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Abstract

Glyphosate, glufosinate and bialaphos are widely used worldwide as herbicides. It has been reported that they can trans-
fer into environmental water bodies, posing health threat to human. Thus, a sensitive and rapid analysis methodology
for these compounds and corresponding metabolites is highly necessary. Due to their zwitterionic nature, previously
reported methods for determination of these compounds generally require derivatization. Also, preconcentration step
is typically needed in order to obtain high sensitivity. Herein, we report a very convenient and sensitive assay for these
herbicides as well as corresponding metabolites in surface water. With judicious tuning of chromatographic conditions,
very low LODs were achieved without derivatization or preconcentration step. The LODs were 0.15 ng mL™" for glypho-
sate, glufosinate, MPPA and bialaphos, 0.1 ng mL™' for AMPA. The LOQs were 0.5 ng mL™" for glyphosate, glufosinate,
MPPA and bialaphos, 0.3 ng mL™' for AMPA. Recoveries ranging in 90.3-102.8% were obtained. The intra-day relative
standard deviations (RSDs) ranged in 4.0-5.6%, while the inter-day RSDs ranged in 4.7-6.7%. The ME (n =6) ranged from
92.6 to 97.2%. This assay was applied to real samples of surface water. This method is very promising for application in

determination and routine monitoring of these compounds in environmental water bodies.
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1 Introduction

Glyphosate [N-(phosphonomethyl)glycine], glufosi-
nate [dlhomoalanine-4-yl (methyl) phosphinic acid] and
bialaphos (I-2-amino-4-[(hydroxy) (methyl)-phosphinoyl]
butyryl-l-alanyll-alanine) are widely used worldwide as
herbicides [1, 2]. The overall use of glyphosate worldwide
is 800,000 ton in 2014, establishing it as the herbicides
that are used in the largest quantity [3]. They belong to the
phosphorus-containing amino acid family of herbicides.
These compounds can inhibit the enzymes of grasses
[4, 5]. If ingested by human, these herbicides generate
a series of metabolites. Aminomethylphosphonic acid
(AMPA), 3-methylphosphinicopropionic acid (MPPA) and

[-glufosinate are the main metabolites of these herbicides
[2, 6]. Although glyphosate, glufosinate and bialaphos are
generally considered as posing low risk to human, signifi-
cant harm and even deaths can still occur after ingestion
of glyphosate in large quantities [7-9].

Due to their water solubility, and the relatively long
half-life in water (the half-life of glyphosate in water ranges
in 7-315 days [10, 11]), the residues of glyphosate, glufosi-
nate and bialaphos can transfer from terrestrial to aquatic
environments, thus contaminating water bodies, including
both surface water and ground water [6, 12]. Contamina-
tion of groundwater and sea water have been reported
[13-15]. Glyphosate and AMPA have been detected widely
in the U.S. surface water and groundwater [10, 11]. The
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allowed upper limits of the concentration of glyphosate
for drinking water is 0.7 pg mL™, as set by the US Envi-
ronmental Protection Agency (EPA) [16]. Given the huge
consumption of these herbicides worldwide, a sensitive
assay allowing for convenient monitoring of these her-
bicides as well as corresponding metabolites in surface
water is highly necessary.

Gas chromatography-mass spectrometry (GC-MS) has
been used to determine glyphosate in groundwater, but
the sample cleanup procedure involving derivatization
was rather time-consuming [17]. Another GC-MS based
method was reported with extensive optimization in the
derivatization procedure [18]. Glyphosate and AMPA in
seawater were determined with high performance liquid
chromatography coupled with fluorescence detector, and
a derivatization procedure with FMOC-CI was used [10].
Several studies concerning the determination of these
herbicides and corresponding metabolites with liquid
chromatography-tandem mass spectrometry (LC-MS/
MS) were proposed [19-21]. In general, due to their zwit-
terionic characteristics [22], derivatization of these com-
pounds are typically required for the analysis, while the
derivatization process is time-consuming and complicated
[19, 23, 24].

