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Abstract : A simple liquid chromatography-tandem mass spectrometry (LC-MS/MS) method
for quantifying paraquat(PQ) level was described. Ethyl paraquat (EPQ) was used as an
internal standard. The effects of varying the mobile phase composition, flow rate and splitter
ratio were investigated. Analytes detection was conducted using a tandem mass spectrometer
in multiple reactions monitoring (MRM) modes with the electrospray ionization (ESI) source
operated in a positive ion mode. To optimize the MS-MS condition, the effects of varying
instrumental parameters such as capillary voltage, collision energy, drying gas and spray
chamber temperature as well as nebulizing gas pressure were investigated. Initial tissue
sample preparation involved a simple one-step protein precipitation using acetonitrile.
Chromatographic separations of PQ and EPQ were successfully performed on an HILIC
column (3 pum; 150 x 4.6 mm) with mobile phase 250 mM ammonium formate/ acetonitrile
(6:4 viIv). The flow rate was 1 ml/min and reduced to 0.1 ml/min for MS detection using
splitter. The MRM transitions (precursor ion/product ion) for quantitation were m/z 186/171
for PQ and m/z 107/185 for EPQ. The optimized condition for MS-MS detection include:
drying gas, 375 °C, 15 psi; nebulizing gas pressure, 50 psi.Overall, the method provides a
simple and direct analysis for detection of PQ with a total run time of less than 10 minutes and
is applicable for quantification of PQ in biological tissue sample with good recovery and
precision achieved.
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Introduction

Paraquat(PQ) or 1,1'-dimethyl-4,4'-bipyridinium dichloride is a synthetic quaternary ammonium
compound. It is an effective contact herbicide used to control broad-leaved and grassy weeds. Its frequent use in
a wide variety of crops has helped to increase the productivity of agriculture in both developed and developing
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world, being marketed in more than 100 countries™ 2 Despite its wide usage around the world, exposure to PQ is
extremely harmful. Problems resulting from exposure to PQ are common around the world, mainly by
intentional swallowing, accidental or occupational exposure®. PQ, irrespective of its route of administration into
mammalian systems, whether oral, dermal, or by inhalation, is rapidly distributed via blood circulation to most
tissues, with preferentially damage the lung.Ingestion of high dosage of PQ may eventually lead to death due to
multi-organ failure*>. To date, there are no clinically available proven antidotes for PQ°.

Due to it widespread usage, PQ may be a potential pollutant and is present as residues in environmental,
food and biological samples. There are many analytical procedures for isolation and determination of PQ in
various sample matrixes i.e soil, agriculture products, water, biological samples (mainly in serum, plasma or
urine) which include thin layer chromatography (TLC), capillary electrophoresis, spectrophotometry, gas
chromatography (GC) and high performance liquid chromatography (HPLC)" ™. Due to the non-volatile nature
of quaternary ammonium compounds, a chemical reduction steps to yield a more volatile compound is required
for gas chromatographic analysis of such compounds*%.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) which utilized electrospray ionization
(ESI) is another method of choice. However, quaternary ammonium compounds such as PQ are ionic species
and are highly soluble in water. Analysis of these polar and hydrophilic analytes become challenging due to
their poor retention using conventional reverse phase liquid chromatography technique. The use of ion pairing
reagents, modification of mobile phase’s pH and highly aqueous mobile phases may not be favourable to MS
detection, hence leading to reduced sensitivity. Hydrophilic interaction liquid chromatography (HILIC) is a
technique designed for separation of polar-charged compounds™. It is a variant of the normal phase liquid
chromatography where the polar compound is better retained in polar stationary phase with the non-agueous
mobile phase substituted with aqueous-organic mixture™. In addition, not many methods are available for
quantitative determination of PQ in organ tissues'®. In this study, a simple sequential experimental optimization
procedure to detect PQ in tissue sample using LC-MS/MS method with HILIC column is described.
Ethylviologen, also known as ethyl PQ (EPQ) was used as internal standard due to its structural similarity with
PQ. Both drugs contain two connected pyridinium rings with different side chain (N-methyl for PQ and N-ethyl

for EPQ; Fig. 1).
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Fig. 1: Chemical structures of paraquat (PQ) and ethyl paraquat (EPQ)

Experimental

Chemicals and reagents

Methyl viologen dichloride (PQ, 98 %) andethyl viologendibromide (EPQ, 99 %) werepurchased from
Sigma-Aldrich, Inc. (St Louis, MO, USA). Ammonium formate (HCO;NH,;) and acetonitrile (ACN,
LiChrosolv®) were purchased from Merck & Co., Inc. (KGaA, Darmstadt, Germany). Formic acid (Optima™)
was purchased from Fisher Chemical (UK).

