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Abstract.  The study aimed to apply micellar liquid chromatography (MLC) 
to detect paraquat levels in human plasma and urine samples at a medical 
decision level for suspected poisoning, which is not achieved by the current 
ion-pairing LC method.  Paraquat in (acid-treated) human plasma and urine 
samples was analyzed using C18 Eclipse XDB column maintained at 30°C 
and an aqueous micellar mobile phase (pH 3.0) composed of 50 mM sodium 
dodecyl sulfate, 15% (v/v) acetonitrile, 0.5% (v/v) diethylamine, and 9% 
(v/v) n-butanol, with paraquat monitored by measuring absorbance at 258 
nm.  The limit of detection of plasma paraquat (PPQ) and urine paraquat 
(UPQ) was 0.02 and 0.05 μg/ml respectively; and the limit of quantification 
was 0.05 and 0.16 μg/ml respectively.  Dynamic range for both PPQ and 
UPQ was achieved at 0.16-100 μg/ml and recovery of spiked (2-10 μg/ml) 
PPQ and UPQ samples ranged from 100.4-102.9%.  Within run repeatability 
of PPQ and UPQ, detection was obtained at 1.8 and 3.5% relative standard 
deviation (RSD) respectively and within laboratory repeatability of 4.16 
and 7.31% RSD respectively, with a turn-around time of eight minutes.  
In conclusion, the MLC method was capable of detecting paraquat at a 
medical decision level for suspected poisoning, namely, 0.2 and 0.9 µg/ml 
in plasma and urine respectively.
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INTRODUCTION

Paraquat  (1 ,1 ′ -dimethyl[4 ,4 ′ -
bipyridine]-1,1′-diium dichloride) 
(PQ) is a potent contact herbicide used 
worldwide.  The advantages of PQ 
compared to other herbicides are that 
it is fast-acting, non-selective, resistant 
to being washed off within minutes of 
application, and partially detoxified 
upon contact with soil (Summers, 
1980).  This led to the adoption of a 
no-ploughing agricultural practice 
(Hood et al, 1963).  However, owing 
to its high toxicity, which can result 
in accidental poisoning, use of PQ in 
agriculture has been banned in over 
67 countries (Stuart et al, 2023). 

In a systematic review, Boedeker 
e t  a l  (2020) reported that nearly 
400 million cases occur annually 
worldwide from unintentional, acute 
pesticide poisoning.  Prior to the 
official banning of PQ importation 
into  Thai land from 1  June 2020 
(Ministry of Industry, 2020) (although 
farmers are allowed to use remaining 
stocks), Thailand import of herbicides 
rose from 68,800 tons in 2008 to 88,800 
tons in 2019, but, interestingly, there 
was a drop in pesticide poisoning from 
19 to 13 cases per 100,000 population 
respectively (Laohaudomchok et al, 
2021). 

PQ exposure to inadequately 
protected external surfaces of users 

can result in eye injury, nosebleed, 
and skin irritation and burn, while 
absorption can cause severe damage 
to lungs and kidneys (Neumeister and 
Isenring, 2011).  Rather worrisome, 
a recent meta-analysis indicated 
an association between paraquat 
exposure and Parkinson’s disease 
(Tangamornsuksan et al, 2019).  There 
is no antidote to PQ poisoning.

Diagnosis of PQ toxicity depends 
on detailed interview of past history 
o f  exposure ,  c l in ica l  s igns  and 
symptoms (Lock and Wilks, 2010).  
A simple spot test for paraquat in 
urine involving addition of sodium 
dithionite (generating a blue color) 
has a sensitivity of ~10 mg/l (Paraquat 
diagnost ic  k i t ,  Syngenta ,  Basel , 
Switzerland),  whereas a medical 
decision level for suspected poisoning 
is 0.9 mg/l in urine and 0.2 mg/l in 
plasma (Wu, 2006).  An ion-pairing 
liquid chromatography (IPLC) is 
generally employed for quantification 
of PQ in human plasma and urine 
(García-Alvarez-Coque et al, 2017).  
IPLC has a limit of detection of 0.1 
mg/l in biological fluids, but the 
technique requires time-consuming 
preparation of column, produces 
inconsistent retention time and non-
symmetrical elution peak, and suffers 
from an inabi l i ty  to  completely 
remove ion-pair reagents from the 
stationary phase leading to a short 
column lifespan.
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Here, we describe the application 
of a micellar liquid chromatography 
(MLC) to directly determine PQ in 
plasma and urine samples capable of 
detection at a medical decision level 
for suspected PQ poisoning.  The 
method has a rapid turnaround time 
and requires minimum turnover of 
the reverse phase column compared 
to IPLC.  In Thailand and other 
countries where paraquat is still used 
in agricultural techniques, there will 
always be cases of suspected paraquat 
toxicity.  An accurate assessment 
of the degree of exposure to this 
harmful herbicide will allow for quick 
treatment and prevent long-term 
damage to tissues and organs.

