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A B S T R A C T

Imidacloprid is a systemic insecticide belonging to the neonicotinoid family. It was the first neonicotinoid in-
troduced in the mid-1990s, and since then, its use has grown rapidly to control pests in a variety of agricultural
crops. Several studies have shown that neonicotinoids translocate to the nectar and pollen of treated plants,
which represents a potential risk to pollinators. Therefore, an open-field feeding study was carried out. For this
purpose, 30 beehives of Apis mellifera L. were installed in the same apiary. All colonies were in similar health and
population conditions when assays were started. For seven weeks, colonies were fed with sucrose syrup with
different concentrations of imidacloprid: 15, 30, 120 and 240 μg kg−1. Thus, the assays were divided into four
treatments and a witness (Control) with no added imidacloprid. To check the hives' exposure to imidacloprid and
evaluate its distribution, sampling of adult worker bees and larvae was performed before, during and after the
whole feeding period (7 weeks). Furthermore, in the 15th week, honey and beeswax (honeycomb) samples were
collected from the brood chamber and honey super of all hives. Analytical methodologies for sample preparation
based on the QuEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) procedure were optimized and va-
lidated. After soaking the bees and honey samples and the extraction using acetonitrile with MgSO4 and NaCl
salts, a dispersive solid-phase extraction (d-SPE) step with MgSO4, PSA and C18 was applied. Melted beeswax
was subjected to an acetonitrile extraction, followed by freeze-out and d-SPE with PSA and C18. Extracts were
evaluated in a UHPLC-MS/MS system. LOQ (μg kg−1) values were 0.25, 0.50 and 1 for honey, bees and beeswax,
respectively. Satisfactory recovery performance was achieved with relative standard deviation ≤20%. Residue
concentrations of imidacloprid in samples showed correlation with the doses supplied, indicating exposure of the
beehives to the insecticide. Honey stored approximately 60% of the loaded imidacloprid through syrup feeding.

1. Introduction

Since 2008, neonicotinoids have become the most important family
of insecticides in the global agrichemicals market due to their high
target efficacy, versatility in application methods, and declared low risk
for non-target organisms and the environment [1]. However, the in-
crease in their use worldwide is correlated with declines and many
effects in bee pollinators [2]. Therefore, in 2013, preventively, the
European Commission established a precautionary moratorium on the
use of three neonicotinoids (clothianidin, thiamethoxam and imida-
cloprid) on bee-attractive crops, and a final resolution has not currently
been adopted [3,4]. Since that moment, numerous studies have been
published investigating the effects of sub-lethal dosage of

neonicotinoids in bees, and on the occurrence of neonicotinoids in
beehive related samples such as pollen, honey, beeswax and other
studies has also increased [5]. More recently, EFSA published in Feb-
ruary 2018 that a high risk was concluded for various routes of ex-
posure for all the bee groups (honeybees, bumblebees and solitary bees)
[6].

Conversely, the use of neonicotinoids is not restricted in Argentina.
Five active compounds from this family are registered (acetamiprid,
flonicamid, imidacloprid, thiacloprid, and thiamethoxam) for a varied
set of crops. Imidacloprid is authorized in various horticultural pro-
ducts, oilseeds and cereals with MRLs in the range of 0.01 to 1mg kg−1

[7]. This compound has historical relevance because it was the first
compound of the neonicotinoid family with widespread use [8] and is
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the most common neonicotinoid used in South America [9]. Contrary to
what was previously mentioned, in this geographical area, there is a
lack of data on the effects of these compounds on pollinators and on the
environment in general [10]. Moreover, it was reported in a recent
review that less attention has been devoted to field studies and the
whole-colony behaviour globally, and there is a need to increase re-
search linking the knowledge of the more abundant individual studies
[5].

Considering all these aspects, a study was carried out to evaluate the
effects on honeybee colonies under field conditions after systematic
exposure at sub-lethal levels through feeding with syrups spiked with
different doses of imidacloprid. This interdisciplinary study was sup-
ported by national and local authorities in order to obtain additional
information useful for updating regulations and for improving risk as-
sessment activities. Throughout the experiment, several additional
parameters were studied such as population of bees, number of larvae,
pollen and honey storage. Moreover, samples of bees, larvae, honey and
wax were extracted from beehives, combining the open-field feeding
study with laboratory assays, to assess the transfer between in-hive
matrixes and to evaluate its possible functional abnormalities.

