurodegenerative diseases such as amyotrophic lateral sclerosis/parkinsonism-dementia
complex (ALS-PDC). Comparative study on the accuracy of BMAA analyzed by the regular LC-
MS/MS methods is still limited for different biological matrices. In this study, a free-BMAA sample
of cyanobacterium and BMAA-containing positive samples of diatom, mussel, scallop, and oyster
were extracted with varied extraction ratios (ER) ranging from 1:20 to 1:2000. These extracts were
then purified by MCX cartridges. After SPE purification, these different biological samples were
analyzed by two common LC-MS/MS analysis methods, a direct analysis without derivatization by a
hydrophilic interaction liquid chromatography (HILIC)-MS/MS and pre-column 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate (AQC) derivatization combined with a C18 column. The results
suggested that the recoveries of BMAA spiked in the cyanobacterial sample were close to 100% in
the total soluble form extracts with the ER of 1:100 (g/mL) and the precipitated bound form extracts
with the ER of 1:500. The recommended ER for the precipitated bound form of BMAA in diatoms
and the total soluble form of BMAA in mollusks are 1:500 and 1:50, respectively. The quantitative
results determined by the AQC derivatization method were lower than those determined by the
direct analysis of the HILIC method in diatom and mollusk samples. The results of the HILIC method
without the derivatization process were closer to the true value of BMAA in cyanobacteria. This
work contributes to the performance of the solid-phase extraction (SPE) purification protocol and the
accuracy of BMAA analysis by LC-MS/MS in diverse biological samples.

Keywords: β-N-methylamino-L-alanine; extraction ratio; matrix effect; solid-phase extraction (SPE)
purification; liquid chromatography-tandem mass spectrometry (LC-MS/MS)

Key Contribution: The results recommended using extraction ratios of 1:100 and 1:500 for the
total soluble and precipitated bound forms of BMAA in phytoplankton samples, respectively, and
an extraction ratio of 1:50 for the total soluble form of BMAA in mollusks to achieve satisfactory
recoveries. Biological samples are recommended to be purified with an MCX-cartridge before analysis
for BMAA and its isomers using the non-derivatization HILIC method.

1. Introduction

The neurotoxic derivative of alanine β-N-methylamino-L-alanine (BMAA) can in-
duce the death of neurons in the central nervous system [1], which seems to be an im-
portant pathogenic factor for neurodegenerative diseases such as amyotrophic lateral
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sclerosis/parkinsonism–dementia complex (ALS-PDC) [2]. BMAA is associated with
protein misfolding and aggregation, the inhibition of specific enzymes, and neuroinflam-
mation [3]. It is hypothesized that BMAA can be incorporated into protein synthesis as
a substitute for alanine and serine [4]. The BMAA-containing proteins can also slowly
release the free form of BMAA over time, which will cause chronic and adverse effects
on neurons [5]. According to the source of BMAA, it was first discovered in the seeds of
Cycas circinalis [6], and it was later inferred to be produced by the symbiotic Nostoc sp. of
cycad root [7]. At present, BMAA is detected in some strains of cyanobacteria, diatoms,
and dinoflagellate distributed worldwide in freshwater and marine ecosystems [8,9]. For
example, the precipitated bound form of BMAA was detected in more than 20 diatom
strains of the genera Pseudo-nitzschia, Thalassiosira, Chaetoceros, and Planktoniella isolated
from the Chinese coast [8]. BMAA was also detected in diverse organisms, such as oysters,
mussels, snails, and fish, at different trophic levels, which increases its exposure risk for
humans [10–13]. In some previous studies, the accumulation of BMAA along food chains
exhibited significant biomagnification behavior in marine ecosystems [12]. Therefore, it is
necessary to strengthen the monitoring of BMAA in seafood products in order to protect
human health.

