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A B S T R A C T

Glyphosate (GLYP) is an important herbicide which is also used as the phosphorus source for marine organisms.
The wide applications of GLYP can lead to its accumulation in oceans and coastal waters, thus creating
environmental issues. However, there is limited methods for detection of GLYP and its degradation product,
aminomethylphosphonic acid (AMPA) in saline samples. Therefore, a simple and fast method for the
quantification of GLYP and AMPA in seawater matrix has been developed based on the derivatization with
9-fluorenylmethylchloroformate (FMOC-Cl), separation with high performance liquid chromatography (HPLC)
and detection with fluorescence detector (FLD). In order to maximize sensitivity, the derivatization procedure
was carefully optimized regarding concentration of FMOC-Cl, volume of borate buffer, pH of borate buffer,
mixing and derivatization time. The derivatization reaction could be completed within 30 min in seawater
samples without any additional clean-up or desalting steps. Under the optimized conditions, the developed
HPLC method showed a wide linear response (up to several mg/L, R2 > 0.99). The limits of detection were
0.60 μg/L and 0.30 μg/L for GLYP and AMPA in seawater matrix, respectively. The relative standard deviation
was 14.0% for GLYP (1.00 mg/L) and 3.1% for AMPA (100 μg/L) in saline samples with three different
operators (n=24). This method was applied to determine the concentration of GLYP and AMPA in seawater
culture media and the recovery data indicated minimal matrix interference. Due to its simplicity, high
reproducibility and successful application in seawater culture media analysis, this method is a potentially useful
analytical technique for both marine research and environmental science.

1. Introduction

Phosphorus (P) is an essential macronutrient for all living organ-
isms, and therefore P recycling is an important focus of biogeochemical
researches in the marine science [1]. The analysis, formation, distribu-
tion, and turnover of P have been widely studied and reviewed [1–5]. P
is present in seawater in both inorganic and organic forms: the
inorganic P fraction consists mostly of orthophosphates, as well as
other small part of pyrophosphates, and condensed metaphosphates
and polyphosphates; while the organic form of P mainly includes
monomeric and polymeric esters, phosphonates and organic condensed
phosphates [3].

Normally, inorganic P compounds (mainly refer to phosphate) are
the preferred source of phosphorus for most organisms. However,
while in phosphate-depleted regions of the open ocean, various organic
phosphorus derivatives (mostly dissolved form, DOP) could serve as
alternative P sources [6]. For example, phosphonates, which contains a
stable C–P bond and contributes 25% of DOP content in marine

systems, could be utilized by Trichodesmium as a P source [7]. As there
is limited information available on the concentrations or distributions
of specific dissolved phosphonate compounds in seawater, different
kinds of phosphonates have been tested as P source in marine
biological research [8–13].

Glyphosate [N-(phosphonomethyl) glycine; GLYP] is a widely used
broad-spectrum, non-selective, post-emergence herbicide [14], and its
main metabolite is aminomethylphosphonic acid (AMPA). GLYP is of
low toxicity and considered to be less harmful than that of other
herbicides [15]. However, the wide applications of GLYP and its
relatively long half-life (7–315 days, most commonly 45–60 days)
can lead to its accumulation and persistence in coastal waters [16].
Since GLYP is prone to accumulation in coastal waters and even in
open oceans, biological incubation experiments have investigated
GLYP as a P source nutrient or growth inhibitor of phytoplankton
[16]. Selective culture studies have indicated that several alkylpho-
sphonates, including GLYP and AMPA, can serve as a sole source of P
for microbial growth [17]. Very recently, Wang et al. [18] studied the
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physiological effects of GLYP on 14 species of five major coastal
phytoplankton phyla and found that GLYP could be used as P source
by some species. However, it was toxic to some species and yet had no
effects on some others. Therefore, the continued use of this herbicide
will likely exert significant impact on the coastal marine phytoplankton
community structure [18]. However, there are no available data on the
GLYP concentration variation during these incubation experiments due
to the lack of appropriate analytical methods, which limits the further
studies of these biological processes.