In the framework of this study, specific analytical methods for de-
termination of imidacloprid in the different beehive matrixes were
needed to accomplish reliable and timely measurements of the actual
concentrations throughout the complete field experiment. The matrixes
under study, whole body bees and bee larvae, as well as honey and
beeswax obtained directly from the hives, may be considered difficult
and complex matrixes with very different chemical compositions. Insect
bodies are rich in lipids, chitin and proteins [11]. Honey is a highly
concentrated sugar solution, mostly invert sugar (fructose and glucose)
[12], and beeswax is a complex mixture (> 300 compounds) of hy-
drocarbons, fatty acids, esters, and other substances [13]. In general, it
can be said that the analysis of these products is still a challenge, and
there is a need to obtain simplified and reliable methodologies. Chro-
matography coupled with mass spectrometry in different configurations
remains the gold standard for the final determination of imidacloprid in
many food and environmental matrixes, including beehive products.
LC-ESI-MS/MS is often used for its advantages in multiresidue methods
that include neonicotinoid family compounds in bee tissue [14], bees
and honey [15–17] and beeswax [17,18]. Additionally, GC–MS/MS has
been employed with good performance in beehive products [19,20],
and more recently, options using combinations of GC and LC have been
proposed [11,21,22]. Most of these methodologies require suitable
sample preparation or pesticide extraction from each matrix with dif-
ferentiated procedures. The QuEChERS procedure [23] is one of the
most popular sample preparation approaches in the area of pesticide
analysis because of its broad scope of applications and its advantages of
simplicity and low use of solvents and reagents, among others. In the
case of bees, extraction procedures based on QuEChERS strategies with
or without modifications are frequently used. Wiest et al. [21] in-
troduced an initial dissolution of honeybees with hexane, and other
authors have added triethylamine at the extractant phase to provide
basic pH conditions [15,24]. Niell et al., meanwhile, combined dis-
persive solid-phase extraction (d-SPE) and freeze-out to clean the bee
extracts [17]. The improved removal of lipids was achieved by adding
novel sorbents for the d-SPE step: Enhanced Matrix Removal-lipid
(EMR-lipid); chitin; and a mixture of zirconium oxide and C18 dual-
bonded to silica (Z-Sep+) [14]. Other authors use conventional SPE
cartridges after the extraction with acetonitrile/ethyl acetate [16].

For pesticide analysis in honey, QuEChERS procedures are the most
popular choice for sample preparation [25]; however, SPE techniques
are also frequently used [26,27]. A study of performance of both
QuEChERS and SPE approaches for general pesticide residue analysis of
honey showed comparable results [28]. Considering both matrixes, bee
and honey, similar conditions in the sample preparation are proposed in
some cases, differing only in the use of the determined SPE cartridge for
each matrix [16] or the inclusion of a preheating step to treat honey

with QuEChERS [15]. Greater modifications in the procedures for each
matrix are introduced by other authors [17,21].

The methodologies for beeswax involve a previous melting step
including, in some cases, a further dilution with organic solvents fol-
lowed by an extraction step based on L-L and SPE cleanup [29] or
different versions of modified QuEChERS [30].

Considering this analytical background information, the aim of the
present work was to develop and validate suitable simplified meth-
odologies for the determination of imidacloprid in each of the complex
beehive matrixes. The proposed methods were applied to the analysis of
bees, larvae, honey and beeswax from the mentioned field feeding
study.

2. Material and methods

2.1. Standards and reagents

Imidacloprid standard (98.9%) was purchased from Sigma-Aldrich
(Darmstadt, Germany). Working standard solutions at different con-
centrations were prepared in acetonitrile and isopropyl alcohol and
stored at −10 °C. All solvents, namely, isopropyl alcohol obtained from
AppliChem (Darmstadt, Germany) and acetonitrile and water obtained
from Sintorgan (Buenos Aires, Argentina), were of HPLC grade. Water
was acidified by adding formic acid from Fisher Chemical (98%) (Geel,
Belgium). Anhydrous magnesium sulfate (MgSO4) was purchased from
AppliChem (Darmstadt, Germany) and sodium chloride (NaCl) was
purchased from Carlo Erba Reagents (Val-de-Reuil, France). For the d-
SPE step, primary-secondary amine (PSA) was procured from Enviro-
Clean® (Bristol, PA, USA) and Octadecyl-silica (C18) was procured from
Selectra® (Bristol, PA, USA). Syringe filters (Econofilter, PTFE,
25mm×0.2 μm) were acquired from Agilent Technologies (Santa
Clara, CA, USA). For instrumental determination, all the solvents were
purchased from Fisher Chemical (Geel, Belgium) and were Optima®
grade.

2.2. Chromatographic and mass spectrometry conditions

The LC-MS/MS instrument consisted of a Waters Acquity ultra-
performance liquid chromatograph (UPLC) (Miliford, MA, USA) cou-
pled to a Waters Micromass TQD (Manchester, England) triple quad-
rupole mass spectrometer operated in the positive electrospray
ionization mode. The UHPLC was equipped with a 100× 2.1mm (i.d.),
1.7 μm particle size, Waters Acquity BEH Shield RP18 column (Dublin,
Ireland) protected by 5×2.1mm (i.d.) Waters VanGuard guard column
(Dublin, Ireland). After optimization of instrumental parameters, the
adopted conditions for the determination of the studied compound in
each matrix considered are as follows: elution mode involving gradient
conditions with a binary mobile phase composed of 0.1% (v/v) formic
acid in water/acetonitrile (98:2) (mobile phase A) and 0.1% (v/v)
formic acid in acetonitrile (mobile phase B) pumped at a flow rate of
0.35mL/min maintaining the temperature of the column heater at
40 °C. The mobile phase gradient program started at 5% of B up to
0.25min then increases to 100% at 7min. Next, a conditioning is per-
formed to equilibrate the column before the next injection. With this
purpose B decreases to 75% at 8min and 40% at 8.5 min. Finally, the
mobile phase returned to the initial composition at 9min and is held for
1min. The injection volume was 10 μL and sample manager tempera-
ture was set at 7 °C.