Instrumentation

The LC-MS/MS system comprised of a Gilson 234 Autoinjector, a Varian 212-LC Chromatography
Pump and a Shimadzu CTO-6A column oven coupled with Varian 320-MS triple quadrupole mass spectrometer.
Instrument system control and data acquisition was performed using a Varian MS Workstation software version
6.9.1 (Palo Alto, CA, USA).

Optimization of chromatographic and mass spectrometric conditions

Chromatographic separations of PQ and EPQ were performed on an Alltima™ HP HILIC column (150
x 4.6 mm; 3 pum). The mobile phase consisted of ACN and 250 mMMHCO,NH, (adjusted to pH 3.7 with formic
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acid). PQ and its internal standard, EPQ detections were carried out using a tandem mass spectrometer in a
multiple reactions monitoring (MRM) mode with electrospray ionization (ESI) source operated in a positive ion
mode. The initial full scan to yield PQ and EPQ mass spectra was made by the direct injection of each analyte
(1 pg/ml)into the electrospray source. From these spectra, the ideal MRM parameters for PQ and EPQ were
selected. To optimize chromatographic condition, the effects of varying the mobile phase composition, flow rate
and splitter ratio as well as injection volume were investigated. To optimize MS-MS condition, the effects of
varying instrument parameters such as the temperatures of the drying gas and spray chamber as well as
nebulizer gas pressure were investigated. Only a single parameter was varied for each analysis at one time.

Preparation of calibration standards and quality control (QC) samples

Stock solutions (500 pg/ml) of PQ and EPQ were prepared in deionized water and were stored in
plastic tubes at 4°C when not in use. Ten PQ calibration standards with concentrations ranging from 0.05 to
50.00 pg/ml were prepared by serial dilution of the stock solution with deionized water. EPQ working standard
(5 pg/ml) and QC samples at three concentrations (0.75, 15.00 and 45.00 pg/ml) were prepared in the same
manner. A calibration curve for PQ was constructed by plotting the peak area ratio of PQ to the internal
standard EPQ against the concentration of the standard. Inter-assay accuracy and precision were evaluated using
three QC samples analyzed in three different days. Accuracy was expressed as percentage of mean calculated
PQ concentration versus actual PQ concentration. Precision was expressed as percentage of coefficient of
variation (%CV).

Analysis of PQ in tissue samples

Tissue sample from healthy rats that were not administered with PQ served as a blank. To prepare the
tissue homogenates, rat liver (0.5 g) was spiked with 25 pl PQ working standards (with a final tissue PQ
concentration ranging from 0.1 to 45.0 pg/ml). EPQ (25 ul, 100 pg/ml) was added and the tissue was
homogenized(LABSONIC® P, Germany)in 2 ml deionized water in plastic tubes. The homogenate was then
centrifuged at 4000 x g for 5 min. The supernatant was collected into new plastic tubes and was re-centrifuged
at 9500 x g for 10 min. The collected supernatant was stored at -20 °C until further analysis.

For analysis of PQ in tissue samples, protein precipitation was performed by adding 200 ul of ACN to
100 pl of the spiked supernatant. The mixture was vortexed for 1 min and was left to stand for another 15 min
at room temperature before further centrifugation at 9500 x g for 15 min. The supernatant was collected into
plastic tubes and was dried under a gentle stream of nitrogen. The samples were reconstituted in 100 pl of
mobile phase before being subjected to LC-MS/MS analysis. Inter-day accuracies and precisions were analyzed
on three different days and the CV was calculated.

Results and Discussion
Optimization of Chromatographic and Mass Spectrometric Conditions
MRM parameters

The selected MRM parameters for PQ and EPQ detections were outlined in Table 1. The MRM
transitions (precursor ion/product ion) for quantitation were m/z 186/171 for PQ and m/z 107/185 for EPQ,
respectively.

Table 1: MRM parameters for PQ and EPQ

Precursor ion . Capillary voltage Collision energy
Analyte (m/2) Product ion (m/z) V) V)
PQ 186 171 60 15
(m/z = 186) [M] 155 60 35
EPQ 107 185 50 10
(m/z = 214) [M]** 157 50 15

“Quantification ions are underlined.
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LC-MS/MS conditions

The total ion chromatogram (TIC) obtained from using different mobile phase composition isshown in
Fig 2. No peaks were observed within 30 min analysis time at ACN:HCO,NH,(30:70). This may be contributed
by the fact that high aqueous buffer concentration may act as strong eluent for polar compounds’. The retention
times for PQ and EPQ tend to increase with increase in ACN percentage. At a higher ACN percentage
orACN:HCO,;NH4(60:40), the analytes eluted after 30 min and was carried over to the next sample run.
Therefore, a mobile phase composition of ACN:HCO,NH,(40:60) was selected where the retention times for
PQ and EPQ were 16.0 and 19.5 min, respectively. Higher flow rate and split ratios tend to improve peak shape
while reducing the retention time (Fig. 3). In addition, higher split ratio is preferred since it can prevent buffer
salt saturation at ion source.