The determination of GLYP and AMPA in environmental and
biological samples are of importance to both environmental scientists
and analytical chemists, therefore, various modern instrumental ana-
lysis methods have been utilized for this purpose. Different analysis
methods, including high performance liquid chromatography (HPLC)
coupled with fluorescence detector (FLD) or mass spectrometry (MS),
ion chromatography, capillary electrophoresis, gas chromatography,
enzyme-linked immunosorbent assay, electrochemical and biological
sensors, optical devices, etc., as comprehensively reviewed by Stalikas
and Konidari [19] and very recently by Koskinen et al. [20]. Among
these methods, HPLC separation, either before or after a derivatization
step is generally preferred. The lack of a chromophore or fluorophore in
the GLYP molecule prevents its direct detection with conventional
systems such as ultraviolet-visible or fluorescence detectors [21,22]. In
most cases, pre-column derivatization followed by FLD is utilized, and
the most commonly used derivatization reagent for this purpose is 9-
fluorenylmethylchloroformate (FMOC-Cl) [23,24], which reacts with
both primary and secondary amine groups to produce stable and highly
fluorescent derivatives [25].

Pre-column derivatization with FMOC-Cl was initially proposed by
Moye and Boning [26]. Since then, various modifications and improve-
ments have been proposed in order to improve the method perfor-
mance, including clean-up and concentration steps. However, there is
no report to date on the simple, efficient and simultaneous quantifica-
tion of GLYP and AMPA in saline samples, such as coastal water with
varied salinity or open seawater with high ionic strength (e.g. salinity
35). The effects of high salt concentrations of seawater samples on the
sensitivity and accuracy of this derivatization and determination
method are unknown. There are very limited reports about the
determination and persistence study of GLYP and AMPA in seawater
utilizing MS analysis [27,28]. While electrospray tandem mass spectro-
metry detection coupled with on-line SPE and liquid chromatography
(LC) may have achieved the highest level of selectivity so far [29,30], it
requires labor intensive pretreatment steps, addition of ion-pair
reagents, more specialized training for operators and higher costs per
sample, thus limiting their widespread use, especially in the non-
analytical chemistry community.

Therefore, the objective of this study is to develop an optimized
FMOC-derivatization based HPLC method for the simple, rapid, and
simultaneous determination of GLYP and AMPA, which can be used for
biologists in their incubation experiments. The effect of salinity on the
effectiveness of the method has been comprehensively evaluated. The
established method was successfully applied for the quantification of
GLYP and AMPA in seawater culture media and indicated minimal
matrix interference in various aqueous samples.

2. Experimental

2.1. Reagents and standards

The GLYP (99.7%) standard was purchased from Sigma-Aldrich (St.
Louis, MO, USA). AMPA (99.0%) standard and FMOC-Cl (98.0%) were
purchased from J &K Scientific Co., Ltd., China. Glyphosate-FMOC
(99.0%) and AMPA-FMOC (98.0%) were obtained from Dr.
Ehrenstorfer (Augsburg, Germany). HPLC-grade methanol (MeOH)
and acetonitrile (ACN) were obtained from TEDIA Co., USA. The other
chemicals, purchased from Sinopharm Chemical Reagent Co., China,

were reagent grade or better. Ultra-pure water, collected from a
Millipore water purification system (Millipore Co., MA, USA,
18.2 ΩM), was used during the experiment.

Standard stock solutions of GLYP and AMPA at 5.00 g/L were
prepared by dissolving accurately weighed 50.0 mg of the each of the
powders separately in 10.0 mL water. Working standard solutions in
the range of 0.0100–5.00 mg/L were prepared by appropriate stepwise
dilutions of the stock solution. These working standard solutions were
kept for no more than one week. Standard stock solutions of 500 mg/L
of the FMOC-derivatives were prepared in water. For derivatization,
FMOC-Cl stock solution of 6.0 mmol/L and borate buffer of 0.50 mol/L
were used. The FMOC-Cl solution was prepared daily by dissolving
77.6 mg of FMOC-Cl in 50.0 mL ACN. To obtain the borate buffer of
0.20 mol/L at pH 8.85, 3.05 g sodium tetraborate and 0.49 g boric acid
were dissolved in 200 mL water at 50 °C in a water bath. Stock solution
of ammonium acetate (0.50 mol/L) was prepared in water, which was
diluted with water to 5.0 mmol/L and adjusted with aqueous NH3 to
pH 9.0, to be used as the mobile phase for HPLC. All the solutions were
stored at 4 °C in a refrigerator. Artificial seawater of salinity 35 was
prepared by dissolving 31 g NaCl and 10 g MgSO4·7H2O in 1 L water,
and stored in polyethylene bottles. Different salinity levels of the
artificial seawater were obtained by dilution.