So far, several isomers of BMAA, including 2,4-diamino butyric acid (DAB), β-amino-
N-methylalanine (BAMA), and N-(2-aminoethyl) glycine (AEG), have been paid attention
to during the analysis of BMAA in biological samples [14]. Meanwhile, three forms of
BMAA were separated and analyzed in common analytical protocols for biological samples,
including free form, soluble-bound form, and precipitated-bound form of BMAA. The
free form of BMAA was extracted by trichloroacetic acid (TCA), the total soluble form of
BMAA (containing both free and soluble-bound forms) was hydrolyzed by HCl from the
supernatant extract of TCA, and the precipitated-bound form of BMAA was hydrolyzed
by HCl from the centrifugal pellets of the extract [15]. Therefore, it is a challenge for
analytical methods to effectively separate and correctly identify BMAA and its isomers
from the complex matrix to avoid false-positive results [16]. In addition, since the con-
tent of BMAA is significantly lower than other amino acids in complex environmental
samples, more sensitive methods are needed to analyze BMAA to avoid false-negative
results [17]. The early analysis of BMAA was performed using an improved technique
for amino acid analysis [18]. Gas chromatography-mass spectrometry (GC-MS) was also
applied to analyze BMAA in samples of primates and cycad seeds [19,20]. Later, BMAA
was detected by a high-performance liquid chromatography-fluorescence detector (HPLC-
FLD) or HPLC-mass spectrometry (MS) using 6-aminoquinolyl-N-hydroxysccinimidyl
carbamate (AQC) as a derivative [21,22]. Except for propyl chloroformate (PCF), ninhydrin,
and dansyl chloride [23–25], AQC is the most commonly used derivative reagent for BMAA
at present. Hydrophilic interaction liquid chromatography (HILIC) was also adopted to
directly analyze BMAA without derivatization processes for toxin extract before analy-
sis [26,27]. Currently, direct analysis with a HILIC column and derivatized reverse-phase
LC column are the most used methods in the analytical works for BMAA [18]. However,
both methods have some shortcomings in the analysis of natural samples. For example,
different biological samples, especially the hydrolyzed extracts by HCl, have diverse amino
acids that will influence the identification and quantification of BMAA, which needs tech-
nical expertise to improve its accuracy [15,28]. BMAA and its isomer BAMA could not
be completely separated on some HILIC columns, which easily affects the quantitation
of BMAA when much BAMA is present in samples, although BMAA can be quantified
by the special transition m/z 119 -> 88 [29]. In addition, the interference of the sample
matrix on the MS signal can lead to the underestimation or overestimation of analyte
concentrations quantified by LC-MS/MS analysis [30]. To eliminate interfering compounds
from the sample matrix, the clean-up steps of solid-phase extraction (SPE) were adopted
during sample preparation [24,26,31,32]. Of course, the SPE purification protocol should
be carefully optimized and carried out to achieve a satisfactory recovery [33]. So far, the
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knowledge of the matrix effect of different organisms, especially cyanobacteria and diatoms,
on the LC-MS/MS analysis methods for BMAA is still limited.

In this study, diverse organisms, including cyanobacteria, diatoms, scallops, mussels,
and oysters, were targeted, of which cyanobacteria were negative samples without BMAA,
and the others were positive samples containing BMAA. These biological samples were
extracted with different extraction ratios by hydrochloric acid of 20 mmol·L−1. The negative
cyanobacterium samples were spiked with exogenous BMAA standard. All samples were
then purified by MCX-cartridges and separately subjected to AQC derivatization and no
derivatization. Based on the LC-MS/MS system, direct analysis without derivatization
by a HILIC-MS/MS and a pre-column AQC derivatization combined with a C18 column
were performed on the analysis of BMAA in phytoplankton and mollusk samples. The
recoveries of BMAA on MCX-cartridges were evaluated in the extract of these samples
with varied extraction ratios, and the analytical performance for both LC-MS/MS methods
was compared. This work will further help us improve the extraction methods for different
matrix samples in the LC-MS/MS analysis of BMAA.

2. Results and Discussion
2.1. Recovery of BMAA through SPE Cartridges for Different Sample Matrices

The neurotoxin BMAA was not detected in the cyanobacterial sample of Nostoc sp.
cultured in the laboratory in this study. The negative detection of BMAA is consistent
with some previous studies for BMAA in cyanobacteria [26,27,34,35]. Recoveries of BMAA
spiked in the cyanobacterial extracts with different extraction ratios on an Oasis-MCX SPE
cartridge are shown in Figure 1. Results showed that the recoveries of BMAA were close to
100% in the total soluble extracts among the three groups with no significant difference,
confirming the robust performance of the Oasis-MCX SPE cartridges to purify BMAA from
the cyanobacterial matrix. Meanwhile, the recovery for precipitated bound BMAA was
significantly lower in the extraction ratio of the 1:100 group than that in the other three
experimental groups, which may be due to the presence of the more complex components in
the precipitated bound extracts at the extract ratio at 1:100. Generally, the SPE purification
efficiency decreases with the increase of the sample amount loaded on the cartridges [36].
Therefore, the appropriate extraction ratio is important for the SPE purification efficiency
of BMAA from the cyanobacterial matrix. Individual solutions were collected separately
for each of the 1:100 and 1:2000 experimental groups during SPE purification for further
analysis of BMAA recovery in the precipitated bound extracts. In the case of the extraction
ratio at 1:100, a very small amount of BMAA could not be held on the cartridges at the time
of sample loading, while more than 90% of BMAA was detached from the cartridges during
both rinsing processes, especially in the first washing step, resulting in a low recovery of
8% (Figure 1B). In the 1:2000 extraction ratio group, BMAA was eluted only in the final
elution stage with a recovery of 95%. Only the precipitated bound form of the extract was
simulated and spiked with DAB in this study due to no precipitated bound form of DAB
reported before in cyanobacterial samples [37]. The pattern of DAB recovery was similar
to those of BMAA in this study (Figure 1C,D). In the 1:100 extraction ratio group, a high
proportion of DAB was washed out during the purification of the washing steps, resulting
in a recovery of only 2%. The recovery of DAB reached up to between 94% and 99% in the
other extraction ratio groups.