The MS source temperature was set at 120 °C with nitrogen flow
rates of 10 and 400 L h−1 for the cone and desolvation gases, respec-
tively. The desolvation temperature was 350 °C. Argon was used as the
collision gas with a flow of 0.15mL/min, which produced a pressure of
4× 10−3 mbar in the collision cell. Optimization of cone voltage and
collision energy for imidacloprid was achieved by infusing 1mg L−1

standards. The ESI interface was operated in positive mode (ESI+) and
the mass spectrometer in selected ion monitoring (SIM) with
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monitoring of two precursor/products ion transitions. The target ion
transition with the highest intensity (primary ion transition) was used
for quantitation (m/z 256.1 > 175.1), whereas the second target ion
transition was used for confirmation (m/z 256.1 > 209.1) (Fig. 1).
Waters MassLynx software version 4.1 (Manchester, England) was
employed for acquisition and data processing.

2.3. Beehive samples collection

The open-field feeding study was carried out in the same apiary,
where 30 beehives were displayed and submitted to 4 different feeding
treatments based of spiked sugar syrups and a Control assay (no imi-
dacloprid added). Each diet treatment (I to IV) corresponded to the
supply of a determinate concentration of imidacloprid in sucrose solu-
tions (μg kg−1): 15, 30,120, and 240. The respective doses were fed
once a week during a period of seven weeks at the beginning of the
honey yield season (September–October 2014). Initially, 15,000 worker
bees and a queen were disposed per hive, and a volume of 500mL of
each solution was supplied (0.03mL/bee). To keep the dose of sucrose
solution per bee consistent during the experiment, bee populations
were counted weekly and the volume of feeding solutions was adjusted
depending on the dynamic of the population. Colonies were inspected
weekly to estimate the number of adult bees and number of cells with
sealed brood and cells with pollen and honey. Worker honey bee and
larvae samples for chemical analysis were collected from two beehives
per treatment. Samples of honeycombs from the brood chamber and the
honey super of all hives were collected in the 8th week at the end of the
experimental feeding period of seven weeks. Once the samples were
collected, they were immediately stored at −20 °C to prevent de-
gradation. It has been posited that the effects of both temperature and
UV radiation accelerate the decrease of whole-body imidacloprid re-
sidues in honeybees [31].

2.4. Sample preparation

2.4.1. Bees, larvae and honey
Method development comprised experimental assays with different

alternatives of sample preparation suitable for the three matrixes. This
was carried out on the basis of a proper laboratory background on the

analysis of neonicotinoid pesticide residues in other matrixes, and a
suitable approach for multi-residue determination in diverse matrixes
was developed [32].

The final adopted procedure is summarized as follows: 5 g of sample
homogenized by a glass mortar was weighed into a 50mL falcon tube,
followed by the addition of 10mL of water containing 2% (v/v) of
formic acid. The tube was closed, and the sample was soaked for 1 h.
The soaking of dry samples with acid water improves the extraction of
acidic pesticides [32]. Then, 10mL of acetonitrile was added and
shaken by vortex for 30 s. The subsequent step was the addition of 4 g of
MgSO4 and 2 g of NaCl followed by immediate stirring for 2min to
prevent the formation of crystalline agglomerates during MgSO4 hy-
dration, and then the samples were centrifuged for 5min at 2500 rpm.

A dispersive-SPE step was then applied in which 2mL of the organic
layer of the sample extracts was transferred to a 15mL falcon tube
containing 300mg of MgSO4, 300mg of PSA and 200mg of C18. Then,
the tubes were vigorously shaken for 1min and centrifuged for 5min at
2500 rpm. A volume of 1mL was concentrated to 50 μL under con-
trolled conditions of temperature (50 °C) and N2 stream and recon-
stituted to the original volume with mobile phase A. Finally, the ex-
tracts were filtered through 0.2 μm Phenomenex PTFE filters (Torrance,
CA, USA) for the UHPLC-MS/MS analysis.

The same sample preparation process was applied to larvae samples.
For honey samples, a similar procedure was also applied, but the pre-
vious soak step of 1 h was carried out in a water bath at 50 °C.

2.4.2. Beeswax
The complex composition of beeswax, characterized by high lipid

and hydrocarbon substances content, constitutes a solid matter of high
melting point and low solubility in water. It was therefore necessary to
experiment with various extraction conditions in order to favour the
contact of the matrix components with the extractive solvents to im-
prove the extraction efficiency in terms of recoveries and lowering the
limits of determination.