All glassware used in the experiments, except for glass tubes, were
washed three times with tap water and then rinsed with ultra-pure
water in an ultrasonic bath, oven dried at 100 °C, and finally baked in a
muffle furnace at 450 °C for 4 h. After being washed six times with
ultra-pure water and MeOH successively in an ultrasonic bath, the
glass tubes were then thoroughly rinsed with pure water, and finally,
dried naturally in a clean box. The clean glassware were covered with
aluminum foil until use.

2.2. Derivatization procedure

The following general derivatization procedure was used for the
sample determination and the optimized steps are described below. In
a typical procedure, 500 μL of the sample was transferred to a 1 mL
glass tube. Then, 100 μL of 0.20 mol/L borate buffer solution, 100 μL
water and 100 μL of 6.0 mmol/L FMOC-Cl stock solution were added
to the sample. Subsequently, 200 μL MeOH was added to obtain the
initial mobile phase conditions for the injection into HPLC. After
mixing for 10–20 s using a vortex mixer, the mixture was filtered
through a 0.22 µm syringe type nylon filter into a 1.5 mL sample vial.
The recovery of the filtration step was checked using standard solutions
and no significant losses occurred during filtration (Fig. S1 in
Supplementary materials). After 30 min, the samples were injected
and analyzed on the HPLC equipped with an auto-sampler. The
seawater samples need to be diluted repeatedly to bring down the
salinity, so that the final salinity in the reaction medium is 7. Working
standards were freshly prepared in artificial seawater having the same
salinity level as the seawater samples. Standard curves were prepared
by derivatization of the standards simultaneously using the same
reagents for each set of samples.

2.3. HPLC conditions

HPLC analyses were carried out on a modular Shimadzu LC
chromatographic system equipped with a binary pump (LC-20AB),
an auto-sampler (SIL-20A) and a FLD (RF-20A). Shimadzu CLASS-VP
software was employed for recording the chromatograms and calculat-
ing peak areas. The separation of FMOC- derivatives was performed on
an Agilent reversed-phase ZORBAX SB-C18 column (5 µm particle
size, 150×4.6 mm i.d.). The FLD was set at 265 nm (excitation) and
315 nm (emission). Mobile phase components were 5 mmol/L ammo-
nium acetate (adjusted with aqueous NH3 to pH 9.0) and MeOH. The
percentage of MeOH was changed linearly as follows for gradient
elution:0 min, 20%;3 min, 20%;6 min, 70%;18 min, 70%;23 min, 20%.
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Then the column was re-equilibrated for 3 min, resulting in a total run
time of 26 min with the flow rate of 1.0 mL/min. The injection volume
for HPLC analysis was 20 μL and the column was maintained at room
temperature.

The HPLC components and C18 column are sensitive to presence of
large amounts of salts in the samples. To minimize potential instru-
ment damage and detection problems, it is highly recommended to
dilute high salinity samples (e.g. bring down salinity from 35 to 7). LC
system was washed for about 30 min with high proportion of water
after running a batch of seawater samples. The C18 column utilized in
this study has been used for one year and continues to perform well
even after injecting about 400 saline samples.

