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Abstract

A high-throughput liquid chromatography/tandem mass spectrometry (LC-MS/MS) method was developed for the determination of paraquat
and diquat in potatoes using a reversed-phase with weak anion-exchange and cation-exchange mixed-mode AcclaimTM Trinity Q1 column. Five
grams of sample was shaken with fifteen milliliters of 1:1 MeOH: 0.1 N HCl for 10 min at room temperature and heated for 15 min at 80◦C.
After centrifugation, the supernatant was passed through an Oasis HLB SPE to retain suspended particulates and non-polar interferences. The
sample was directly injected and analyzed for 10 min by LC-MS/MS with no sample concentration. Two multiple reaction monitoring (MRM)
channels were monitored in the method for each target compound to achieve true positive identification. Two internal standards corresponding to
each analyte were used to counter matrix suppression effect. Linearity of the detector response with a minimum coefficient of determination (r2)
of more than 0.997 was demonstrated in the range from 2 to 250 ng/mL for each analyte using matrix-matched standard. The average recovery
for all analytes at 10, 25, 100, and 500 ng/g (n=5) are between 87-106% with a relative standard deviation of less than 12%.
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1. Introduction

Paraquat (1,1’-dimethyl-4,4’-bipyridylium dichloride), and
diquat (1,1’-ethylene-2,2’-bipyridilium dibromide), are non-
selective and nonsystematic contact herbicides widely used in
agriculture to control broadleaf and grassy weeds. Usually, no
significant residues are found in the crops when they are used
as pre-emergence herbicides. However, when they are used as
pre-harvest desiccants, residues can occur in the plant through
translocation from the treated leaves to the roots such as in pota-
toes. Paraquat is considered one of the most toxic herbicides in
the world [21, 16]. Paraquat can cause damage to the liver,
lungs, and kidneys [5, 11]. It is a banned substance in the Euro-
pean Union; however, it is still applied in at least 90 countries,
including Brazil and China [25]. Diquat is a non-selective her-
bicide that acts quickly to damage only those parts of the plant
to which it is applied. It has been used in pre-harvest crop desic-
cation to facilitate mechanical harvest of many crops including
potatoes, cereal, canola, soya, and alfalfa [15]. The tolerance
of paraquat and diquat for potatoes in the U.S. are 0.5 and 0.1
µg/g, respectively [23].

Several methods and techniques including gas chromatog-
raphy [2], capillary electrophoresis [24], and enzyme-linked
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immunoassay [19] have been used for paraquat and diquat
in food and environmental samples. Liquid chromatography
tandem-mass spectrometry (LC-MS/MS) was used to deter-
mine both analytes in liquid samples to simplify the method-
ology and improve selectivity/sensitivity [6, 8]. The high po-
larity of paraquat rendered poor retention on conventional C18
columns. Ion-pairing reagent can be used to increase the reten-
tion, but it leads to signal suppression and low sensitivity when
coupled with mass spectrometric detectors [4]. Hydrophilic
Interaction Liquid Chromatography (HILIC) columns showed
promising retention of polar compounds like quaternary ammo-
nium [1, 18], but a buffer with high salt concentration (150-250
mM ammonium formate) was required to maintain optimal per-
formance of the column. This high salt concentration affects the
LC/MS method sensitivity due to ion-suppression.

Obelisc R columns were used to improve sensitivity of these
analytes in food [14, 17]. These columns had poor efficiency
and produced a broad peak shape of paraquat and diquat. A
Syncronis HILIC column was used to determine paraquat in
fruit and vegetables [26]. This method requires an optimal pH
of the sample solution (pH 4-5) to obtain good peak shape and
a very small injection volume (less than 2 uL) must be used to
maintain a sharp peak shape. A mixed-mode AcclaimTM Trin-
ity Q1 (Thermo Scientific) has reversed-phase, cation and anion
exchange mechanisms that can retain ionic compounds as well
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as neutral ones. It was used to analyze glyphosate, glufosinate,
and 2,4-dichlorophenoxy acetic (2,4-D) in soybean and corn
with good peak shape and sensitivity [9, 10]. It was developed
by Thermo Scientific specifically for paraquat/diquat to replace
the AcclaimTM mixed-mode HILIC-1 column [22, 12]. This
column is very versatile and ideal for the analysis of very polar
compounds having either negative or positive charge molecules.