The method used 2 g of warm beeswax that was weighed into a
50mL falcon tube and incubated at 80 °C until melted. Then, 10mL of
acetonitrile was added to the wax. The tube was closed and stirred by
vortex for 15 s. After that, it was placed in the water bath again until the
wax melted. Then, the tube was stirred by vortex for 15 s and placed
back into the water bath. This procedure was repeated three times. For
precipitation of wax, the tube was placed into a freezer (−20 °C)
overnight. An aliquot of 2mL of extracts was transferred to a 15mL
falcon tube containing 300mg of PSA and 200mg of C18. The tubes
were then shaken for 1min and centrifuged for 5min at 4000 rpm at
5 °C.

As in the honey and bee samples, the extracts were brought to
controlled dryness, reconstituted with mobile phase A, then centrifuged
at 15000 rpm for 10min and finally filtered through 0.2 μm
Phenomenex PTFE filters (Torrance, CA, USA) for the LC-MS/MS ana-
lysis.

2.5. Method validation

Validation was carried out in bees, honey and wax following the
SANTE 11945 guidelines [33] determining selectivity, limits of detec-
tion (LOD) and quantification (LOQ) as well as linearity, repeatability
and intermediate precision. To assess the selectivity of the method,
spiked and non-spiked matrix blanks were injected into UHPLC-MS/MS
system. Matrix effects were evaluated in concentration ranges between
0.25 and 200 μg kg−1. The slopes of both the matrix-matched and sol-
vent curves were compared by the ratio matrix effect (ME) (Section
3.2.1) and using Student's t-test [34]. Nevertheless, quantifications
were performed with matrix-spike curves. The LOD and LOQ were es-
timated as three and ten times the signal/noise (S/N) ratio, respec-
tively. To evaluate repeatability and intermediate precision, recoveries
at two concentrations (LOQ level and 20 x LOQ level) were performed

O H C ClN

m/z CE (eV)
SRM1: 256 > 175.1
SRM2: 256 > 209.1

21
13

CV (V)
25
25

Fig. 1. Operational parameters for imidacloprid analysis in beehive samples by
UHPLC-ESI-MS/MS. SRM transitions of identification (SRM1 m/z) and quanti-
fication (SRM2 m/z). Capillary Voltage (V), Cone Voltage (V) and Collision
Energy (eV).
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in quintuplicate. The final figures of merit verified in the validation
experiments are described in Table 1.

3. Results and discussion

3.1. Method optimization

3.1.1. Bees and honey
Our focused analyte imidacloprid (N-[1-[(6-chloropyridin-3-yl)me-

thyl]-4,5-dihydroimidazol-2-yl]nitramide) is a relatively non-volatile,
water soluble, polar compound. Its main physicochemical properties
are detailed in Table S1 (Supplementary material). This compound is
normally included in multiresidue analytical approaches. The
QuEChERS method has been successfully applied to a wide variety of
matrixes for a great scope of compounds but very scarcely to insect
samples [35]. No differences were reported for imidacloprid recoveries
when the original version and acetate and citrate buffering alternatives
of QuEChERS method were applied to fruit and vegetables [23, 36–38].
In these methods fixing the pH of the extract solution through buffering
(pH 4.8 and slightly higher pH 5–5.5 for the acetate and citrate versions
respectively) was introduced mainly to avoid hydrolysis of base-sensi-
tive compounds in large scope multi-residue methods. However dif-
ferences between the three methods were observed in cases of other pH
sensitive compounds not originally tested [32]. Moreover buffering is
not recommended for lipidic matrixes due to the reduction of PSA re-
tention capacity at such pH resulting in higher amount of co-extractives
[39]. For that reason we followed the simpler original version focusing
in a single compound of medium polarity such as imidacloprid, in-
troducing some modifications in an attempt to improve recovery of this
acidic compound from the basic ground bee tissue sample (pH=8),
also to decrease matrix effects and improve detection limits with this
complex matrix [32].

The extraction procedure was optimized on blank bees spiked with
imidacloprid in acetonitrile. Considering the acidic characteristics of
the analyte, a preliminary soaking treatment with acidified water (2%
formic acid) was introduced with good results. The soaking time of 1 h
was adequate to complete the solubilization of the analyte and to im-
prove the conditions of the further extraction with pure acetonitrile and
the next partition step. This conditioning of sample usually used for dry
samples was demonstrated that is also compatible for multiresidue-
multiclase methods [32].

For the partition step the ratio between sample and salting-out salts
was first adjusted through experimentation. Assays with a sample
amount of 5 g and 8 g of MgSO4 and 2 g of NaCl, as well as others with a
lesser amount of MgSO4 (4 g) were carried out. No significant differ-
ences were found between both alternatives regarding recovery values
and matrix effects. Therefore, the last option was adopted as the final
ratio. Having in consideration the additional difficulties of mashing and
homogenizing composite samples of bee bodies, a medium level of in-
itial sample weight (5 g) compatible with the required detection limits
and minor matrix effects was adopted. Regarding the amount of salts
4 g MgSO4 and 2 g of NaCl, following a modified ratio sample/salts, was
effective and convenient to economize reagents but also to diminish the
loading of inorganic magnesium and sodium salts that compromise the
performance and maintenance of the mass spectrometric system.