2.4. Samples

Different types of aqueous samples were collected and analyzed
according to the procedure described above. Tap water and rain water
were collected and measured directly without further treatment. Lake
water was collected from the lake in Xiamen University and river water
was collected from upstream of the Jiulong River. Before analysis, the
lake and river water samples were completely mixed and filtered
through 0.45 µm syringe type polyether sulfone filter. Reclaimed water
was collected from the water outlet of sprinkling irrigation in campus
and used directly. Seawater of salinity 35, used as sample matrix, was
collected using Niskin bottles during a cruise in the Western Pacific in
April 2015. The seawater was frozen at −20 °C immediately after
collection and filtered through a 0.45 µm membrane filter before use.

Seawater culture media samples were provided by Prof. S.J. Lin’s
group in Xiamen University, who studied the differential growth
responses of marine phytoplankton to herbicide GLYP. The samples
were composed of normal f/2 or L1 medium, spiked with GLYP, and
used to evaluate whether the examined Isochrysis galbana was able to
use GLYP as P source and degrade GLYP to phosphate [18]. These
samples were collected on different culture days and stored in a
refrigerator at 4 °C before analysis. The detailed experiments could
be found elsewhere [18].

3. Results and discussion

3.1. Simultaneous determination of GLYP and AMPA

Most of the previously reported chromatographic separation meth-
ods of GLYP-FMOC and AMPA-FMOC derivatives have utilized RP C18
columns along with mobile phases consisting of different mixtures of
ACN or MeOH and ammonium acetate buffers at variable pH [29,31–
33]. Due to the high polarity of the derivatives, rapid analysis can be
achieved on a RP C18 column. However, the GLYP-FMOC and AMPA-
FMOC derivatives have similar chemical properties due to their similar
structures. Thus, MeOH is a better choice as the organic solvent in the
mobile phase to separate these two derivatives, due to its weaker
elution ability. At the end of the derivatization reaction, these
fluorescent derivatives exist as negatively charged species, which are
stable only under basic conditions [34]. Accordingly, the mobile phase
composed of MeOH and water buffered with 5 mmol/L ammonium
acetate at pH 9.0 can provide better chromatographic signals. Under
the optimized gradient elution program, retention times for GLYP-
FMOC and AMPA-FMOC were 4.0 and 7.4 min, respectively. Retention
times were checked by directly injecting the standard solutions of the
FMOC-derivatives, without the derivatization step (Fig. S2).

3.2. Optimization of the derivatization

3.2.1. Effect of FMOC-Cl concentration
The molar ratio of the analytes and the derivatizing reagent affects

the formation of the derivatized product. FMOC-Cl reacts not only with
the analytes (GLYP and AMPA in this study) but with other amines,

amino acids and water. Thus, typically an excess of FMOC-Cl has to be
added to the sample to ensure complete derivatization. Although these
by-products do not show much interference in the determination of
GLYP and AMPA, their formation ought to be minimized. It has been
reported that preparing the derivatized sample in the presence of 10%
ACN can provide better chromatographic signals [29]. Therefore
FMOC-Cl was dissolved in ACN, and 100 μL of the prepared FMOC-
Cl solution was added to 1 mL quantitative tubes. The concentration of

Fig. 1. Effects of (a) FMOC-Cl concentration (1.5–12 mmol/L), (b) borate buffer pH
(7.06–9.14), (c) borate buffer volume (0–200 μL), and (d) derivatization time (0–5 h) on
peak area. For each (a)–(d) excepting the tested variable, conditions were FMOC-Cl
concentration=6.0 mmol/L, pH of borate buffer=8.85, volume of borate buffer=100 μL,
mixing time=10–20 s and derivatization time=30 min.
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FMOC-Cl was set at different levels for the reaction and the measured
values for GLYP and AMPA are shown in Fig. 1a. It can be seen that
there is an increase in the response of GLYP when the FMOC-Cl
concentration is increased from 1.5 to 12 mmol/L, but this effect was
not significant for AMPA. However, the derivatization product of GLYP
using more than 6.0 mmol/L FMOC-Cl was not stable and the signal
could drop 5% after 1 h. Thus, the optimum FMOC-Cl concentration
for good response is 6.0 mmol/L.