The strain of diatom M. comicus mainly produced the precipitated bound form of
BMAA, while the total soluble form of DAB at 5.3 µg·g−1 was detected only at the extrac-
tion ratio of 1:100, and both the total soluble form of BMAA and precipitated bound form
of DAB were absent (Table 1). The concentration of precipitated bound BMAA detected in
the extraction ratio of the 1:100 group was significantly lower than that in the other two
experimental groups. This result was mainly caused by the low recovery similar to that
of cyanobacterial samples. No significant difference was present in the concentration of
precipitated bound BMAA ranging from 4.1 to 4.2 µg·g−1 in the groups with the extraction
ratios of 1:500 and 1:1000. The results suggest that an extraction ratio of 1:500 is recom-
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mended for the analysis of M. comicus with high recoveries and detectability. However,
the extraction ratio of BMAA in microalgal samples was 1:100 in the previous study [35],
which may lead to an underestimate of the precipitated bound BMAA. Based on the above
results, the extraction ratios of 1:100 and 1:500 were recommended for the application of
LC-MS/MS for the analysis of the total soluble and precipitated bound forms of BMAA,
respectively, in cyanobacteria and diatoms.
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Figure 1. Recoveries (n = 3) of BMAA spiked in the total soluble, and the precipitated bound form
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Table 1. Concentration (µg·g−1, mean ± standard deviation, n = 3) of the total soluble and the
precipitated bound forms of BMAA and DAB in diatom of Minidiscus comicus analyzed by HILIC-
MS/MS.

ER #
Total Soluble Form Precipitated Bound Form

1:100 1:200 1:500 1:100 1:500 1:1000

BMAA LOD ND ND 1.2 ± 0.24 a 4.7 ± 0.24 b 4.5 ± 0.97 b

DAB 0.54 ± 0.03 LOD LOD ND ND ND
Note: # ER means extraction ratio of sample weight g to final extract volume mL. LOD: below the limit of detection;
ND: not detected. a and b letters indicate p < 0.05.
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The total soluble forms of BMAA and DAB were detected in the scallop, mussel,
and oyster samples, which was consistent with the detection of shellfish in our previous
study [10]. There was no significant difference in the concentrations of the total soluble
BMAA in the shellfish extracts with different extraction ratios and the concentrations of
the total soluble form of BMAA in scallops, mussels, and oysters were about 1.3, 1.7, and
0.6 µg·g−1, respectively (Figure 2). In some previous studies, the mean concentrations of
BMAA in mussels and oysters from the west coast of Sweden were 0.18 and 0.06 µg·g−1,
respectively [13], and that in mollusks from Taihu Lake, China, was 3.21 µg·g−1 [38]. In
contrast, the mean concentrations of BMAA accumulated in bivalves, crustaceans, and
gastropods were 0.84, 1.19, and 2.08 µg·g−1, respectively, in Jiaozhou Bay [8]. Therefore, the
concentrations of BMAA in diverse shellfish were about several µg·g−1 levels. However,
the concentration of the total soluble form of DAB in the shellfish extract with an extraction
ratio of 1:20 was significantly lower than that in the other groups in all three shellfish,
especially in scallops, and no obvious difference was found in the concentrations of the
total soluble DAB when the extraction ratios were less than 1:20. In some previous studies,
the extraction ratios of BMAA in shellfish samples were generally less than 1:50 [35,38,39].
Therefore, an optimized extraction ratio of 1:50 is recommended for the LC-MS/MS analysis
of BMAA and its isomers in mollusk samples.
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yessoensis (A), Mytilus galloprovincialis (B), and Crassostrea gigas (C) at different extraction ratios.
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Some endogenous substances, such as proteins, lipids, or pigments, would be simulta-
neously extracted with the target compounds in the process of sample extraction, which
can affect the ionization efficiency of the mass spectrometer in the LC-MS/MS system,
resulting in an underestimate (signal suppression) or overestimate (signal enhancement) of
quantitative results of the analyte [30]. The signal of BMAA was inhibited by about 10%
in the total soluble extract of mussel tissues but significantly inhibited by about 65% after
complete protein hydrolysis [40]. At the same time, BMAA showed a signal enhancement
of about 18% in the cyanobacterial matrix [41]. In order to reduce the matrix effect on the
analysis of BMAA, the SPE purification protocol was used in many studies to clean up
samples. The Oasis-MCX SPE cartridges were widely used in the purification of the total
soluble and precipitated bound forms of BMAA in some previous studies [10,26,35]. For
example, the Oasis-MCX SPE cartridges were used to clean up extracts of cyanobacterial
cultures to reduce the matrix effect in the analysis of BMAA [42]. The recoveries of BMAA
and DAB in natural water were also investigated using different types of SPE cartridges,
and finally the Oasis-MCX cartridge was found to be the best choice [33]. However, no
optimized extraction ratios for different biological samples were reported in the analytical
works for BMAA and its isomers using LC-MS/MS system before. To our knowledge,
the present study is the first time to compare and optimize the purification efficiency of
Oasis-MCX cartridges for BMAA and DAB in different biological samples with diverse
extraction ratios.
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2.2. Amino Acid Analysis