MATERIALS AND METHODS

Reagents

Paraquat (98% methyl viologen 
dichloride hydrate) was from Aldrich 
(St Louis, MO) and sodium dodecyl 
sulfate (SDS; 97%) was from Tokyo 
Chemical Industry (Tokyo, Japan).  
Acetonitrile, diethylamine, n-butanol, 
orthophosphoric acid, perchloric 
acid,  and water (DI type 1,  18.2 
MΩ.cm) were from Merck (Darmstadt, 
Germany).

Preparation of working solutions

Spiked working solut ions  of 
0.2, 10, 20, 40, 60, 80, and 100 μg/
ml PQ were prepared in herbicide-

unexposed human plasma and urine.  
Non-spiked samples were employed 
as negative controls.  All solutions 
were stored at -20°C until analyzed.  
The  mice l lar  mobi le  phase  was 
stored at ambient temperature in a 
fume cabinet until used (within two 
months).

Sample preparation for MLC analysis

A 500-μl aliquot of spiked plasma 
or  ur ine  work ing  so lu t ion  was 
mixed with 200 μl of 70% methanol 
containing 7% (v/v) perchloric acid.  
The solution was cooled to ≤-18°C 
for 10 minutes,  then centrifuged 
at 15,000 g for 10 minutes at room 
temperature (Paixao et al, 2002) and 
the supernatant was removed for 
subsequent MLC analysis.

MLC protocol

Forty-microliter aliquots of PQ-
spiked samples and negative controls 
were injected via an autosampler 
into an Agilent 1260 Infinity HPLC 
instrument (Agilent Technologies, 
Santa Clara, CA) equipped with an 
Eclipse XDB C18 column (150 mm x  
4.6 mm id, 4.6 µm diameter bead) 
maintained at 30°C, and eluted with 
a micellar mobile phase at a flow 
rate of 1.5 ml/min.  Absorbance at 
258 nm of PQ was monitored using 
a photodiode array detector (Agilent 
Technologies, Santa Clara, CA).
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Samples collection

Paraquat-unexposed plasma and 
urine samples used in the study 
were from left-over pooled plasma 
and urine samples from healthy 
i n d i v i d u a l s  a t t e n d i n g  r o u t i n e 
check-ups at  out-patient cl inical 
units.  Test plasma and urine samples 
for quantification of paraquat levels 
using the optimized MLC protocol 
we r e  o f  a n  a n o n y m o u s  ( t o  t h e 
researchers) individual submitted 
from an outside medical institution.  
Plasma and urine samples were stored 
at -20°C until analyzed.

Ethical approval

The research protocols  were 
approved by the Human Research 
Ethics Committee, Faculty of Medicine 
Ramathibodi  Hospi ta l ,  Mahidol 
Univers i ty  (approval  No.  COA.
MURA2022/261).  No prior written 
consent from a subject is required 
as a sample submitted for assay at 
the Toxicology Unit, Department 
of Pathology, Faculty of Medicine 
Ramathibodi  Hospi ta l ,  Mahidol 
University is coded indicating only 
the analyte(s) requiring identification/
quantification.  

RESULTS

Choice of stationary phase

An Eclipse XDB C18 (octadecyl 
silica) column (Agilent Technologies, 

Santa Clara, CA) was chosen for its 
stability over a pH range of 2-9 and 
working temperature of 30-40°C.

Micellar mobile phase composition, 
pH and temperature

The (optimized) mobile phase 
composit ion was 50 mM SDS in 
water (DI type 1) pH 3.0 (adjusted 
with orthophosphoric acid), 1% (v/v) 
acetonitrile, 0.5% (v/v) diethylamine, 
and 9% (v/v) n-butanol.  The retention 
t ime of  plasma (PPQ) and urine 
(U)PQ was 5.97 and 5.98 minutes 
respectively (Fig 1).