3.2.2. Effect of pH of borate buffer
The optimum pH value of borate buffer is also a key factor in this

experiment, thus borate buffer solutions with different pH values were
prepared (solution proportioning methods are shown in Table S1).
Fig. 1b shows that the peak intensities of the derivatized products
increased when the pH values of borate buffer increased from 7.06 to
9.14. However, peak tailing problems were observed when the borate
buffer was at pH 9.14. The pH of the reaction medium approached pH
10.0 when borate buffer of pH 8.85 was selected, which is consistent
with others [24]. Performing derivatizations in reaction media of
pH≥10 would lead to several issues such as increased hydrolysis rate
of the reagent, need for high FMOC concentration to ensure its excess,
and the appearance of a huge FMOC-OH peak in the HPLC chromato-
gram [24]. Therefore, borate buffer of pH 8.85 was selected in the
experiment to keep the reaction medium at a suitable pH value.

3.2.3. Effect of borate buffer volume
It is necessary to add an appropriate volume of borate buffer to

maintain the buffer action and to provide a stable basic condition for
derivatization. To verify whether the volume of borate buffer in the
reaction medium directly interferes with the derivatization reaction,
different addition volumes ranging from 0 to 200 μL of 0.20 mol/L
borate buffer (pH=8.85) were evaluated. The results are shown in
Fig. 1c. It was observed that the derivatization reaction scarcely
occurred without borate buffer. The instrument response of GLYP
noticeably increased with an increasing volume of borate buffer up to
80 μL. The borate buffer volume was not found to be significant for
AMPA when it was more than 50 μL. Increasing the buffer concentra-
tion in the medium promotes the reactivity of the amino groups and
improves the solubility of the derivatizing reagent, thus favoring the
process of derivatization [35]. However, a high content of buffer makes
the samples considerably diluted. To get better sensitivity, the volume
of borate buffer solution should be kept as low as possible.
Furthermore, the presence of more borate in the samples can cause
peak tailing problems. Therefore, 100 μL borate buffer solution was
selected as an optimal amount for subsequent tests to make the
operation and calculations easier.

3.2.4. Effect of derivatization time
Mixing of the sample is important to ensure sufficient interaction of

the analyte with the derivatizing reagent. However, prolonged mixing
lengthens the analysis time of the procedure. In this study, mixing
times of 0, 5, 10, 20 and 30 s were evaluated, and the results showed no
significant difference between the mixing time. 10–20 s mixing time
was selected to ensure a fast and efficient method.

The derivatization time or reaction time is key to ensure complete
acylation reaction in FMOC-Cl by the glyphosate molecule, to achieve
complete derivatization of the sample. Data in the literature regarding
the derivatization time vary greatly. In some cases, the reaction took
30 min [34,36], whereas in others, the derivatization reaction lasted
several hours [29] or even overnight [32,37]. Molnár-Perl [24] studied
the relationship between FMOC-Cl concentration and derivatization
time for analyzing amino acids with this method, and concluded that
1 min derivatization time was enough when FMOC-Cl concentration
was more than 5 mmol/L. In order to obtain a fast and complete
reaction, the reaction kinetics of GLYP and AMPA derivatization with
FMOC-Cl were analyzed for the first 5 h. Fluorometric analysis was

performed immediately after the reaction, as well as 5 h later. The
results showed that the derivatized products were more stable after
30 min and did not show any significant variations in the peak areas
(Fig. 1d). Therefore, it can be concluded that the derivatization reaction
can be stopped after 30 min and the sample can be analyzed immedi-
ately afterwards.

3.3. Salinity effect

At this time, to the best of our knowledge, no detailed reports or
experimental data could be found in the literature about the effect of
salinity on this popular derivatization procedure. Evaluating the effect
of salinity on the sample derivatization and detection is imperative
because the potential application of this method is seawater culture
media analysis. Samples of different salinity values were prepared by
diluting seawater or artificial seawater with pure water, and evaluated
as described in following sections.