In this study, with the proper choice of chromato-
graphic columns, the time-consuming derivatization
step was avoided. Additionally, the chromatographic
conditions were optimized so that very low LODs were
achieved without any preconcentration step. Addition-
ally, it was found that the sensitivity obtained with basic
mobile phase is much higher than that of the acidic mobile
phase for these target analytes.

2 Experiment
2.1 Chemicals

Acetonitrile and methanol of chromatography grade were
purchased from J.T. Baker (Phillipsburg, NJ, USA). The
standards, including glyphosate, glufosinate, bialaphos
sodium salt, AMPA and MPPA, were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Glufosinate-d3, which was
used as the internal standard (IS), was supplied by Toronto
Research Chemicals (Toronto, Ontario, Canada). Ultrapure
water was generated by using a Millipore Direct-Q3 sys-
tem (Millipore, MA, USA) and used throughout this study.
Stock solutions were prepared at the concentration of
250 ug mL™", and kept in bottles made of polypropylene
(PP). The stock solutions were diluted with Milli-Q water
to generate working solutions (50 ug mL™" for the target
analytes and 10 ug mL™" for the internal standard).
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2.2 LCsystem

A Waters ACQUITY I-Class UPLC (Milford, MA, USA) instru-
ment was used for chromatographic separation. The sample
manager temperature was 10 °C. Chromatographic separa-
tion was performed with the SeQuant ZIC-pHILIC polymeric
columns (5 um, 100 mmx 2.1 mm i.d., Torrance, CA, USA). A
7 min gradient program was used for the elution. A water
solution of ammonium hydroxide with pH 10 was used
as mobile phase A, while acetonitrile was used as mobile
phase B. The gradient elution program was as the following:
0-1.9 min, 95% B; 1.9-2 min, from 95% B to 75% B; 2—-6 min,
75% B; 6-6.1 min, from 75% B to 95% B; and 6.1-7 min, 95%
B.The flow rate was 0.30 mL min~". 2 pL filtered sample was
injected.

2.3 Mass spectrometry

An AB Sciex 5500 triple quadrupole mass spectrometer (AB
Sciex, Foster City, CA, USA) was used for mass spectrometry
determination. The software AB Sciex Analyst (version 1.6.2)
was used in data collection. lonization was performed in
negative mode. The lonSpray voltage was —4700 V. Mass
spectrometry data were collected in the multiple reaction
monitoring (MRM) mode. Nitrogen was used as curtain gas
(25 psi) and collision gas. The collision gas level was medium.
The MRM parameters for the target analytes are exhibited in
Table 1.The vaporizer temperature was 560 °C. The pressure
of ion source gas 1 and gas 2 were 60 and 55 psi, respec-
tively. The MRM chromatograms of these target analytes at
the spiked concentration of 1 ng mL™" are shown in Fig. 1.

2.4 Extraction procedures

1 mL surface water was injected into a centrifuge tube
(Fisher Scientific, Pittsburgh, PA), which was made of
polypropylene and has a volume of 2 mL. 5 pL IS solution
(10 ug mL™") was added to the sample. The mixture was cen-
trifuged at 10,000 rpm for 5 min using a Beckman Coulter
Allegra™ X-22 R Centrifuge (Brea, CA, USA). After centrifuga-
tion, 700 pL of the supernatants were filtered with an Oasis
PRIME HLB cartridge. Then, 500 uL extract was injected into
a polypropylene centrifuge tube with a volume of 2 mL.The
solution was then subject to LC-MS/MS analysis.

3 Results and discussion
3.1 Sample extraction procedure

In order to separate the non-polar interferents from the
extract solution, the Oasis PRIME HLB cartridge was used.
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Table1 Optimized ES-MS/MS — pnalyte Precursor  Quantifyingion/  DP*(V)  CE®(V)  EP(V)  CXPY(V)
parameters ion (m/z) qualitative ion (m/z)
Glyphosate 167.9 62.9/150.0 -50 -31/-15 -9 -10
AMPA 110.0 63.0/79.0 -60 —49/-26 -9 -9
Glufosinate 180.0 63.0/85.0 -80 -65/-24 -9 -9
MPPA 150.8 132.9/107.0 -70 -16/-23 -5 -17
Bialaphos 322.0 172.0/134.1 —-140 -31/-40 -4 -5
Glufosinate-d3 183.0 139.0/122.1 -50 -22/-22 -6 -10
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Fig.1 Chromatograms of the target analytes spiked at 1 ng mL™

