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Abstract

A method for the determination of Thiamethoxam in bee samples was set up by means of high performance liquid chromatography with an
electrochemical detector and post-column photochemical reactor (HPLC–h�–ED). Analytical method was based on a rapid sample extraction pro-
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edure with acetone, followed by chromatographic separation into a C18-RP column isocratically operated by 60 mM phosphate buffer/acetonitrile
75/25) mobile phase at pH 2.7. A photochemical reactor was used as a tool to verify and eventually quantify the presence of Thiamethoxam in
he samples by distinguishing it from interference contribution. Detection was performed with a potential of 880 mV after a photoactivation with
254 nm light. The least detectable dose was 0.002 mg kg−1. Recovery rates ranged between 59.88 and 71.62%.
2006 Elsevier B.V. All rights reserved.

eywords: Thiamethoxam; Neonicotinoid; Photoactivation; Electrochemical detector; Honeybee; HPLC; Pesticide

. Introduction

The research development about the neonicotinoids toxicol-
gy aims to create molecules with a greater activity against
ucking and chewing pests combined with a lower toxicity
gainst bees and other handy insects. Therefore, the first genera-
ion, dominated by Imidacloprid® (Bayer, Leverkusen), evolved
nto the second one [1–5] which was inaugurated in 1998
y the introduction of Thiamethoxam® (Novartis, Switzer-
and). Thiamethoxam, (EZ)-3-(2-chloro-1,3-thiazol-5-ylme-
hyl)-5-methyl-1,3,5-oxadiazinan-4-ylidene(nitro)amine, is a
itro-substituted neonicotinoid that acts agonistically on insect
icotinic acetylcholine receptors (nAChR) [6]. The molecule
imics the acetylcholine chemical messenger and it binds

o the receptor site. This binding site is more abundant in
nsects than in warm-blooded animals making the chemi-
al selectively more toxic to insects than warm-blooded ani-
als. This blockage leads to the accumulation of acetylcholine

esulting in the insect’s paralysis and eventually in death.

∗

The oral LD50 in bees, the dose that kills half (50%) of the
tested bees, increased from 18 ng bee−1 for Imidacloprid to
30 ng bee−1 for Thiamethoxam [7–11]. Laboratory and field
studies indicate that Thiamethoxam is highly toxic to honey-
bees by either contact or ingestion. Despite its high root sys-
temicity, semi-field studies, where bees were exposed to plants
grown from Thiamethoxam treated seeds, showed no effect such
as mortality, foraging activity, flight intensities or behaviour.
But because some decline in hive quality was observed [12],
some doubt arose about the safety of Thiamethoxam. The
lower toxicity with respect to other neonicotinoids could prob-
ably be not enough to completely wipe out the risk for api-
culture.

The Thiamethoxam physicochemical properties render it use-
ful for a wide range of application techniques, including foliar,
seed treatment, soil drench and stem application.

The honeybee (Apis mellifera) is an important insect world-
wide: its pollinate activity is important for the production of
high-quality commercial seeds and fruits. The study of pesti-
cide effects on the honeybee is, therefore, vital because of the
need to control a wide variety of agricultural pests with insecti-
cides without hurting bees that inadvertently come into contact
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Some authors’ studies dealt with the determination of Thi-
amethoxam in various real samples by using different methods:
LC–MS technique was used by Obana et al. [15] for veg-
etables and fruits and the detection limit was 0.01 mg kg−1.
A LC/ESI(+)/MS system was used for quantitative analysis
of fruits and vegetables [16], drinking water [17] and honey
[18]. Detection limits were 0.02 mg kg−1 in fruits and vegeta-
bles, 0.01 �g l−1 in drinking water and 0.01 mg kg−1 in honey.
The LC/MS/MS technique was applied by Zywitz et al. [19]
for analysing fruits and vegetables with a detection limit of
0.003 mg kg−1. The HPLC–UV system was applied to fresh and
cooked vegetable samples by Singh et al. [20] with a detection
limit of 0.04 mg kg−1.