3.3.1. Influence of salinity on the derivatization efficiency
The effect of high levels of salinity on the derivatization efficiency

was investigated by measuring five different concentrations of GLYP
and AMPA to get calibration curves. The final salinity in the reaction
medium was 3.5 (100 μL seawater of salinity 35 was added to 1 mL
glass tube). Calibration curves of GLYP and AMPA in pure water and
seawater showed that stronger signals for GLYP were obtained when
seawater was used as the matrix and this effect was insignificant for
AMPA (Fig. S3). Typical HPLC chromatograms of GLYP and AMPA
standard solutions, as well as the same concentrations of GLYP and
AMPA in seawater are shown in Fig. 2. It can be seen that the retention
time of GLYP-FMOC was slowed down to approximately 5.9 min when
the sample was detected in seawater.

To verify whether seawater improved the efficiency of the deriva-
tization reaction or enhanced the sensitivity of FLD, GLYP-FMOC
solutions of same concentration were prepared in pure water and
seawater, and were analyzed by HPLC immediately. The results showed
that retention time of GLYP-FMOC in seawater was again delayed, but
the FLD signals were the same for both pure water and seawater
samples (Table S2). To investigate the effect of salinity on the
derivatization efficiency, GLYP and AMPA were derivatized and
detected in different salinity matrices (the final salinities in the reaction
medium were 1.4–7). The results show that there was little difference
observed between the different saline samples (Fig. S4). Moreover, no
interference was observed from the seawater when the signals of
samples of the same concentration in natural seawater and artificial
seawater at the same salinity level were compared (Fig. S5). However,

Fig. 2. Chromatograms of (a) seawater sample, (b) 400 μg/L GLYP and 20 μg/L AMPA
in pure water, (c) 400 μg/L GLYP and 20 μg/L in seawater.
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salinity was found to affect both derivatization efficiency and peak
shapes when the samples had low concentration of salts (Fig. S6).

In order to better understand the effect of salinity on the derivatiza-
tion reaction of GLYP and AMPA, salt was removed with a desalting
step before detection. An Oasis HLB SPE cartridge (60 mg, 3 mL) was
used to concentrate the derivatized product of GLYP and AMPA. After
pre-concentration, the cartridges were rinsed with 5.0 mL pure water
to remove the salt, and then analytes were eluted with 5.0 mL of MeOH
and injected to HPLC-FLD system for detection. Fig. S7 shows HPLC
chromatograms of same concentrations of GLYP and AMPA in pure
water and seawater after being subjected to the same derivatization and
desalting procedures. After desalting, the retention time of GLYP-
FMOC reverted to 4.0 min. Moreover, higher signals were obtained for
GLYP when seawater was used as matrix. One possible explanation
could be that chloride can act as efficient base to trap the liberated
protons in derivatization in acetonitrile/methanol based solvents
where chloride is not solvated [38]. Although further study is required
to provide a detailed explanation of the effect of salinity, it can
definitely be concluded in this study that seawater promotes the
derivatization efficiency of GLYP but does not change the actual
products.

3.3.2. Method for quantification of GLYP and AMPA in seawater
matrix

Since the salinity was found to improve the efficiency of the
derivatization reaction, pure water couldn't be used for preparing
calibration curves. Therefore, five different concentrations of GLYP
and AMPA were prepared in seawater and artificial seawater (the final
salinity in the reaction medium was 3.5), and analyzed to get the
respective calibration curves. No significant difference was observed
between the calibration curve obtained in artificial seawater and
natural seawater (P=0.95) (Fig. S5), indicating that there was no
interference from the buffering ability of natural seawater. Therefore,
artificial seawater could be used as a high salinity matrix for preparing
calibration curves without having to collect GLYP-free seawater. HPLC
chromatograms of the GLYP and AMPA standard solutions as well as
the same concentrations of GLYP and AMPA in seawater and artificial
seawater are shown in Fig. 3.

3.4. Analytical figures of merit

To quantify GLYP and AMPA in actual environmental samples and
seawater culture media samples, the linear range for HPLC analysis
should be extended to higher concentrations. Therefore, linearity was
established over several calibration ranges in both pure water and
artificial seawater. Regression analyses of serially diluted standards

showed good linear relationships (correlation coefficient, R2 > 0.99)
over different concentration ranges for GLYP and AMPA in pure water
and seawater matrix (Table 1).