In order to explain the low recovery of BMAA through the SPE cartridges when
higher extraction ratios were used in this study, the concentrations of common amino acids
were monitored by LC-MS/MS in the total soluble and precipitated bound extracts of
Nostoc sp. (Table 2). The Oasis-MCX SPE cartridges contain mixed-mode polymer sorbents
characterized by reverse-phase and strong cationic functions that can selectively interact
with neutral and basic compounds, of which the retention mechanisms for compounds
include ion exchange and electrostatic interactions [36]. BMAA, as a non-protein amino
acid, can be adsorbed and desorbed together with amino acids by MCX adsorbents. In the
SPE purification process, amino acids can compete with BMAA and DAB for adsorption
sites. A large number of amino acids would occupy more adsorption sites, resulting in a
reduction of adsorption between BMAA and the adsorbent and the loss of some BMAA
and DAB from the sample solution that cannot be fully retained on the column. In addition,
even if BMAA and DAB are retained on the cartridge together with amino acids, due to
the limited enrichment capacity of the adsorbent, the adsorption of excessive compounds
would weaken the retention capacity of the adsorbent. Thus, BMAA and DAB may also be
eluted during the rinsing process, resulting in low recoveries of BMAA and DAB. Previous
studies have also shown that the recovery of BMAA decreased in the matrices containing
many amino acids [43]. In the extracts with an extraction ratio of 1:100, the content of each
amino acid in the precipitated bound extract was 4.9 to 620 times that in the total soluble
extract, and the content ratios of total amino acids were about 20 between the precipitated
bound form extracts (Table 2). Meanwhile, the recoveries of BMAA in the precipitated
bound and total soluble form extracts were 8% and 98%, respectively. This discrepancy
demonstrated that the higher content of amino acids caused the low recovery of BMAA
through the SPE cartridges. The total contents of amino acids reached 14,050 ng·mL−1 in
the cyanobacterial extract with the extraction ratio at 1:100, resulting in a decrease in the
force between BMAA and SPE cartridge sorbent, and 80% of the BMAA was eluted in the
first washing process. In the extract with the extraction ratio at 1:2000, the total content of
amino acids was 703 ng·mL−1, and no significant loss of BMAA was observed during the
SPE purification process, and its recovery reached up to 98%. In this study, the recovery
of BMAA in the extract was 98% at an extraction ratio of 1:500, and its total content of
amino acids was 2810 ng·mL−1. It is recommended that the total content of amino acids
should be less than 2810 ng·mL−1 when using the Oasis-MCX (3 mL, 60 mg) cartridge for
the purification and analysis of BMAA and its isomers. In addition, our previous study
found that basic amino acids such as lysine, histidine, and arginine were eluted with BMAA
during the SPE purification of MCX cartridges [42]. The elution time of these compounds
was slightly later than that of DAB on the HILIC gradient. Although the detection of BMAA
has no significant matrix effect, the detection of the precipitated bound form of DAB may
be inhibited by the proximity of interfering compounds [42]. In this study, these amino
acids were also found in the total soluble and precipitated bound extracts of cyanobacteria.
At the extraction ratios of 1:500 or lower, the matrix effect of DAB was no more apparent
with decreasing amino acid concentrations.