MLC analytical performance

The limit of detection (LOD), 
l imit  of  quantitat ion (LOQ) and 
dynamic range were determined 
according to EURACHEM guidelines 
(Magnusson and Örnemark, 2014), 
and accuracy and precision according 
to CLSI EP15-A3 guidelines (CLSI, 
2014).  LOD of PPQ and UPQ was 
0.02 and 0.05 µg/ml, LOQ was 0.05 
and 0.16 µg/ml, percent recovery 
(spiked 2.0-10.0 µg/ml) was 100.6-
102.6 and 100.4-102.9%, precision of 
detection was 4.2 and 7.3% relative 
standard deviation (RSD), and within 
laboratory repeatability was 4.16 
and 7.31% coefficient of variation 
(CV) respectively (Table 1).  Linear 
dynamic ranges of both PPQ and 
UPQ detection were 0.16-100 µg/ml 
(r2 = 0.99) (Fig 2).  Sensitivity and 
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Fig 1 - Micellar liquid chromatograms of (A) blank plasma, (B) blank urine, (C) paraquat-
spiked plasma, and (D) paraquat-spiked urine

Micellar liquid chromatography was performed using an Agilent 1260 Infinity 
HPLC instrument (Agilent Technologies, Santa Clara, CA) equipped with an Eclipse 
XDB C18 column (150 mm x 4.6 mm id; 4.6 µm diameter bead) maintained at 30°C.  
Micellar mobile phase contained 50 mM sodium dodecyl sulfate, 15% acetonitrile, 
0.5% diethylamine, and 9% n-butanol, pH 3.0.  Paraquat was monitored by measuring 
absorbance at 258 nm. 

id: internal diameter; mm: millimeter; µm: micrometer; nm: nanometer.
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Table 1

Limit of detection (LOD) and limit of quantitation (LOQ) of spiked plasma 
and urine paraquat by micellar liquid chromatography

Parameter Plasma paraquata 

(µg/ml)
Urine paraquatb 

(µg/ml)

Mean concentration of paraquat detected 0.20 0.20

SD (n = 10) 0.005 0.020

LOD (3 x SD) 0.01 0.06

LOQ (10 x SD) 0.05 0.20

aPlasma spiked with 0.20 µg/ml paraquat; bUrine spiked with 0.20 µg/ml paraquat

µg/ml: microgram per milliliter; SD: standard deviation

specificity of the MLC detection 
method were not determined as, 
currently, there is no “gold standard” 
for quantification of PPQ and UPQ.

Analysis of test samples

Pl a s m a  a n d  u r i n e  s a m p l e s 
submitted from an outside hospital of 
an anonymous individual suspected 
of accidental paraquat poisoning 
but with negative results previously 
obtained using an in-house IPLC 
method (Paixao  et  a l ,  2002) were 
analyzed by the MLC method using 
the optimized conditions, resulting 
in the detection of PPQ and UPQ of 
0.23 and 0.90 µg/ml respectively (Fig 
3), values at the limit of minimum 
levels required for a medical decision 
of paraquat toxicity, namely, 0.2 µg/
ml in plasma and 0.9 µg/ml in urine 
(Wu, 2006).

DISCUSSION

Quantitative determination of PQ 
is performed employing several types 
of chromatography, viz ion-exchange 
chromatography ( IEC) ,  IPC and 
gas chromatography (GC) (García-
Alvarez-Coque, 2017).  However, 
each technique suffers from various 
weaknesses, such as those described 
above for IPC, the most often used 
technique; IEC requires the use of 
expensive columns and GC involves 
time-consuming extraction of analytes 
(García-Alvarez-Coque, 2017).

Demand for “green chemistry” 
has spurred the development of 
MLC, which uses an aqueous micellar 
solution, composed of a surfactant 
in a solution of acetonitrile as the 
mobile phase (Armstrong and Nome, 
1981) .   The  advantages  of  MLC 



123

MLC DETECTION OF PLASMA AND URINE PARAQUAT

Vol 54 No.3  May 2023

Fig 2 - Micellar liquid chromatography calibration curve for paraquat in 

plasma (A) and urine (B)

Chromatography was carried out as described in legend to Fig 1 using plasma and 
urine both spiked with paraquat at 0.2-100 µg/ml.  Each determination was carried 
out in triplicate. 