Cleanup is a further important step being the use of solid sorbents in
dispersive mode a very effective way to deal with complex organic
matrixes. An increase of PSA proportion in the sorbent mix, including
the addition of C18 has been proved to be specifically effective for
improve the removal of matrix co-extractives from fatty compounds
[38]. However it is known that as a polar sorbent, PSA can form hy-
drogen bonds with polar compounds from the matrix but can also retain
polar analytes such as imidacloprid. For that reason in our case a
comparison of sample processing with and without the cleanup step
using dispersive SPE were performed. In fact in this experiment, higher
recovery values were obtained without using the dispersive solid phase
extraction with the sorbent MgSO4+PSA+C18 as cleanup step
(Table 2). This was expectable due to the type of matrix and the in-
jection of less processed extracts. However, suppression matrix effects
increased notably from the value of 11% for cleanup treated samples up
to 45% in no-cleanup samples affecting the sensitivity raising the de-
tection and quantitation limits. A similar signal to noise ratio of 15 (S/
N=15) was achieved at levels of 0.5 μg kg−1 and 1 μg kg−1 with
cleanup and without cleanup respectively (Fig. 2).

Therefore validation of the procedure and further processing of
samples were performed employing the proposed cleanup alternative in
order to detect lower concentrations and preserve the instrument.

The optimized method used to determine imidacloprid in bees was
also implemented to treat honey samples with only one modification in
the soaking step. Despite being the honey an acidic matrix with pH
values ranging 3.4 to 6.1, was compatible with the proposed soaking
procedure. But in this case, the temperature employed was raised to
50 °C to deal with its relatively high viscosity at room temperature. This
was adequate to liquefy the samples, favouring their homogenization
and improving the extraction performance.

To decrease the detection and quantification limits, as well as to
minimize the deformation of peaks and improve the resolution to
achieve a better separation from co-extractants, the obtained extracts
were brought to near dryness and reconstituted by weight with mobile
phase A, as the predominant solvent in the liquid chromatography
system. Likewise, the reconstitution in this mobile phase (comprised of
98% water) also helps to remove the remaining fat, especially in the
most lipidic samples bees and beeswax (as discussed further in Section
2.4).

The better performance achieved in terms of peak shape with
narrow width and lower background noise allowing more accurate
quantitation and longer column lifetime justified this additional final
treatment of extracts (Fig. 2).

The use of pure acetonitrile reduce the co-extraction of lipids

Table 1
Validation parameters of imidacloprid in beehive products.

Beehive product LOD
(μg kg−1)

LOQ
(μg kg−1)

Linear range
(μg kg−1)

Recovery rate (%) LOQ level (n=5) ± RSD Recovery rate (%) 20 x LOQ level
(n= 5) ± RSD

ME
(%)

Bees 0.20 0.50 0.50–200 70 ± 20 73 ± 8 −11
Honey 0.10 0.25 0.25–200 88 ± 12 85 ± 4 −3
Wax 0.40 1.00 1.00–200 97 ± 16 101 ± 4 −6

Method performance and validation: limits of detection (LOD) and quantification (LOQ), range of linearity (7 levels), recoveries (%) and repeatability through
relative standard deviation (RSD) and matrix effect (ME).

Table 2
Recovery values obtained in the assays of sample preparation step for bee
samples, employing d-SPE MgSO4+PSA+C18 and without cleanup.

Cleanup No-cleanup

Level μg kg−1 0.5 10 1.0 20
Recovery ± RSD (n= 5) 70 ± 20 69 ± 10 91 ± 16 75 ± 6

Recoveries spiking bee matrix at two levels of concentration. RSD, relative
standard deviation of 5 replicates.
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Fig. 2. MRM chromatograms of Imidacloprid in bee extracts: 0.5 μg kg−1 with cleanup step in mobile phase A (above), 1 μg kg−1 without cleanup step in mobile
phase A (medium) and 2 μg kg−1 with cleanup step in Acetonitrile (below). m.p. A: mobile phase A.

M.P. Michlig et al. Microchemical Journal 143 (2018) 72–81

76



comparing to other solvents and the use of a unique sorbent mix based
on an increased ratio of PSA and C18 also enables to minimize co-ex-
tractives from fatty matrixes, to levels compatible with acceptable
matrix effects, sensitivity losses and need for instrument maintenance.
The complete sample preparation procedure as it is presented here, do
not use additional non-polar solvents (hexane), buffering salts, and al-
ternative sorbents (diatomaceous material, Alumina, Florisil, Z-sep,
etc.) (Table S2) implying a simple version of QuEChERS in comparison
with other approaches considered from bibliography to solve the ana-
lytical complexity of honeybee matrixes.

3.1.2. Beeswax
As mentioned previously, beeswax is a complex mixture presented

as a solid compact matter at room temperature (melting point 61–66 °C)
and is very insoluble in water. Additionally, it is slightly acidic (acid
value of 17–24mg KOH/g). Secreted by bee workers constitute the cell
wall structure of the honeybee combs, and has different functions in the
beehive activity.