2.3. Comparison between Both Analytical Methods

The quantification of BMAA in the same purified samples was carried out separately
by direct HILIC-MS/MS analysis and precolumn AQC-derivatization methods, ensuring
that possible differences in the results were only related to the methods themselves and
were not influenced by other factors. The LC-MS/MS chromatograms of the BMAA
standard solution and the cyanobacterial samples analyzed by both methods are shown in
Figure S1. The concentrations of the total soluble and precipitated bound forms of BMAA
in the cyanobacterial samples with different extraction ratios determined by both methods
are shown in Figure 3. In the total soluble extract with an extraction ratio of 1:100, the
concentration of BMAA determined by the AQC derivatization method was about 78%
of that determined by the HILIC method (Figure 3A), and the recoveries of total soluble
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BMAA were 78% and 99% for the AQC derivatization and HILIC methods, respectively.
In the other two groups, no significant differences were found between the total soluble
BMAA concentrations determined by both methods, with recoveries of 92~101% in both
groups. In the precipitated bound extract with an extraction ratio of 1:100, no significant
difference in the BMAA concentrations was found between the AQC derivatization and
the HILIC methods, while the BMAA concentrations determined by the HILIC method
were significantly higher (p < 0.01) than those measured by the AQC derivatization method
in other two groups (Figure 3B). Similarly, the concentration of BMAA determined by the
HILIC method was about 1.6~1.7 times that determined by the AQC derivatization method
in both groups of precipitated bound extracts of diatom (Figure 3C). Only total soluble
BMAA was detected in mollusk samples by both LC-MS/MS methods (Figure 4). The
concentrations of BMAA determined by the HILIC method were approximately 1.6~1.9
times those determined by the AQC derivatization method in all shellfish groups. Based
on the above data, the concentrations of BMAA determined by the HILIC method were
1.3~1.9 times higher than that determined by the AQC derivatization method, regardless of
the type of sample and extracts.

Table 2. The concentrations (ng·mL−1, mean ± standard deviation, n = 3) of amino acids in the total
soluble form and the precipitated bound form extracts of Nostoc sp.

ER # Total Soluble Form Extracts Precipitated Bound Form Extracts

1:100 1:100 1:500 1:2000

Glycine 35 ± 2.7 612 ± 52 122 ± 10 30 ± 2.5
Alanine 58 ± 2.0 1462 ± 199 282 ± 40 70 ± 10
Serine 20 ± 3.8 371 ± 38 74 ± 7.6 18 ± 1.9
Proline 32 ± 1.7 662 ± 50 132 ± 10 33 ± 2.5
Valine 50 ± 4.6 1282 ± 193 256 ± 10 64 ± 2.5

Threonine 30 ± 1.5 688 ± 82 138 ± 16 34 ± 4.0
Isoleucine 44 ± 1.7 1224 ± 98 245 ± 20 61 ± 5.0
Leucine 54 ± 2.2 1385 ± 70 277 ± 14 69 ± 3.5

Aspartic acid 41 ± 0.49 199 ± 29 40 ± 5.8 10 ± 1.4
Glutamine 85 ± 8.6 1704 ± 136 341 ± 27 85 ± 6.8

Lysine 79 ± 7.8 1605 ± 169 321 ± 34 80 ± 8.5
Glutamic 9.0 ± 0.28 95 ± 9.9 19 ± 2.0 4.8 ± 0.49

Methionine 0.50 ± 0.38 310 ± 16 62 ± 3.2 16 ± 0.79
Histidine 5.0 ± 1.2 108 ± 1.2 22 ± 0.24 5.5 ± 0.060

Phenylalanine 62 ± 1.2 1402 ± 80 280 ± 16 70 ± 4.0
Arginine 88 ± 5.8 830 ± 64 166 ± 13 42 ± 3.2
Tyrosine 2.6 ± 0.58 109 ± 16 22 ± 3.2 5.5 ± 0.81

Tryptophan 0.089 ± 0.011 2.3 ±
0.0076

0.46 ±
0.0015

0.12 ±
0.00038

Total 694 ± 40 14047 ±
1348 2810 ± 270 702 ± 62

Note: # ER means extraction ratio of sample weight g to final extract volume mL.

