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Abstract Dispersive liquid-liquid microextraction (DLLME)
is a rapid and easy technique that consumes minute amounts
of organic solvents. In this work, we present chemometric
study on optimization of DLLME parameters for the
extraction of aldrin, endrin, lindane, a-endosulfan, 4,4 -DDT
and its metabolites from honey matrix. Method quantifica-
tion limits (MQLs) vary between 0.3 ng/g for 2,4'-DDE and
4,4'-DDE to 13.2 ng/g for a-endosulfan and enable deter-
mination at levels below EU-established Maximum Residue
Limits. The developed method is linear (R2 > 0.994) in
the investigated range (MQL—100 ng/g), with precon-
centration factors of 13.2-30.5 and good repeatability
(CV < 17%). A comparison with other available methods
reported in the last decade is provided. The method has been
applied to 19 real samples from Poland, and the results show
that organochlorine pesticides (OCPs) are present in ana-
lysed honeys at levels not posing threat to human health
(below 14 ng/g for sum of 4,4’-DDT and metabolites and
below 5 ng/g for aldrin, endrin and lindane). To the best of
our knowledge, this is the first reported application of
DLLME for the determination of OCPs in honey.
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Introduction

Honey, regarded as a valuable natural food product of
animal origin, should be free from contaminants, and its
quality and safety have become a concern. Due to the per-
sistence of OCPs in the environment, they can be introduced
to honey by bees during its production [e.g. 1, 2]. Thus, it is
important to monitor OCP levels in honey by the most
environmentally friendly means possible; this, in turn,
results from the “green analytical chemistry” approach.

Concerning the analysis of pesticides and their metab-
olites in food products, the majority of them is currently
determined by liquid chromatography (LC) coupled with
mass spectrometer detector (single or tandem) [3], except
for OCPs that are better determined by GC-MS.

Solvent microextraction is a technique increasingly used
these days. It permits the analysis of small amount of samples
and, because of the small amount of solvent used, is more
environmentally friendly. There are four main methods
used in solvent microextraction: single-drop microextrac-
tion (SDME), headspace single-drop microextraction (HS-
SDME), hollow-fibre-protected microextraction (HFME)
and dispersive liquid-liquid microextraction (DLLME). It is
the volatility and polarity of analytes that usually determine
which technique is the most suitable one [4].

DLLME was first reported by Rezaee’s group in 2006
[5]. It involves dissolving an amount of water-insoluble
extracting solvent in a water-soluble dispersive solvent
such as acetone. The mixture is then injected into the water
sample contained in a centrifuge tube. As the extracting
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solvent is insoluble in water, an emulsion is created,
making greater contact area between the phases and the
faster establishment of extraction equilibrium than in tra-
ditional liquid-liquid extraction. The tube is then centri-
fuged, and a portion of the extracting solvent is collected
using a syringe and injected into a GC.

A major limitation of this technique is the choice of
extracting solvent. Only solvents slightly soluble in water
and denser than water (for example, tetrachloroethene,
carbon tetrachloride, carbon disulphide or chlorobenzene)
or high-melting liquids less dense than water (for instance,
l-undecanol or hexadecane) can be used as extractants.
With regard to the second type of solvent, the sample is
cooled, then the solidified drop is collected from the vial,
melted and analysed—the variant called DLLME-Solidifi-
cation of Floating Organic droplet, developed and reported
by Leong and Huang in 2008 [6].

A major disadvantage of DLLME compared to SDME is
the fact that several discrete steps must be performed,
including centrifugation. This means that the method can
only be semi-automated, since extraction and injection are
not performed in one device.

On the other hand, this technique is very effective for
the extraction of analytes such as PAHs and PCBs, which
have large organic solvent—water partition coefficients.
Moreover, a major factor as regards extraction efficiency
and extraction time is the rate of absorption of a chemical
by the extracting solvent. This is no longer a problem with
DLLME. Since the surface area of the microdrops in the
dispersed state is very large, equilibrium is reached within
a few seconds. In the case of SDME, reaching equilibrium
may take around 40 min. Hence, having weighed up these
facts, DLLME was the technique of choice.

In DLLME, the factors that may affect extraction efficiency
are the suitability of the extracting solvent, analyte concen-
trations, extracting solvent volume, extraction time, salting
out effect, temperature, centrifugation time and sample pH.