Once free wax is available, a first dissolution step is usually prac-
tised using a non-polar solvent aided with a moderate temperature to
favour further extraction. For this step in our study, several assays of
dissolution of the beeswax with n-hexane and with a mixture of n-
hexane and isopropanol at 50 °C were performed [29].

The quantitative extraction of the analyte from this liquid mixture is
the critical next step. For that reason, experimentation to test the per-
formance of different extractants was performed. Solvents of high and
medium polarity were assayed such as water, acid water and acetoni-
trile saturated in n-hexane. The extracts were purified by d-SPE with
PSA and C18 in all cases. Relatively poor performance was achieved by
all the tested procedures with recoveries lower than 70% (Table 3).

The estimation of the final volume of extracts after the addition of
the extraction solvents is particularly difficult when isopropanol is used
in the initial dissolution of wax because this solvent is quite similarly
soluble in both n-hexane and aqueous phase [40]. Therefore, in the
subsequent assays, isopropanol was eliminated as a dissolving mixture
solvent. However, the good solubility of imidacloprid in this solvent led
to the use of isopropanol as a solvent of the spiked standard solutions
used for wax matrixes.

While trying to improve extraction efficiency, several other assays
were performed: i) Considering the fact that the initial dilution with n-
hexane did not favour the further partition, the use of this solvent was
avoided. Thus, a reduction of dissolving solvent volume (from 15 to
2mL) did not contribute significantly to improving the efficiency, in-
troducing the need to increase the temperature to melt and dissolve
beeswax to 70 °C. Additionally, this concentrated solution-enhanced
matrix affects mass spectrometry measurements. ii) Imidacloprid is a
compound highly soluble in dimethylsulfoxide (DMSO) (> 200 g/L at
20 °C), a solvent that is insoluble in beeswax [41,42]. For that reason,
the inclusion of this solvent in the extractant mixture at a ratio 8:2
(extractant solvent/DMSO) was assayed without significant improve-
ment of recovery. iii) Other assays using an ultrasound bath or in-
troducing a second step in the extraction did not contribute

significantly. iv) However, marked improvements of recoveries were
observed when the extraction was done with a sequential and vigorous
stirring [30].

The final procedure adopted included an increase in the tempera-
ture of the initial step to 80 °C to ensure full melting and homo-
genization of the wax and the elimination of the initial dissolution with
n-hexane because the difficulties of working with this solvent at a high
temperature. Acetonitrile was chosen as the extractant solvent for its
greater affinity with a major number of pesticides than water, and
therefore, the method became more versatile to enhancement of the
scope of analytes in future applications. The extraction procedure was
efficiently achieved by means of mixing the melted wax and the acet-
onitrile directly (ratio 1:5) at 80 °C and four vortex repetitions of 15 s
each. Before the acetonitrile extract was submitted to the dispersive
cleanup, it was verified that the wax's fatty components are well se-
parated by a freeze-out (−20 °C) precipitation [30]. A critical aspect in
the freeze-out process is to proceed rapidly, maintaining the low tem-
peratures. This direct extraction with acetonitrile avoids any further
liquid-liquid partition, and a suitable solution was submitted to the d-
SPE with PSA and C18 in order to obtain the final extract measured in
the UHPLC-MS/MS system. In this way a procedure with the same
general strategy used for the previous beehive matrixes analysed was
achieved. The use of acetonitrile with temperature as unique extraction
solvent and the PSA and C18 sorbents aided with the freezing out
complement led to a good solution to deal with the high fatty material
content of this complex matrix. This approach has several differences
with other proposals from bibliography to deal with analysis in beeswax
for neonicotinoid pesticides.

3.1.3. Optimization of chromatographic and detection conditions
The optimization was based on sensitivity (LOQs). Even though,

reverse phase systems employing C18 separation columns are widely
used in pesticide analyses other alternatives were explored for optimi-
zation as the reduction of acetonitrile content in the final extracts. This
reduction can be achieved by either dilution of extracts or evaporation
and reconstitution in water-rich solutions. In this way, the second op-
tion was chosen since lower detection limits are reached. The im-
portance of acetonitrile content reduction lies in both decreasing sup-
pression matrix effects and improving peak shapes of early-eluting
compounds as imidacloprid (Fig. 2).

In most studies, mobile phases consist of either methanol or acet-
onitrile and aqueous solutions (Table S2). Acidic mobile phases were
obtained adding formic acid and supporting, in this way, the formation
of [M+H]+ adducts in the ESI+ mode.

The following mass system parameters were optimized by direct
infusion of 1mg L−1 of imidacloprid solution to achieve highest sensi-
tivity and resolution: precursor ion, cone voltage (CV), products ion,
collision energy (CE), desolvation temperature, desolvation gas flow,
source temperature, capillary voltage and cone gas flow. The time
window was set from 0 to 5min and the remaining run time was im-
plemented to equilibrate the system.

Table 3
Results of assays with different extractant systems using polar and non-polar solvents for the determination of imidacloprid in beeswax.