In our paper we present chromatographic and instrumental
conditions, sample extraction procedure in case of bees, linearity
range, repeatability and recovery rates of a new method based
on reversed-phase HPLC with an electrochemical detector.

The detection of Thiamethoxam is preceded by photochem-
ical activation to enhance sensitivity of the method. Moreover,
the photoreactor allows the subtraction of some possible inter-
ferences which may lead to overestimation of Thiamethoxam in
bad conditions bee samples [21,22].

2. Experimental

2.1. Materials and method
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was filtered before using through a 0.22 �m Phenex nylon filter
membrane under water pump suction.

All the bee samples used in the experiment were collected
from the Institute apiary and they were stored in the refrigerator
(−40 ◦C).

2.2. Real samples extraction

An amount of 3.5 g of bees was placed in a 50 ml beaker
together with 40 ml of acetone. Sample was allowed to soak for
30 min in an ultrasonic bath (ultrasound power 120%) (Elma,
CA, USA) at room temperature. The solution was then filtered
through Celite® 545 (10 g ca, 0.02–0.1 mm particle size, Merck,
Darmstadt, Germany) directly in a 150 ml round bottomed flask.
After concentration in a small volume by means of a rotary evap-
orator under vacuum (bath temperature 40 ◦C, max 200 mbar),
the residue was evaporated by N2 current gas and redissolved in
1.0 ml of the mobile phase. Before injecting into the HPLC sys-
tem, the residue was filtered through a Filtek filter syringe (RC
15 mm, 0.22 �m pore size). The injected volume was 0.020 ml.

2.3. Recovery tests

Bee samples in good state of conservation, definitely free of
Thiamethoxam, were used for recovery tests. Before the extrac-
tion, a measured amount of a 10 mg l−1 dilution in acetone of
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All solvents were HPLC grade (Carlo Erba Reagenti, Milano,
talia). Thiamethoxam stock solution was prepared by dissolv-
ng 0.014 g of the powder (97.0% certificated, Dr. Ehrenstorfer
mbH, Augsburg, Germany) in 10 ml of acetone and it was

tored in freezer at −20 ◦C. Calibration curve was built by
nalysing seven different fresh dilutions in mobile phase of the
tock solution: 0.01358, 0.02716, 0.05432, 0.13580, 0.27160,
.54320, and 1.358 mg l−1. The regression data were obtained
rom the average of three curve replicates. Three replicates per
oncentration were done.

The HPLC system was composed of an ESA Bioscence Inc.
Chelmsford, MA, USA) model 582 Solvent Delivery System
ump, a pulse damper, a Rheodyne (Rohnert Park, CA, USA)
725i injector, a reversed-phase Phenomenex® (Torrance, CA,
SA) Luna C18(2) column (150 mm × 4.6 mm i.d., 5 �m par-

icle size), an ICT BeamBoost® (Wien, Austria) photochemical
eactor, equipped with a 254 nm UV lamp (Osram Sylvania
ltraviolet G8W, Danvers, MA, USA) and a 5 m × 0.25 mm i.d.
eflon reaction coil.

Detection was performed with a model 5600A ESA
ioscence Inc. (Chelmsford, MA, USA) CoulArray® electro-
hemical detector. The first three electrodes were set, respec-
ively, at 100, 125 and 150 mV and the fourth, the dominant
hannel, was set at 880 mV.

The column was operated at room temperature, iso-
ratically, at a flow rate of 0.8 ml min−1, using phosphate
uffer/acetonitrile (75/25, v/v) at pH 2.70 adjusted by H3PO4
85%, RPE, ACS-iso, Carlo Erba). Phosphate buffer was a
.060 M aqueous solution of di-sodium hydrogen phosphate
ihydrate (RPE, Carlo Erba, Milano, Italy). The mobile phase
hiamethoxam standard stock solution was added to bees after
he thawing out. The rest of 15 min was left to let acetone evap-
rate before the extractive procedure.