Aqueous extraction with acid at high temperature was used
successfully to extract free and bound paraquat/diquat in food
matrices [14, 26, 20]. Pizzutti et al. (2016) thoroughly evalu-
ated different extraction parameters, including solvent compo-
sition, temperature, sample filtration, and matrix effects to ex-
tract paraquat and diquat in cowpea beans [17]. They reported
higher relative standard deviation (> 20%) for paraquat using
methanol/HCl 0.5 mol/L even with the use of isotopically la-
belled internal standard. This problem may be caused by a wide
peak shape of the paraquat peak separated by the Obelisc R col-
umn. The purpose of this study was to develop a quick, sensi-
tive, and selective method to determine paraquat/diquat in pota-
toes by combining a short extraction procedure of acidic aque-
ous extraction at high temperature to improve extractability and
a quick sample cleanup to improve method ruggedness and re-
producibility. Another important purpose was also to expand
the capability of the AcclaimTM Trinity Q1 mixed-mode col-
umn as the only column for the determination of cationic com-
pounds of paraquat and diquat as well as anionic compounds
such as glyphosate, glufosinate, and 2,4-D as part of the multi
residue screening methods [9, 10].

2. Material and Methods

2.1. Chemicals and Materials
Pesticide standard mixes, all ≥ 99% purity, were purchased

from LGC Standards (Manchester, NH) consisting of paraquat,
diquat, paraquat dichloride d6, and diquat dibromide d4 mono-
hydrate. Methanol, acetonitrile, and water were of HPLC grade,
obtained from Fisher Scientific (Pittsburgh, PA), and used for
HPLC mobile phase and extracting solvent. Acetic acid was
obtained as 99.8% solution for mass spectrometry from Fluka
(Buchs, Switzerland.). Ammonium acetate and hydrochloric
acid (HCl) were ACS grade and purchased from Fisher Scien-
tific (Pittsburgh, PA). Extracting solvent (1:1 methanol: 0.1%
hydrochloric acid) was prepared by mixing 500 mL of methanol
with 500 mL of 0.1 N HCl. Oasis HLB (60 mg) solid phase
extraction cartridge was obtained from Waters (Milford, MA).
EDP 3 electronic pipettes at different capacity (0-10 µL, 10-100
µL, and 100-1000 µL) were purchased from Rainin Instrument
LLC (Oakland, CA) and were used for standard fortification
and preparation.

A solution 0.5 M ammonium acetate/formic acid (pH 4.7)
was prepared as follows: 19.25 g of ammonium acetate were
dissolved in approximately 300 mL of water and adjust the pH
with acetic acid (approx. 13.4 mL) until the pH was 4.7 (using
pH meter), and the solution was adjusted to 500 mL with water.
The HPLC mobile phase was prepared by mixing 350 mL of
acetonitrile with 100 mL of water and 50 mL of 0.5 M acetate
buffer.

2.2. Standard Preparation

The standard solutions of paraquat and diquat at 100, 10,
and 1 µg/mL were prepared by dissolving the stock standard
in 1:1 water:methanol solution. The solutions were maintained
at 4◦C in stocked polypropylene tubes to avoid glass adsorp-
tion. The internal standard (IS) solution of paraquat dichlo-
ride d6, and diquat dibromide d4 monohydrate at 1 and 10
µg/mL were prepared by dissolving the stock standard in 1:1
water: methanol solution. The calibration standards (at 2 to
250 ng/mL) were prepared in the extracting solvent and blank
matrix extract (after the SPE cleanup) with IS solutions at 50
ng/mL for the calibration curves. These two calibration curves
were used to quantify the analyte concentrations in the samples.