Dissolving solvent n-hexane/isopropanol
(4:1)

n-hexane/isopropanol
(4:1)

n-hexane n-hexane n-hexane n-hexane

Volume (mL) 15 15 15 15 2 2
Temperature (°C) 50 50 50 50 50 70
Solvent extractant water formic acid in water

(2%)
water/acetonitrilea(4:1) acetonitrilea formic acid in water (2%)/

acetonitrilea (1:1)
formic acid in water (2%)/
acetonitrilea (4:1)

Volume (mL) 10 10 10 10 10 10
Recoveries (%) 55 ± 14 61 ± 7 60 ± 11 57 ± 6 56 ± 6 64 ± 8

Recovery values at 20 μg kg−1 (n= 5).
a Acetonitrile was saturated in n-hexane in all cases.
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3.2. Validation

3.2.1. Linearity and matrix effects
The linearity of each procedure was applied to the different ma-

trixes (bees, honey, and beeswax), and calibration experiments were
carried out using 7 levels of concentrations and calibration standards
prepared in mobile phase A (0.1% formic acid in water/acetonitrile
98:2) and in blank matrix extract (matrix-matched calibration). The
results obtained from the regression analysis were considered satisfac-
tory; a correlation coefficient higher than 0.99 and the deviation of
back-calculated concentration from true concentration ≤±20% were
verified in all cases.

Matrix interferences were studied by comparison of the slopes ob-
tained in the calibration experiment using mobile phase and matrix
matched curves. The slope ratios of the corresponding regression lines
were obtained using the following formula:

=
∗ME MM MP MP 100[( ‐ )/ ] .

where ME=matrix effect (percent); MM=matrix-matched regression
line; and MP=mobile phase regression line.

In the three cases, low negative matrix effects were observed to be
consistent with the ion suppression frequently observed in the

electrospray ionization process (LC-ESI-MS/MS). The negative ME va-
lues were −11%, −3%, and −6% for bees, honey and beeswax, re-
spectively, and may be considered as cases that do not need to be ad-
dressed in calibration following the criteria of SANTE [33]
(ME < ±20%).

However, following other, more restrictive criteria for evaluating
matrix effects such us the comparison of slopes through t-test [34], only
honey satisfies the condition of accepting the null hypothesis (no dif-
ference between slopes) in a 95% confidence level. With this last cri-
terion in consideration, even though extracts of honey did not present
matrix effects, all the quantifications of samples were performed
through matrix matched curves.

3.2.2. Accuracy and precision
Accuracy as a combination of precision and trueness was evaluated

through a recovery assay, utilizing the complete proposed methodolo-
gies and 5 replicates of each matrix spiked with standards at two levels
of concentration (LOQ and 20xLOQ) (Table 1). Average recoveries in
the two levels were considered satisfactory at the validation stage for
honey (85–88%), beeswax (97–101%) and bees (70–73%) with an as-
sociate repeatability in terms of the relative standard deviation (RSDr)
below 20%. In the case of bees, a lower efficiency in recoveries was
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Fig. 3. MRM chromatograms of imidacloprid in bee, beeswax and honey samples and matrix-matched responses at LOQ levels of concentration.
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verified, reflecting the complexity of the matrix as a heterogeneous mix
of organic compounds. This matrix showed a systematic differentiated
performance, with the greatest variability of recoveries and greater
matrix interferences in the mass spectrometry measurement (Table 1).
All three methodologies performed adequately through the complete
study with recoveries within the accepted criteria of 60–140%
(RSDr≤ 20%) for individual recoveries in routine analysis and meeting
the SANTE method performance specifications [33].

3.2.3. Determination limits
LOQs were determined by analysing matrix-matched standards at

the target levels and checking with the recovery assay at the lowest
level considered, meeting the condition of mass spectrometric peak
signals with a signal to noise ratio> 10 and the recoveries meeting the
acceptability criteria of 70–100% with a RSDr ≤20%. The LOQ level
was higher in beeswax (Table 1) than in other matrixes due mainly to
the greater initial dilution of wax samples (1:5 sample/extraction sol-
vent), because of its aforementioned complexity at the sample pre-
paration step. For bees and honeybees, the ratio of sample/solvent was
equal (1:2), but the low interferences and better performance of the
method verified with honey was clearly contributing to the lower LOQ
compared to bees. Nevertheless, all the verified LOQs in the range of
0.25–1.00 μg kg−1 were highly satisfactory to fit the purpose of the
study and may be considered consistent with other requirements in
environmental and food analysis of imidacloprid. Fig. 3 shows chro-
matograms of matrix-matched solutions at 1 μg kg−1 and real positive
samples at low levels of concentration for the three matrixes.