The relative standard deviations for repetitive derivatization fol-
lowed by HPLC analysis of 1.00 mg/L GLYP and 100 μg/L AMPA in
artificial seawater (the final salinity in the reaction medium was 3.5)
were 14.0% and 3.1% (n=24). The retention times were 6.370 ±
0.021 min for GLYP and 7.584 ± 0.008 min for AMPA. This experiment
was conducted by three operators with basic analytical chemistry
knowledge and lab skills on the same day. It should be noted that
two of them had no previous experience with HPLC determination of
organic compounds and they watched the experimental procedure only
once before performing the experiment themselves and obtaining the
data shown in Fig. 4. The reproducible results illustrate the ease of
operation, stability of derivatized products, and the potentially wide
applicability of this method.

LOD and LOQ values of the method were estimated on the basis of
signal/noise ratios (S/N) of 3 and 10, respectively. The LOD and LOQ
values for GLYP and AMPA in different matrices are shown in Table 1.
Among the other LC-FLD-based methods, a similar LOD was achieved
by Báez et al. [34] and Corbera et al. [39], although these studies used
SPE procedure or other complex steps.

3.5. Application and recovery

To evaluate the degree of interference from the different matrices,
recovery tests were conducted using several different fresh water
samples. The recovery was found to vary from 80.6–134.6% with
RSD≤10.1% for GLYP and from 68.9–90.5% with RSD≤4.1% for
AMPA (Table S3). The results showed good accuracy, precision and
reproducibility for the determination of GLYP and AMPA using LC-
FLD method, without any complicated sample pretreatment steps.

Seawater culture media samples (n=32) collected on different days
were analyzed before and after spiking them with standard solutions.
Spiked GLYP was recovered 80–120% in more than 90% seawater
culture media samples (Table S4). Excellent recoveries were observed
for both high and low level spiking, indicating that this method is not
affected by the matrix or salinity effect during determination of
seawater culture media. Moreover, the change in the concentration of
GLYP and AMPA with culture time and biological growth showed good
agreement with other physiological parameters and gene expression
data (data not shown), which will be discussed in detail elsewhere.
Furthermore, as this method is based on LC-FLD without any require-
ment for enrichment or sample pretreatment steps, it provides a simple
derivatization method for the simultaneous determination of GLYP and
AMPA in seawater culture media. Thus, it is potentially a powerful tool
to investigate the bioavailability of GLYP and AMPA as well as to
facilitate research works where GLYP and AMPA have to be determined
in seawater or surface water at low concentration levels.

4. Conclusions

The purpose of this study was to establish a simple and rapid
determination method for GLYP and AMPA in seawater matrix, which
can be easily used by marine biologists in the biological incubation
experiment. Therefore, only a simple derivatization procedure and LC-
FLD were utilized, reducing the cost of materials and instruments, as
well as the labor budget for well-trained operators. Without precon-
centration or desalting steps, derivatization and chromatographic
analysis were significantly improved by merely optimizing the experi-
mental parameters such as pH, buffer volume, mixing time, derivatiza-
tion time, etc.. The LOD for the entire method was found to be 0.60 μg/
L for GLYP and 0.30 μg/L for AMPA in seawater matrix, with a linear
response over a large concentration range, thus allowing the determi-
nation of GLYP and AMPA dissolved in seawater culture media at
different concentration levels. This method is one of few that can be

Fig. 3. Chromatograms of 1000 μg/L GLYP and 200 μg/L AMPA in (a) artificial
seawater and (b) seawater at the same salinity.
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used efficiently in seawater matrix [27,28].
Among the other reviewed LC methods (Table 2), the sensitivity of

this method is comparable or even better than those provided by the
similar methods [34,38,40]. However, it is lower than that of advanced
methods such as coupled-column LC system using fluorescence detec-
tion (LC-LC-FLD) [41] or SPE procedure and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) determination [27–29,32].
Hence, the sensitivity can be further improved with SPE procedure and
LC-MS/MS determination, if necessary (e.g. determination of GLYP
and AMPA in natural waters and open ocean waters).
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