2.3. Sample Preparation and Extraction Procedure

Russet and yellow potatoes were obtained from a local mar-
ket. The samples were ground using a food processor until a
smooth texture was achieved. Five-gram samples were weighed
out and placed into 50-mL centrifuge tubes (Fisher Scientific,
Pittsburgh, PA), which were all fortified with native standard
solutions at 10, 25, 100, and 500 ng/g (5 replicates). The sam-
ples were allowed to stand at room temperature for 1 hour and
then stored in a freezer for two days to let the analytes be ab-
sorbed by the sample. A set of five non-fortified samples were
also prepared and used for matrix matched standard. On the ex-
traction day, the spiked samples were allowed to thaw to room
temperature. The IS solution (95 µL) at the final concentra-
tion of 10 µg/mL was added into the sample so the concentra-
tion was 50 ng/mL for all samples. The extracting solvent (15
mL) was added to each tube using an automatic pipette. The
tubes were capped tightly and shaken for 10 min on a SPEX
2000 Geno grinder (SPEX Sample Prep LLC, Metuchen, NJ) at
2,000 stroke/min. The sample tubes were heated in a water bath
at 80◦C for 15 min and immediately shaken for another 2 min
on the Geno grinder. The sample tubes were cooled to room
temperature and centrifuged at 3,000 x g for 5 min using a Q-
Sep 3000 centrifuge (Restek, Bellefonte, PA). Three milliliters
of the supernatant were passed through an Oasis HLB cartridge
(no conditioning is required) into an autosampler vial. Ten mi-
croliters of sample was injected into the LC-MS/MS system.
The calibration curves made of solvent and matrix blank were
used to quantify the analyte concentration.

2.4. LC-MS/MS Analysis

LC-MS/MS analysis was performed by using a Shimadzu
HPLC system. The instrument was equipped with two LC-
20AD Pumps, a Sil-20AC autosampler, and a CTO-20AC col-
umn oven (Shimadzu, Kyoto, Japan), coupled with a 5500 Q-
TRAP mass spectrometer from AB SCIEX (Foster City, CA).
The Analyst software (version 1.6) was used for instrument
control and data acquisition. Nitrogen and air from TriGas Gen-
erator (Parker Hannifin Co., Haverhill, MA) were used for neb-
ulizer and collision gas in LC-MS/MS. An AcclaimTM Trinity
Q1 (3 µm, 100 x 3 mm) from Thermo Scientific (Sunnyvale,
CA) and a C18 SecurityGuard guard column (4 x 3 mm) from
Phenomenex (Torrance, PA) were used for HPLC separation at
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Figure 1: Retention time and MRM conditions for LC/MS analysis.

35◦C with sample injection volume of 10 µL. The mobile phase
is acetonitrile:water 7:3 containing 50 mM ammonium acetate
(pH 4.7) at a flow rate of 0.5 mL/min for a total run time of
10 min. A diverter valve was activated to direct the HPLC
mobile phase from the column to waste from 0 to 3 min then
switched to the ion source for 4 minutes before being switched
to waste for the rest of the run. The MS determination was per-
formed in a positive electrospray mode with monitoring of the
two most abundant MS/MS (precursor/product) ion transitions
using a scheduled MRM program for 90 seconds for each ana-
lyte. Analyte-specific MS/MS conditions and LC retention time
for the analytes are shown in Figure 1. The MS source condi-
tions were as follows: curtain gas (CUR) of 30 psi, ion spray
voltage (ISV) of 5500 volts, collisionally activated dissociation
gas (CAD) was high, nebulizer gas (GS1) of 60 psi, heater gas
(GS2) of 60 psi, source temperature (TEM) of 600◦C.