The effect of varying the drying gas and spray chamber temperatures as well as nebulizer gas pressure
on PQ and EPQ peak areas are showed in Fig. 4. The peak area increased in proportion to the temperature of
drying gas and spray chamber (Fig. 4a & b) and was inversely proportional to the nebulizer gas pressure (Fig.
4c). Higher drying gas and spray chamber temperatures may improve the desolvation of charge droplets to
produce free, charged analytes. In addition, higher temperature may reduce the possibility of ion source
contamination from undesolvated droplets and salt deposits formation which may influence the overall
analytical robustness and therefore minimize the need for ion source maintenance®.
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Fig. 2: The effect of varying mobile phase composition on retention time (R,) of PQ and EPQ (TIC
shown). The mobile phase composed of ACN and 250 mM HCO,NH, (pH 3.7) at different compositions:
(a) 30:70, (b) 40:60, (c) 50:50, (d) 60:40 and (e) 70:30. [Flow rate: 0.4 ml/min]



Sp Tang et al /International Journal of PharmTech Research, 2017,10(4): 246-255.

Intensity (Counts)

400

04

(a)

EPQ

(b) % PQ

PQ

EPQ |

Flow rate: 0.4 ml/min
Split ratio: 1:1

Flow rate: 0.8 ml/min
Split ratio: 1:5

EPQ

Flow rate: 1.0 ml/min
Split ratio: 1:10

Retention time (min)

250

Fig. 3: The effect of mobile phase flow rate and effluent split ratio (T1C shown). The higher split ratio is
preferable when higher flow (lower Ry) was used to prevent effluent saturation at MS spray chamber.
[Mobile phase consisted of ACN: HCO,NH, (40:60)]
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Fig. 4: The effect of varying mass detector’s (a) drying gas temperature, (b) spray chamber temperature
and (c) nebulizer gas pressure on PQ intensity (MRM transition: 186/171)

Injection volumes

Usher et al. “previously showed that poor precision at low injection volumes can occur even when an
internal standard was used. They recommended that improved precision may be achieved by increasing the
volume of injection without affecting the method. In this study, injection precision was evaluated by injecting
10 replicates at three different injection volumes (Table 2). Poor precision was observed at lower injection
volumes (16 and 36 pl) with % CV exceeding 15 %. In contrast, higher injection volume (46 pl) yielded good
precision with % CV lower than 15 % for both analytes (Table 2).Therefore, 46 pl injection volume was
selected as the most suitable volume based on similar optimized chromatographic and mass detection
parameters.
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Table 2:1njection precision for PQ and EPQ (n = 10 for each volumes)

Injection volume (ul) Peak Area (%CV)
PQ EPQ Area Ratio
16 29.80 26.50 16.51
36 22.34 11.29 17.34
46 14.84 7.74 9.89

Analytical performance of the final optimized conditions

Non-linear calibration curve with a quadratic fit was used to determine PQ concentration. A ten-point
calibration curve constructed at three different days yielded a coefficient of determination (R?) of higher than
0.99 for both standard (Fig. 5) and spiked samples (Fig. 6). There was good inter-day accuracy and precision
(Table 3) which complies with the FDA guideline®®. The accuracies were within +20% of the actual
concentration while the percentage CV was lower than 10% which complies with the FDA recommendation.
The extraction recovery from repeated analysis of blank rat liver tissue spiked at three concentration levels
(0.75, 15.00 and 37.50 ug/g) were also within £10 % from the actual concentrations with inter-day precision of
less than 15 % (Table 4) indicating that the method is accurate.
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Fig. 5: Calibration curve for PQ standards ranging from 0.05-50 pug/ml (MRM transition: 186/171)
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Fig. 6: Calibration curve for PQ in tissue samples between 0.25 and 45.00 pg/g (MRM transition:
186/171)



Sp Tang et al /International Journal of PharmTech Research, 2017,10(4)

Table 3: Analytical performance using a PQ drug standard

1 246-255.

[PQ], pg/mi Mean concentration (ug/ml) Accuracy (%) Precision (%)
0.75 0.85+£0.04 112.74 4.70
15.00 13.96 +1.12 93.09 8.05
45.00 4451 +3.32 98.91 7.45

Table 4: Analytical performance in spiked tissue samples.

253

[PQI, na/g Mean concentration (Jg/g) Recovery (%) Precision (%)
0.75 0.78 £0.08 104.04 10.42
15.00 15.11 +2.08 100.70 13.76
37.50 35.10 + 3.38 93.59 9.62
Conclusion

Overall, the optimized LC-MS/MS conditions provide a simple and direct analysis for the

determination of PQ in tissue sample with a short run time (less than 10 min) with good recovery and precision.
The method can be applied to routine screening of PQ in biological samples.
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