In some previous studies, biased or false-positive results may occur in the analysis
of BMAA by LC-FLD [16] because all amino acids and any compounds that react with
fluorescent derivatization reagents can be detected by LC-FLD. For example, the commonly
derivatized primary and secondary amines resulted in at least 50 compounds detected in
acid-hydrolyzed cyanobacterial samples without purification by SPE [34]. Baker et al. (2018)
reported that the detection results of cyanobacteria with the derivatized RPLC-MS/MS were
significantly higher than those of HILIC-MS/MS [44], which was contrary to the results
obtained in this study. The issue of low recovery of BMAA in cyanobacterial samples
was raised in a single-laboratory validation of HILIC-MS/MS [29]. In the above cases, the
samples were not purified by SPE and analyzed directly by HILIC-MS/MS. Therefore, the
low recovery of BMAA in cyanobacterial samples could result from the matrix effects in
the HILIC-MS/MS. In this study, the cyanobacterial samples with appropriate extraction
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ratios purified by SPE did not cause the problem of low recovery. Therefore, the detection
result of HILIC was not lower than that of the AQC derivation method. On the contrary,
the AQC derivatization method showed lower results for the determination of BMAA.
Some previous studies suggested a possible matrix effect in the derivatized extracts of
samples [41,45]. In addition, a partial loss of BMAA can occur during the derivatization
process, resulting in a low recovery [15]. Therefore, given that the processes such as sample
extraction and purification are identical, the results determined by the derivative method
are more vulnerable to the influence of the sample matrix, resulting in an underestimate
of results. In addition, the derivatization reagent added in this study was sufficient to
complete the derivatization of all BMAA molecules in the sample. For example, in the
cyanobacteria precipitated bound extract with an extraction ratio of 1:100, the amino acid
and the spiked BMAA were fully derived by consuming approximately 2.2 nmol of AQC
molecules, while the actual addition of AQC was 210 nmol. In terms of the accuracy of
the test results, the BMAA content in the cyanobacterial samples analyzed by the HILIC
method was closer to the spiked standard concentration (125 ng·mL−1, Figure 3), except
for the precipitated bound extract with an extraction ratio of 1:100 due to a low recovery,
while the BMAA contents measured by the AQC derivatization method were significantly
lower than the spiked concentration in all cases, except for the total soluble extract groups
with the extraction ratios of 1:500 and 1:1000. Therefore, the accuracy of the detection
results of cyanobacteria by the HILIC method was generally higher than that of the AQC
derivatization method. Unfortunately, the accuracy of both methods for analyzing positive
samples such as diatoms and shellfish cannot be accurately assessed due to the lack of
corresponding BMAA internal standards or blank samples.
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3. Conclusions

In this study, the recoveries of BMAA through MCX-cartridges were evaluated in
the cyanobacterium, diatom, scallop, mussel, and oyster samples with different extraction
ratios, and two common LC-MS/MS methods for BMAA were compared. The recovery
of BMAA can be affected by the sample matrix, especially the complex matrix, after acid
hydrolysis. It is recommended to use extraction ratios of 1:100 and 1:500 for the total soluble
and the precipitated bound forms of BMAA in phytoplankton samples, respectively, and
an extraction ratio of 1:50 for the total soluble form of BMAA in mollusks to achieve high
recoveries. The perfect performance was reconfirmed for the Oasis-MCX SPE cartridges in
the analysis of different environmental samples. The concentration of BMAA determined
by the HILIC method was generally higher than that determined by the AQC derivatization
method regardless of the type of sample and extracts. Samples are recommended to be
purified with an MCX-cartridge before the analysis of BMAA and its isomers by the non-
derivatization HILIC method.

4. Materials and Methods
4.1. Chemicals and Reagents

The reference materials of L-BMAA hydrochloride and DL-2,4-diaminobutyric acid
dihydrochloride (DAB) were purchased from Sigma-Aldrich (Oakville, ON, Canada), and
N-2 (aminoethyl) glycine (AEG, A608975) standard was purchased from Toronto Research
Chemicals Inc. (Toronto, ON, Canada). Acetonitrile, formic acid, and methanol came
from Merck KGaA (Darmstadt, Germany) and were chromatographic grades. Ammonium
formate (NH4COOH) and trichloroacetic acid (TCA) were obtained from Sigma-Aldrich.
The AccQ-Fluor Reagent Kit was obtained from the Waters (Taunton, MA, USA). Ultrapure
water (resistivity > 18.2 MΩ·cm) was supplied by the MilliQ Water purification System
(Millipore Ltd., SAS. Mosheim, France).

4.2. Preparation of Biological Samples

The cyanobacterial strain of Nostoc sp. was purchased from the freshwater algae
collection in the Institute of Hydrobiology (FACHB), Chinese Academy of Sciences, and
cultured using a BG11 medium. The diatom of Minidiscus comicus came from the South
China Normal University diatom collection and was cultured in sterile-filtered (0.45 µm
membrane, Xingya Ltd., Shanghai, China) seawater before enrichment with f/2 medium.
The two strains were kept at 20 ◦C and 100 µmol·m−2·s−1 with a 12 h light/12 h dark cycle.
Cells of both phytoplankton at the stationary growth phase were collected by centrifugation
at 6200× g for 5 min. The biomass pellets were frozen at −80 ◦C for 12 h and lyophilized for
12 h in a vacuum freeze dryer, then ground into homogeneous powder by a multi-sample
tissue grinder (Tissuelyser-48, Shanghai Jingxin Industrial Development Co., Ltd., Shanghai,
China). Positive shellfish (containing BMAA) of scallop (Mizuhopecten yessoensis), mussel
(Mytilus galloprovincialis), and oyster (Magallana gigas) were obtained from the seafood
markets in Dalian, Huludao and Tianjin cities, respectively. All shellfish were dissected,
and the soft tissues were homogenized and collected.