3. Results and Discussion

3.1. Chromotography Optimization
Paraquat and diquat both possess positive charges in an

aqueous solution, which makes it difficult to be retained by a
reversed-phase column. The AcclaimTM Q1 is a mixed-mode
that contains weak cation and weak anion exchange active sites
that make it suitable for the analysis of ionic compounds. It
was used successfully to analyze glyphosate, a strong anionic
compound, in soybean and corn [9]. Paraquat and diquat are
strong cationic compounds and are moderately retained and
separated on this column. Thermo Scientific developed this col-
umn specifically for these analytes [22]. This column is very
versatile and very useful for the analysis of anionic or cationic
compounds.

During the method development stage, different mobile
phase parameters were evaluated, which included pH (2.8 to
5), acetonitrile concentration (0-100%), and salt concentration
(0-100 mM). The most important parameter was the pH of the
mobile phase. At a pH less than 3, both paraquat and diquat

are strongly retained on the column because the weak cation
exchange sites are fully ionized. At a higher pH (between 4
and 5), the column is less retentive and allows paraquat and di-
quat to be eluted with a moderate salt concentration solution.
High salt concentration shortened the retention time of the an-
alytes (at pH between 4 and 5) and decreased analyte response
due to ion-suppression. Acetonitrile enhanced the retention of
the analyte similar to the HILIC mode (Figure 2). It also in-
creases the analyte response by reducing the sample droplets
surface tension and increasing evaporation efficiency. All three
of these parameters must be chosen appropriately to achieve the
optimum separation and peak sensitivity for the target analytes.
It was found that the mobile phase containing 7:3 acetonitrile
water with 50 mM ammonium acetate at pH 4.7 produced the
optimum condition for peak shape, retention time, and sensitiv-
ity of paraquat and diquat.

3.2. Evaluation of Matrix Effects

Sample matrix may reduce the detector response due to ion
suppression at the ion source, thereby causing a quantification
error [7]. Matrix effect (%ME) in the sample extract was calcu-
lated as the slope of the calibration curve of the analyte in the
sample matrix divided by the slope of the calibration curve of
the analyte in solvent and multiplied by 100 (Figure 3). There-
fore, a value of 100% means that no matrix effect is present;
a value less than 100% suggests matrix suppression, and a
value more than 100% suggests there is matrix enhancement.
Paraquat has matrix enhancement (112%) in yellow potato and
matrix suppression (35%) in the Russet potato (Figure 4). On
the other hand, diquat has matrix suppression for both matrices
(35-40%). Since the matrix effect is dependent on the type of
potato and not predictable, an internal standard is needed for
accurate quantification. It is a good practice to use IS to only
correct for matrix effect at the MS ion source and add the IS
after the extraction just before analysis. However, it was found
that, the recovery of paraquat spiked in potato samples at the
low levels (25-100 ng/g) can be below 70% when the IS was
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Figure 2: Retention time of Paraquat and Diquat vs. % of acetronitrile in the
mobile phase containing ammonium acetate (pH = 5).

Figure 3: Callibration curves of analytes in solvent and in blank potato matrix
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Figure 4: Matrix effect evaluation in potato samples (using calibration
curve with linear fit).

Figure 5: Recovery of paraquat spiked in Russet potato analyzed by
two extraction methods (adding IS before and after extraction).

Figure 6: Recovery and precision data obtained in the validation experiments (n=5).
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Figure 7: Chromatogram of Russet potato blank and Russet potato blank fortified at 10 ng/g of paraquat and diquat.

added after extraction versus just before extraction (Figure 5).
A small finite amount of paraquat (both native and isotopically
labelled) may be absorbed by the sample matrix. The similar
issue was not observed in the diquat analysis. By adding the IS
at the beginning of the extraction, the errors caused by a) matrix
absorption, b) extraction solvent volume change (due to mois-
ture from the sample or pipette error), and c) matrix suppression
at the ion source, can be corrected. This practice was previously
used by many researchers for paraquat/diquat analysis in food
[18, 14, 17, 3].