Oasis PRIME HLB is a highly hydrophilic, reversed-phase
polymer with a proper hydrophilic-lipophilic balance.
The application of the sorbents kept the column from

contamination from non-polar compounds. The standard
mix solutions were passed through the Oasis PRIME HLB
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cartridge, and the recoveries for each compound were
calculated, which were close to 100%.

3.2 Optimization of the chromatographic
conditions

The target analytes are zwitterionic, thus complicated pro-
cedures of derivatization is typically needed. In the pre-
sent study, hydrophilic interaction liquid chromatography
(HILIC) column was used for chromatographic separation,
without the derivatization procedure. SeQuant ZIC-pHILIC
(Umead, Sweden) are made of zwitterionic functional
groups that are charge neutral. They are very stable in a
wide pH value range (pH 2-10). Thus, SeQuant ZIC-pHILIC
columns were used, and very convenient chromatographic
separations were achieved without derivatization step.

In previous studies, formic acid and ammonium formate
were often used as additives in the mobile phases, in order
to improve the peak shapes and the retention capabilities
[20, 22]. However, glyphosate, glufosinate and bialaphos
contain the carboxyl functional groups, and the formic
acid in the mobile phase would reduce the sensitivity
for the target analytes under the typically used negative
ESI mode for non-derivatization methods. In the present
study, ammonium hydroxide was added into the mobile
phase in order to improve the sensitivity in the negative
ESI mode. As shown in Fig. 2, adding formic acid into the
mobile phase resulted in suppressed sensitivity, whereas
adding ammonium hydroxide into the mobile phase

Fig.2 Mass spectrometry
intensity of glyphosate with
acidic mobile phase and basic
mobile phase
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significantly improved the sensitivity. Nevertheless, the
tailing of the peaks is significant at pH 8 and pH 9 (Fig. 3).
When the pH was adjusted to 10 with ammonium hydrox-
ide, the tailing essentially disappeared and the peak shape
was improved. With higher pH, the interaction with the
stationary phase is more uniform, more suitable for the
elution by the optimized mobile phase. Also, the ionization
of the target analytes are more complete. Thus, ammo-
nium hydroxide was added so that the mobile phase
reached the pH value of 10.

With aqueous phase higher than 60% in the initial
mobile phase, the retention times of all the target ana-
lytes were not distinguishable, thus they were not chro-
matographically separated. Although in tandem triple
quadrupole mass spectrometry analysis, target analytes
can be detected in different MRM channels, the matrix
effect generated during the ionization can reduce the
ionization efficiency for the target anaytes. Therefore, the
ratio of the aqueous phase was adjusted to optimize the
retention times for the target analytes. As shown in Fig. 4,
the retention time of glufosinate increases as the aque-
ous phase decreases from 60 to 25%. The retention time
was 3.67 min with 25% aqueous phase. This means that as
the ratio of the aqueous phase shrinks, the elution of the
target analytes becomes less strong. However, as the aque-
ous phase component further reduces, the peak width
becomes larger and the peak intensity gets weaker, which
compromises the sensitivity for the target analytes. Thus,
in order to optimize both the chromatographic separation
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and the determination sensitivity, 25% aqueous phase in  target analytes were also prolonged with this aqueous
the mobile phase was selected without further reducing  phase ratio, and the chromatographic separation under
the aqueous component. The retention times for all other  this condition was reasonable.
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3.3 Validation of the method

Calibration curves were constructed by analyses of the
samples spiked with the target analytes in the range of
0.5-500 ng mL™". The linear range was 0.5-500 ng mL™",
with correlation coefficients (R?) ranging in 0.9989-0.9997.