4.3. Extraction and Purification of Samples
4.3.1. Extraction for The Total Soluble form of BMAA

A subsample of the 30 mg homogenized phytoplankton sample was mixed with
3 mL of 0.1 mol·L−1 TCA and transferred to a 10 mL centrifuge tube. The mixture was
freeze–thawed in liquid nitrogen three times for 10 min each. Samples were sonicated in
an ice bath for 5 min with a sonication probe (KS-750F, Kesheng Ultrasonic Equipment
Ltd., Ningbo City, China) and were centrifuged at 6576× g for 10 min at 4 ◦C. Then, 2 mL
of supernatant were taken and dried in nitrogen gas at 55 ◦C. The residual material was
redissolved in 6 mol·L−1 HCl and hydrolyzed at 110 ◦C for 24 h to obtain the soluble-
bound form of BMAA. The hydrolyzed solution was also dried in nitrogen gas at 55 ◦C
and reconstituted with 1 mL of 20 mmol·L−1 HCl. The cyanobacterial extracts were diluted
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to 2, 10, and 20 times with 20 mmol·L−1 of HCl, corresponding to the extraction ratios
(dry weight, g/mL) at 1:100, 1:500, and 1:1000, respectively. Since cyanobacterial extracts
do not contain BMAA, the BMAA standard was added to the diluted extracts to make
a concentration of 125 ng·mL−1 before the SPE purification. The diatom extracts were
diluted 2, 4, and 10 times corresponding to the extraction ratios at 1:100, 1:200, and 1:500,
respectively. The strain of Minidiscus comicus was positive for BMAA; thus, no exogenous
BMAA was added to the diatom extracts. Each sample was prepared in triplicate.

Homogenized shellfish tissues of 250 mg were mixed with 2 mL of 0.1 mol·L−1

TCA and ground by a multi-sample tissue grinder. The supernatant was collected by
centrifugation at 6576× g for 10 min at 4 ◦C. The pellet was extracted twice with an
additional 1 mL of 0.1 mol·L−1 TCA, and all extracts were combined in the volumetric
flask and made up to 5 mL with 0.1 mol·L−1 TCA. Two mL of the subsample were dried,
hydrolyzed, and dissolved as described above. The extraction ratios (wet weight, g/mL) of
shellfish extracts were 1:20, 1:50, 1:100, and 1:200, respectively. Each sample was prepared
in triplicate. The mollusk samples were also positive, and no exogenous BMAA was added.

4.3.2. Extraction of Precipitated Bound BMAA

During the extraction of total soluble BMAA, the centrifugal pellets were collected
for the analysis of precipitated bound BMAA. The pellet was mixed with 6 mol·L−1 HCl
and transferred to a 4 mL glass bottle. The mixture was hydrolyzed at 110 ◦C for 24 h and
followed by centrifugation at 6577× g for 10 min. Two mL of supernatant were dried with
nitrogen gas and reconstituted in 1 mL of 20 mmol·L−1 HCl. The extracts of phytoplankton
and shellfish were diluted to the extraction ratios of 1:100, 1:500, 1:1000, 1:2000, 1:20, 1:50,
1:100, and 1:200, respectively. Each sample was prepared in triplicate.

4.3.3. Purification of Extracts

The extracts were purified by Oasis-MCX (3 cc, 60 mg, Waters) cartridges referring
to the method in our previous study with a minor modification [42]. The cartridge was
activated by 3 mL of 100% methanol and equilibrated by 2 mL of ultrapure water. Then,
1 mL of extracts was loaded, and the cartridge was washed with 2 mL of 0.1 mol·L−1

HCl and 2 mL of 100% methanol successively and eluted with 3 mL of 5% NH4OH. The
solutions eluted from each stage were collected separately and dried under nitrogen gas at
55 ◦C. The residue was redissolved in 1 mL of 20 mmol·L−1 HCl, filtered through a 0.22 µm
polyether sulfone membrane to a vial, and stored at −20 ◦C for LC-MS/MS analysis.