3.3. Method Validation

The calibration standard solutions at the concentration from
2 to 250 ng/mL were prepared in sample matrices and extract-
ing solvent with IS at the concentration of 50 ng/mL. These
standard solutions were injected along with the fortified sam-
ples and sample blank. The calibration curves were linear
fit with 1/x weighing (Figure 3). The linearity was evaluated
and proved satisfactory, with coefficients of determination r2 of
more the 0.998. The specificity of the method was evaluated
by analyzing reagent blank, blank sample, and blank sample
spiked at the lowest concentration (10 ng/g). No relevant signal
(above 30%) was observed at any of the transitions selected in

the blank sample (except trace of incurred residue of diquat in
yellow potato). A reagent blank was injected immediately after
the 250 ng/mL standard and no analyte signals were detected
above 10% of the 2 ng/mL standard.

The method detection limit (MDL) for each compound was
calculated from 7 replicates of the lowest calibration standard
in the Russet potato (8 ng/g). The MDL was calculated multi-
plying standard deviation of 7 replicates with t value at degree
of freedom of 6 (t = 3.14). The MDL for paraquat and diquat
were 0.4 and 0.3 ng/g, respectively. The method quantification
limit (MQL) was three times the MDL, which were 1.2 and 0.9
ng/g, respectively.

Accuracy (recovery %) and precision (relative standard de-
viation or RSD %) were evaluated at the fortification levels of
10, 25, 100, and 500 ng/g in five replicates (Figure 6) using
both calibration methods (solvent and matrix-matched standard
curves with IS).

The average recovery of paraquat for both matrices at four
spiking levels range from 87% to 103% using matrix-matched
standard curve and from 81% to 102% using solvent standard
curve with the RSD of less than 12% (for both methods). The
average recovery of diquat for both matrices at four spiking lev-
els ranged from 93% to 106% with the RSD of less than 8%
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Figure 8: Chromatogram of yellow potato blank and yellow potato blank fortified at 10 ng/g of paraquat and diquat.

using matrix-matched standard curve and from 92% to 121%
with the RSD of less than 7% using solvent standard curve
(Figure 6). To simplify the procedure and for screening pur-
poses, the calibration standard made from the extracting sol-
vent (with IS) may be used to quantify paraquat and diquat in
the potato samples. The standard curve gave the overall accept-
able accuracy (within 70-120%) and precision (≤ 20%) as per
the performance criteria of the SANCO guidelines [13]. Chro-
matograms of the Russet potato blank and the yellow potato
blank was compared with chromatogram of potato blank forti-
fied at 10 ng/g (Figure 7). Chromatograms of the yellow potato
blank and the yellow potato blank fortified at 10 ng/g are shown
in Figure 8. There was no significant difference in peak shape
and retention time in both matrices. The yellow potato blank
has incurred residue of diquat at approximately 2 ng/g.

4. Conclusion

This paper describes a quick, easy, and reliable 10-min LC-
MS/MS method for the measurement of paraquat and diquat in
potato samples with the lowest fortification level of 10 ng/g.
The validation studies demonstrated that the high temperature
extraction and the use of the mixed-phase mode AcclaimTM

Q1 column coupled with LC-MS/MS are robust and suitable
for routine analysis of paraquat and diquat. Good recoveries
and precisions were obtained within the acceptable range (70-
120% recovery with ≤ 20% RSD). The AcclaimTM Trinity Q1
column is very versatile for the analysis of polar pesticides,
which normally are not retained on the reversed-phase col-
umn. This mixed-mode column provides a sharper peak shape
and better resolution than the HILIC columns. The same col-
umn can be used to determine paraquat and diquat (cationic),
glyphosate (anionic) and 2,4-D (relatively non-ionic), in food
by just changing the appropriate mobile phase and acquisition
methods [9, 10]. This approach will enable a chemist to per-
form a multiresidue pesticide testing on the same LC-MS/MS
instrument without changing the column [3].
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