µg/ml: microgram per milliliter; r2: coefficient of determination.
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Fig 3 - Micellar liquid chromatograms of (A) plasma and (B) urine samples from a patient 
suspected of paraquat poisoning

Chromatography was carried out as described in legend to Fig 1. 

nm: nanometer
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compared to IEC and IPC are the 
improved ability to separate mixtures 
of  charged and neutral  analytes 
and the capability to directly inject 
(following protein precipitation) 
plasma and other physiological fluids 
into an LC instrument.  However, a 
major weakness of MLC is its reduced 
efficiency caused by the micelles, 
but this can be improved by the 
addition of a judicious small amount 
of an organic solvent to improve 
peak resolution (Esteve-Romero et 
al, 2016).

Surfactants used in MCL can 
be divided into three categories: 
anionic (eg ,  SDS), uncharged (eg, 
B r i j - 3 5 )  a n d  c a t i o n i c  ( e g ,  c e t yl 
trimethylammonium bromide).  SDS 
was chosen as the surfactant here 
because it has a relatively low critical 
micelle concentration (5 mM) and 
being an anionic micelle can bind 
with cationic PQ.  Diethylamine 
was employed as an end-capping 
agent, and n-butanol was chosen 
as the organic component to adjust 
retention time (Ruiz-Angel  e t  a l , 
2002).  Acidic pH was to maintain 
PQ and diethylamine in the cationic 
state.  The binding of 50-200 mM 
SDS to  f ive  Hypersi l  s tat ionary 
matrices is in the order: unmodified 
s i l ica  >  cyanopropyl  >  methyl  > 
octyl > octadecyl silica (Berthod and 
Gaecia-Alvarez-Coque, 2000); hence, 

an octadecyl silica column (Eclipse 
XDB C18; Agilent Technologies, Santa 
Clara, CA) was chosen for its stability 
over a pH range of 2-9 and working 
temperature of 30-40°C.  Optimization 
of mobile phase parameters was 
achieved as follows:  keeping all 
parameters f ixed at  a  particular 
value except for one parameter that 
was varied until an optimal MLC 
condition was achieved, ie ,  rapid 
elution time and symmetrical peak 
shape; and with the latter parameter 
kept at its optimal value, the process 
was then sequentially repeated until 
all parameters were optimized.  All 
analytical performances of MLC in 
the detection of PPQ and UPQ were 
within acceptable limits according 
to both European (Magnusson and 
Örnemark,  2014)  and US (CLSI , 
2014) guidelines, to ensure that the 
protocol procedures can be performed 
in as many laboratories as possible 
worldwide.

The technique was applied to 
PPQ and UPQ samples of a Thai 
individual admitted with suspected 
PQ poisoning.  Standard clinical 
criteria for diagnosis of suspected 
PQ poisoning  are  the  pat ient ’ s 
history of exposure to the herbicide, 
laboratory  f indings  of  systemic 
toxicity and a positive urine dithionite 
test.  Although an in-house IPLC 
quantitative assay for PQ (Paixao 
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et  a l ,  2002) was negative for the 
individual suspected of PQ toxicity, 
the optimized in-house MLC assay 
described in the current study was 
able to determine PPQ and UPQ at a 
medical decision level for suspected 
poisoning, ie, 0.2 and 0.9 µg/ml in 
plasma and urine respectively (Wu, 
2006).

The limitation of the study was the 
inability to determine the sensitivity 
and specificity of the in-house MLC 
technique for detecting PPQ and UPQ 
owing to the lack of a “gold standard” 
for comparison.

In conclusion, optimal conditions 
w e r e  e s t a b l i s h e d  f o r  m i c e l l a r 
l iquid chromatography analysis 
of paraquat in human plasma and 
urine at levels required for a medical 
decision on paraquat toxicity.  The 
t e c h n i q u e  r e q u i r e s  a  s t a n d a r d 
reverse-phase liquid chromatography 
system operating in an isocratic 
elution mode and equipped with 
a UV-visible spectrophotometer; 
the optimized protocol provides 
improved sensitivity and a short 
turnaround time.  This operating 
system can be readily performed in 
a hospital laboratory equipped with 
a standard high-performance liquid 
chromatography system, located in the 
Asian Pacific region (and elsewhere in 
the world) where there is a risk of 
accidental paraquat poisoning arising 

from the application of this herbicide 
in agricultural practice.
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