Limit of detection (LOD) and limit of quantifica-
tion (LOQ) were calculated as the analyte concentra-
tion at which the signal-to-noise ratio of the chroma-
tograms were equal to 3 and 10, respectively [25]. The
LODs were 0.15 ng mL™" for glyphosate, glufosinate,
MPPA and bialaphos, 0.1 ng mL™" for AMPA. The LOQs
were 0.5 ng mL™" for glyphosate, glufosinate, MPPA and
bialaphos, 0.3 ng mL™! for AMPA (Table 2).

The intra-day and inter-day recoveries were evaluated
with spiked water samples (Table 3). The recovery was
defined as the following: blank water was passed through
the HLB, then spiked with standards, and the peak area of
the spiked water solution is termed A; Another water sam-
ple spiked with the target analytes was passed through
HLB and the peak area of this solution is termed B. Recov-
ery was calculated as the ratio of B/A. The recoveries were
assessed in sextuplets at each of the three concentrations:
0.5ngmL™", 5ng mL™" and 50 ng mL™". Adequate recov-
eries ranging in 90.3-102.8% were obtained. The intra-
day relative standard deviations (RSDs) were obtained
by analyses in quintuplets in the same day, and ranged
in 4.0-5.6%. The inter-day RSDs were obtained by analy-
ses in quintuplets in three successive days, and ranged in
4.7-6.7%. The low values of intra-day and inter-day RSDs
indicate that this method yields consistent results. ME was
calculated as follows: ME (%) = (the peak area of the post-
filtration spiked samples/the peak area of pure standards)
*100 [26]. ME was determined at 0.5 ng mL™" in sextuplets.
The MEs (n=6) of glyphosate, AMPA, glufosinate, MPPA
and bialaphos are 97.2%, 95.2%, 93.5%, 92.6% and 94.7%,
respectively, indicating that the ion suppression for the
target analytes is mild.

3.4 Comparison to previous reports

This method is highly sensitive compared to previ-
ous reports. For instance, a colorimetric method for the

Table 3 Recoveries and RSDs for glyphosate, glufosinate, bialaphos,
AMPA and MPPA

Compound  Spiked Recovery (%)  RSD Intra- RSD
(ngmL™) day (%) Inter-day

(%)

Glyphosate 0.5 91.5 5.6 55

50 94.6 5.1 53

500 95.8 4.6 49

Glufosinate 0.5 92.7 4.9 6.7

50 96.5 4.7 6.1

500 102.8 4.4 5.9

Bialaphos 0.5 93.9 42 53

50 96.1 43 54

500 974 4.0 4.7

AMPA 0.5 93.5 5.1 54

50 92.2 49 55

500 93.7 55 5.7

MPPA 0.5 92.6 5.2 5.8

50 90.3 54 5.2

500 91.7 4.8 53

determination of glyphosate was developed, with LOD
of 100 ng mL™" [27]. Anion-exchange chromatography
with coulometric detection was used for the determina-
tion of glyphosate and AMPA in water, and the LODs were
38 ng mL™! for glyphosate, 240 ng mL™" for APMA [28]. A
HPLC with fluorescence detection method for glyphosate
and AMPA in seawater was developed and the LODs were
0.60 ng mL™" and 0.30 ng mL™" for glyphosate and AMPA,
respectively. There are reports with LODs far below the
standard set by EPA (0.7 pg mL™"), such as the method of
analyzing glyphosate, glufosinate and AMPA in water by
LC-MS/MS, with LOD of 0.005 ng mL™", but both a long
derivatization step and significant preconcentration were
required [20]. In contrast, the method reported herein
delivers high sensitivity without any derivatization and
preconcentration step.