Percentage recoveries were calculated at three different con-
entrations: 0.687, 0.343 and 0.172 mg kg−1. Every test was
epeated three times. The lowest concentration for the recov-
ry test was calculated so that it was smaller than the LD50 of
0 ng bee−1 which corresponds to 0.200 mg kg−1 ca.

. Results and discussion

The electrochemical properties of the active ingredient were
rst investigated. For this purpose a Thiamethoxam standard
olution of 1 mg l−1 was injected into a Luna-C18 column oper-
ted with the same mobile phase as that used in the determination
f Imidacloprid in our laboratory [21]. The flow rate was set
t 1.0 ml min−1 and a potential of 900 mV was used to ensure
he possible result. In spite of the high potential, without the
hotochemical reactor, the detection limit (680 mg l−1) was not
atisfactory for the purpose of this study because of the low
lectroactivity of Thiamethoxam chemical structure.

Structural feature of the Thiamethoxam molecule shows a
seful similitude with the Imidacloprid structure in the nitro
roup (Fig. 1): in the case of Imidacloprid such group is pointed
s the site of the photochemical reaction that makes the molecule
lectrochemically detectable. Such behaviour is explainable
ith the transformation of the nitro group to hydroxy group as

hown in the Fig. 1 [23,24]. The knowledge of this photochem-
cal reaction let us foresee an improvement in sensitivity by
he irradiation with a 254 nm light in Thiamethoxam determina-
ion too. Really the Thiamethoxam electrochemical activity was
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Fig. 1. Photochemical reactions on Imidacloprid (on the left) and on Thi-
amethoxam (on the right) caused by irradiation with 254 nm light.

increased by photoactivation and the sensitivity was so remark-
ably improved. Although it is not the aim of this work but it
would be very interesting to verify the photochemical product
of this molecule.

Hydrodynamic voltammogram (Fig. 2) was recorded for Thi-
amethoxam, using a standard of 0.6 mg l−1, in order to determine
the best voltage for the detection. The choice of the proper
potentials entails a compromise between sensitivity, enhanced
by increasing voltage, and selectivity, reduced by increasing
voltage. In view of these considerations a dominant potential
of 880 mV was chosen for the fourth electrode whereas the first
three channels were set at 100, 125 and 150 mV. The low volt-
age of the first three channels is the consequence of a verified
advantage: By concentrating the oxidation of the whole amount
of Thiamethoxam in a single channel, the sensitivity was in fact
maximized.

Afterwards the chromatographic conditions were optimized
to avoid tailing peaks and to improve the peak shape: Mobile
phase pH was, therefore, adjusted to 2.7 and the flow rate was
decreased to 0.8 ml min−1.

Calibration curve was obtained by the injection of
seven different standard levels in the concentration range
between 0.01358 and 1.358 mg l−1: The response was linear
and the regression equation was y = 0.7436x − 2.1735 where

F
(

Table 1
Instrumental reproducibility by standard deviations (SD) at different Thi-
amethoxam concentrations

Concentration level (mg l−1) Average peak height (nA) SD (nA)

0.01358 19.65 1.1
0.02716 36.50 2.1
0.05432 60.30 4.1
0.13580 203.00 8.5
0.27160 384.00 2.8
0.54320 719.50 0.7
1.35800 1830.00 0.0

Means of three replicates.

y = concentration (�g l−1) and x = peak height (nA), with a slope
standard deviation of 0.0014 (N = 3), intercept standard devia-
tion of 2.1044 (N = 3), linear correlation coefficient of 0.9998
and a yx standard error of 10.5491.

The reproducibility of the quantitative measurements was
studied at every level of the calibration curve as shown in Table 1:
results were satisfactory for all the considered concentration
range.

The LD50 for Thiamethoxam is 30 ng bee−1 which is equiva-
lent to 0.200 mg kg−1 but in the case of neonicotinoids, subletal
doses were often suspected to cause some threats to bees at
concentrations as low as a few ng g−1 [25–28]. That is the rea-
son as to why the first goal of the present work was to reach a
detection limit as low as possible. Such limit was investigated
accounting as minimum peak height the value calculated as three
times the standard deviation of the noise, resulting from injec-
tion of the mobile phase, plus the average height of all the noise
peaks. This value was experimentally established to correspond
to 0.0075 mg l−1. Calculating the bee amount considered in the
proposed analysis, the instrumental detection limit corresponds
to 2.1 ng g−1 in bee sample which abundantly fulfills the expec-
tations of this study.