4.4. Analytical Methods for BMAA
4.4.1. HILIC-MS/MS Analysis of BMAA

Samples were analyzed using a Thermo Ultimate 3000 HPLC (Thermo Fisher Scientific,
Bremen, Germany) in tandem with an AB Sciex Qtrap 4500 mass spectrometer (AB Sciex
Pte. Ltd., Singapore) combined with an electrospray ionization source. The parameters of
both the LC and MS systems were the same as those described in our previous study [8]. A
SeQuant® ZIC-HILIC column (150 mm × 2.1 mm, 5 µm) was used to separate BMAA using
a binary mobile phase. Solvent A was water containing 0.1% formic acid, and solvent B
was acetonitrile containing 0.1% formic acid. The injection volume was 5 µL. The gradient
was run at 350 µL·min−1 at 30 ◦C from 95% to 60% B over 19 min, decreased to 40% B
at 25 min, increased to 95% B at 27.01 min, and held for 2.99 min before re-equilibration
for the next run. Mass spectrometry parameters were set as follows: curtain gas pressure
of 40 psi, spray voltage of 5500 V, source temperature of 350 ◦C, source gas 1 and 2 at a
pressure of 55 psi and 50 psi, respectively, and collision cell entrance potential of 10 V. The
selective reaction monitoring (SRM) mode with five transitions (m/z 119 ->102, 101, 88, 56,
and 44) was used to quantify BMAA and its isomers (Table S1). The limits of detection of
BMAA and DAB were 3.4 and 0.65 ng·mL−1, respectively.
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4.4.2. LC-MS/MS Analysis with Precolumn AQC Derivatization

In order to compare both BMAA analysis methods, the samples were analyzed again
using the AQC derivatization method on the same LC-MS/MS system [8]. The purified
extracts were derived using an AccQ-Fluor Reagent Kit, and the derivatization operation fol-
lowed the guide of the instruction manual. A Phenomenex Kinetex column (100 × 2.1 mm,
1.7 µm, C18, 100 Å) was used to separate AQC-derivatives of BMAA and other amino
acids at 65 ◦C using a binary mobile phase. Solvent A was water containing 20 mmol·L−1

ammonium formate, and solvent B was methanol. The injection volume was 5 µL. The
gradient was run at 350 µL·min−1 from 28% to 38% B over 2.5 min, held for 1 min with
38% B, increased to 85% B at 4 min, increased to 90% B at 4.25 min, held for 1 min with
90% B, decreased to 28% B at 5.45 min, and held for 1.55 min before re-equilibration for the
next run. Mass spectrometry parameters were set as follows: curtain gas pressure of 40 psi,
spray voltage of 5500 V, source temperature of 325 ◦C, source gas 1 and 2 at a pressure of
50 psi and 60 psi, respectively, and collision cell entrance potential of 10 V. Six transitions
(m/z 459 ->119, 188, 214, 258, 289, and 171) were used for BMAA and its isomers (Table S1).
The limits of detection of BMAA and DAB were 2.8 and 1.7 ng·mL−1, respectively.

4.5. LC-MS/MS Analysis of Amino Acids

A Phenomenex Kinetex column (100 × 2.1 mm, 1.7 µm, C18, 100 Å) was used to sepa-
rate amino acids with a binary mobile phase. Solvent A was water containing 2.0 mmol·L−1

formic acid and 50 mmol·L−1 ammonium formate, and the solvent B was methanol. The
injection volume was 5 µL. The gradient was run at 300 µL min−1 at 30 ◦C from 90% to
60% B over 3 min, held for 10 min with 60% B, decreased to 40% B at 18 min, held for 9 min
with 40% B, increased to 90% B at 29 min, and held for 1 min before re-equilibration for
the next sample. Mass spectrometry parameters were set as follows: curtain gas pressure
of 40 psi, spray voltage of 5500 V, source temperature of 450 ◦C, source gas 1 and 2 at a
pressure of 55 psi and 55 psi, respectively, and collision cell entrance potential of 10 V. All
MRM transitions used for detection of amino acids are shown in Table S2.

4.6. Data Processing

All data and figures were processed using the Office Excel version 2019 software and
Origin 2019 software. The SPSS statistical software package Version 25 was used for statistical
analysis, and significant differences were identified by one-way analysis of variance (ANOVA).
Different letters indicated significantly different values when p < 0.05 or 0.01 (ANOVA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14060387/s1, Figure S1: The LC-MS/MS chromatograms
of BMAA, DAB and AEG standard detected by the HILIC direct analysis (A) and AQC derivatization
method (B); Table S1: The MRM transitions used for detection of BMAA and its isomers; Table S2:
The MRM transitions used for detection of amino acids.
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