Long derivatization procedures are typically needed
for determination of glyphosate. For example, glypho-
sate was derivatized with 9-fluorozenylmenthylcholoro-
formate (FMOC-CI), prior to the HPLC separation and
fluorescence detection [10]. A GC-MS assay was used for

Table 2 ) Lingar ranges, Analyte Linearrange  Liner equation R2 LOD (ng mL™) LOQ (ng mL™")
determination coefficients, (ng mL™")
LODs and LOQs for glyphosate,
glufosinate, bialaphos, AMPA Glyphosate  0.5-500 y=1.101x+0.895 09994  0.15 0.5
sgﬂm::A in surface water AMPA 0.5-500 y=1.027x+0587 09997  0.10 030
Glufosinate 0.5-500 y=0.985x-0.445 0.9992 0.15 0.5
MPPA 0.5-500 y=0.917x-0.563 0.9990 0.15 0.5
Bialaphos 0.5-500 y=0.934x-0.596 0.9989 0.15 0.5
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analysis of glyphosate and AMPA in water, however, pro-
cedures including ligand-exchange, anion-exchange and
derivatization were required [29]. A UPLC-MS/MS method
with in situ derivatization-dispersive liquid-liquid micro-
extraction was used for analysis of glyphosate, glufosinate
and AMPA in irrigation water, while FMOC-Cl was used as
the derivatization agent and preconcentration procedures
of DLLME were required [30]. Overall, these methods are
relatively complicated and time-consuming. Furthermore,
the use of derivatization agent typically requires the non-
volatile buffer of borates to adjust the pH values, and the
borates can result in signal instability and formation of salt
deposits [19, 20, 31, 32].

Besides avoiding the derivatizaiton step, this method
also needs no preconcentration step for obtaining high
sensitivity. In contrast, in previous studies time-consuming
preconcentration steps, typically by solid phase extrac-
tion (SPE), were required for comparable sensitivity. For
instance, a LC-MS/MS method with SPE preconcentration
was used for the analysis of glyphosate and AMPA in sur-
face water [33]. Similarly, a SPE procedure was used for
pretreatment of glyphosate, glufosinate and AMPA for the
LC-MS/MS detection [20]. Sample pretreatment with SPE
needs complicated procedures and is rather time-consum-
ing, as it requires multiple steps including column con-
ditioning, loading of sample, washing and the elution of
the target analytes [14]. The fact that the present method
involves no preconcentration provides great feasibility
for application in monitoring water quality, particularly
for handling a large number of samples. A LC-UV and
LC-MS/MS method for determination of glyphosate and
glufosinate were reported, with LOD as low as 0.01 and
0.008 mg kg™~ [34]. Compared to this method, the present
method using HLB consumes less organic solvent, and is
relatively rapid. Additionally, the present method allows
simultaneous determination of glyphosate, glufosinate,
bialaphos, MPPA and AMPA.

Notably, previous methods focused on the determi-
nation of glyphosate and AMPA. Although glyphosate is
the herbicide that is used in the largest quantity, the use
of glufosinate and bialaphos is also appreciable, and the
simultaneous determination of these compounds as well
as their metabolites is desired.

3.5 Application to real samples

To evaluate the practicality of this method, the five target
analytes were determined in surface water collected near
a farm. Six samples were acquired from different locations.
These samples were kept in plastic containers at 5 °C. The
samples were analyzed the same day they were collected.
These water samples collected near the farm were pre-
treated and analyzed with the method discussed above. In

these water samples, glyphosate was detected at 10.7, 5.1,
14,3.5,11.5and 5.7 ng mL~", while AMPA was detected at
6.1,34,1.0,2.2,85and 2.9 ng mL~". Bialaphos, glufosinate
and MPPA were not detected with this method.

4 Conclusion

A convenient and sensitive assay for glyphosate, glufosi-
nate, bialaphos and corresponding metabolites is devel-
oped. The sample preparation is exceptionally convenient
and rapid, with the target analytes simply passing through
HLB catridges. The application of HILIC columns avoided
the complexity of derivatization. The target analytes were
determined with tandem mass spectrometry, and the
LODs range in 0.10-0.15 ng mL™". The judicious choice of
chromatographic conditions, particularly the introduction
of ammonium hydroxide into the mobile phase, resulted in
very high sensitivity without the need of preconcentration
step. Compared to previous method, the present approach
is rapid, convenient and sensitive. Thus, this method pos-
sesses high potential for monitoring of these herbicides
and corresponding metabolites in environmental water
bodies.
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