The detector involved in the present method often allows a
very fast and easy procedure for preparing the sample. The first
attempt was, therefore, very raw: The extraction by acetone and
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ig. 2. Hydrodynamic voltammogram got by injecting at increasing potential

ranged from 100 to 1100 mV) a 0.6 mg l−1 Thiamethoxam standard.
he filteration through a 0.22 �m membrane were proved to be
nough for determining the active ingredient without any doubt
f interferences. The extraction procedure was applied to many
ee samples of different origin and in different driven states
mould, putrefaction). In the case of non-degraded bee sam-
les the chromatogram was free of interference peaks. For bad
tate bee samples it was instead capitalized as an additional tool:
he knowledge about the different photochemical properties of
hiamethoxam with respect to coeluted interferences depend-

ng on whether the BeamBoost® reactor is on or off. As long
s the active compound concentration is lower than the detec-

able 2
ecovery rates on bee samples; conditions are described in the text

ample Fortification (mg kg−1) Recovery (%) DS

ees 0.687 71.18 5.37
ees 0.343 71.62 8.55
ees 0.172 59.88 2.68
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Fig. 3. Photoactivation effects on bee samples: control bad state bee sample acquired with BeamBoost® on (A) and off (B); Thiamethoxam 2.716 mg l−1 standard
detected with the BeamBoost® on (C); control bad condition bee sample after fortification with the active ingredient (2.716 mg l−1, equivalent to 0.776 mg kg−1 bee)
acquired with the BeamBoost® on (D) and off (E). Conditions and discussion are in the text.
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tion limit without photoactivation (680 mg l−1), Thiamethoxam
peak completely disappears when the photochemical reactor is
switched off, whereas no variation occurs if the only contribution
to peak arises from interferences. This is a clear consequence of
the nature of degradation products: Ketones, aldehydes, esters,
amines and alcohols, deriving from putrefaction process in bees,
are in fact electroactive in both the presence and the absence of
photoactivation.

If a peak appears in BeamBoost® on condition at Thi-
amethoxam retention time, the second injection of the same
sample but in BeamBoost® off condition will confirm the pres-
ence of Thiamethoxam only if the peak height decreases or
disappears. The difference in the height of peaks detected with
the BeamBoost® on and off gives a correct quantification of
Thiamethoxam sample contamination. In Fig. 3A, a control bad
state bee sample analysed with the BeamBoost® on is shown;
Fig. 3B shows the chromatogram of the same control sample
analysed with the BeamBoost® off: Peak height was 910 nA in
A and it only increased to 912 nA in B as it was expected.

Fig. 3D shows the chromatogram of a control bad condi-
tion bee sample after fortification with the active ingredient
(2.716 mg l−1, equivalent to 0.776 mg kg−1

bee) acquired with the
BeamBoost® on, whereas Fig. 3E shows the BeamBoost® off
acquisition. In this case the peak height only decreased but it
did not disappear and the interference contribution was sepa-
rated from the total peak height. Fig. 3C shows a Thiamethoxam
s
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Linearity range and recovery rates are suitable for the detec-
tion of a low Thiamethoxam quantity in honeybee samples.

The Thiamethoxam detection limit without photoactivation
corresponds to the highest quantifiable concentration without
any doubt about the interference contribution. Such limit is, how-
ever, equivalent to a quantity of active compound (194 mg kg−1

bee)
largely higher than the quantity usually found by our tests in real
bee samples: even though the samples came from apiary where
mortality was high or complete, they contained indeed at most
1–2 mg kg−1 of Thiamethoxam.

The results obtained in this study lead us to conclude that the
proposed HPLC–h�–ED method may be conveniently applied
for bee health control projects as well for biomonitoring projects.
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