3.3. Application of validated methods

The validated methods were applied to collected samples from the
field feeding study described in Section 2.3. A field study such as this,
which considers the complete colony under beekeeping management
practices, is rarely seen in the literature. Many studies measure the
effects on individual bees, and it was then suggested that these effects
should be linked to the consequences for the whole colony and wider
bee populations [5,9]. The distribution mechanisms and the final des-
tination or storage conditions of imidacloprid in the complex structure
of in-hive components are still not completely elucidated [5]. Briefly,
our results showed that the imidacloprid content in bee's bodies mea-
sured after each treatment varied throughout the experiment in con-
centrations ranging from 0.5 to 30 μg kg−1, highlighting the differences
between the treatments. However, no increase in concentration was
observed within each treatment over time during the 7 week feeding
period. This may be associated with the proper dynamic of colony re-
newal of sampled adult bees. It should also be considered that parent
imidacloprid residues in the complex organic mixture of bee tissues are
metabolized and decrease progressively, with an estimated half-life of
7 days in honeybees [43]. Notably, a very low incidence of positives

was verified on larvae samples in all treatments, indicating that they
behaved as a preserved, pesticide-free population. Wax from honey-
combs showed positive measurements in 19 of 28 samples collected
from the brood chamber ranging in concentration from 1 to
35.44 μg kg−1, and a minor occurrence was verified in samples col-
lected in the honey super: 8 positive samples from a total of 19 ranging
from 1 to 12.39 μg kg−1, in both cases generally correlated with the
feeding doses. Findings from a great variety of pesticides in monitoring
studies have been reported, which were mostly lipophilic, confirming
that beeswax is a component of the beehive susceptible to storing
contaminants [20,44]. In our case, it is noteworthy that despite imi-
dacloprid being a water soluble polar compound, it also appeared sys-
tematically in wax samples after controlled exposure. However, the
detection of imidacloprid and other neonicotinoids in beeswax from
beehives has also been reported in the literature [29].

A very interesting behaviour was observed regarding the imidaclo-
prid concentrations in honey samples. Diverse levels were found but
closely correlated with the dose supplied in each treatment, ranging
between 0.25 and 91.16 μg kg−1 in the brood chamber and lower va-
lues ranging from 0.25 to 36.60 μg kg−1 in the honey super, as shown in
Table 4. Even in witness control hives, traces of the compound were
found, suggesting that the colonies in these cases possibly encountered
other sources of contamination or the presence of foreign bees from
surrounding colonies. It is notable that up to 60% of the total imida-
cloprid loaded during the 7 weeks through the supplied syrups was
found in the honey. This means that a great proportion of the income to
the colony was derived and stored in the produced honey. These find-
ings concern not only the potential harm to the bee's health when using
part of the hive honey as its natural food supply but also with the safety
of human honey consumption. This observed susceptibility to storing in
honey is in accordance with the elevated occurrence of neonicotinoids
in global surveys and particularly imidacloprid in South American
countries [9]. Tolerances for residue concentrations of this insecticide
and other neonicotinoids in honey are not fully established in Argentina
or even globally in countries where the insecticide is currently au-
thorized for agricultural use. In general, few regulations exist regarding
pesticide residues in honey in comparison with other food products and
commodities [24]. Specifically, this compound has established MRLs in
the European Regulation (EC) No 396/2005 for honey and other api-
culture products at levels of 50 μg kg−1. There is growing evidence of
toxicological concern of imidacloprid in the mammalian brain during
chronic exposure and the higher affinity of its metabolites versus the
parent compound [9]. Additionally, after the recent conclusions of
EFSA confirming harm to honeybees [6], we can expect to see mod-
ifications in the current status of authorizations and established toler-
ances in the future.

4. Conclusions

Modified QuEChERS methods coupled with UHPLC-MS/MS were
developed for the determination of imidacloprid in honeybee hive
samples (adult worker bee body, larvae, honey and beeswax) collected
from an open field feeding study. After studying the performance of
important parameters in the extraction and cleanup stages such as the
use of PSA, concentration of extracts, use of freeze-out options and
other significant variables, we proposed alternative efficient meth-
odologies that were satisfactorily applied to real samples.

Likewise, the study presents a brief description of the concentrations
found in the different components of the beehives under controlled
exposure at field conditions, contributing to a better understanding of
the distribution and destiny of the loaded contaminant inside the bee
colonies under beekeeping management conditions, aspects which are
currently poorly elucidated and have sparked global interest for further
research.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.microc.2018.07.027.

Table 4
Imidacloprid concentrations in honey samples.

Brood chamber Honey super

Freq.
(n+:
nt)

Range Mean Freq.
(n+:nt)

Range Mean

Control 5:6 < 0.25–1.18 0.38 2: 4 < 0.25–0.33 0.26
Treatment I 6:6 0.79–4.05 3.43 4: 4 0.40–6.27 2.07
Treatment II 2:5 6.40–7.03 6.72 3: 3 0.39–5.16 2.39
Treatment III 5:5 4.24–29.77 15.52 3: 3 3.54–18.72 12.78
Treatment IV 6:6 5.70–91.16 41.31 3: 3 17.78–52.87 36.60

Mean, range of concentration (μg kg−1) and frequency of imidacloprid de-
tected, with nt being the number of samples taken per treatment and n+ being
the number of positive samples in honey collected from the brood chamber and
the honey super of the 30 studied hives.
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