The aim of this work was to develop a new, rapid, easy and
reliable method for the determination of OCPs in honey,
applying DLLME with GC-MS, and to optimize extraction
parameters employing factorial designs. Although DLLME has
been applied to honey samples for the determination of chlor-
amphenicol and thiamphenicol [7-9] and triazines [10] by
HPLC, to the best of our knowledge, this is the first reported
application of DLLME for the determination of OCPs in honey.

Experimental
Chemicals and reagents

Pesticide stock standard solutions (100 ng/pL in iso-
octane) of lindane, aldrin, endrin, 2,4’-DDT, 2,4-DDD,
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2,4-DDE, 4,4-DDT, 4,4-DDE and «-endosulfan, as well
as 2,4-D8-DDE, 2,4'-D8-DDT, were supplied by LGC
Standards (Poland). Methanol, acetone and acetonitrile (all
Pestanal grade), chloroform (99.9%, Chromasolv grade)
and 1-undecanol (99% pure) were purchased from Sigma-
Aldrich (Poland).

Honey samples, collected from apiaries in different
regions of Poland, were provided for analysis by the Bee
Product Quality Testing Laboratory, Research Institute of
Horticulture, Apiculture Division, Putawy, Poland.

Calibration solutions

Working standard solution of all analytes at concentrations
of 1 ng/pL in acetone was prepared from stock standard
solutions of individual pesticides and stored at 4 °C in the
dark. A set of calibration standard solutions (in acetone)
was prepared by dilution in the range MQL—100 ng/g.
The solutions for validation studies were also prepared
from individual stock standard solutions on the day of
analysis. The resulting solution in acetone contained ana-
lytes at concentrations 200 times those of the respective
method’s quantification limits. Honey sample used for
validation studies was free from contaminations.

Chemometric setup

First, the type of extracting solvent and disperser solvent
was chosen. Honey sample free from contaminations was
spiked with working standard solution to obtain each OCP
level of 25 ng/g honey. Then, volume of extracting solvent
and disperser solvent, the amount of salt and pH were
optimized by means of Full Factorial Design (orthogonal
and non-orthogonal) and Central Composite Design. Con-
sidered factors and their two levels, along with the experi-
mental design matrices and the total area for ions of all
compounds obtained for each experiment (being average of
three repetitions), are presented in Online Resources 1 and 2.

Analytical procedure

0.5 g of homogenized honey sample was dissolved in 3 mL
of ultrapure water, the resulting solution was spiked with
surrogate standards (deuterized compounds) at 5 ng/g
honey and mixed thoroughly. A mixture of 450 pL acetone
(disperser solvent) and 100 pL chloroform (extractant) was
prepared and rapidly injected into the sample to obtain an
emulsion. After 20 s (including 5 s of shaking), the sample
was centrifuged (5 min, 4.0 k RPM) and a two-phase
solution was obtained. The resulting volume of sediment
phase was 80 pL. During the extraction, a precipitate
formed between chloroform and aqueous phase, which
slightly impeded the collection of the small volume of
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chloroform. The chloroform phase at the bottom of the
conical vial was collected with a microlitre syringe, and
2 pL were injected on GC column.

This is the optimized procedure, validated and applied in
real sample analyses.

GC-MS analysis

The analyses were carried out on an Agilent Technologies
7890A gas chromatograph coupled with an Agilent Tech-
nologies 5975C mass spectrometer working in selected ion
monitoring mode (injection port temperature: 280 °C,
interface temperature: 280 °C, MS source temperature:
230 °C, MS quad temperature: 150 °C, gas flow (He):
1 mL/min). A Zebron ZB 5-MS capillary chromatographic
column was used (30 m x 0.25 mm, 0.25 pm stationary
phase composed of 5% Phenyl-Arylene and 95% Dim-
ethylpolysiloxane 4+ 1 m precolumn (Phenomenex, USA)).
The injection volume was 2 pL.

The following temperature gradient was applied to
separate the compounds effectively: 80 °C for 1 min, then
15 °C/min to 180 °C, then 10 °C/min to 240 °C, held for
3 min, then 20 °C/min to 300 °C, held for 2 min. The total
GC analysis run time was 22 min.

Two ions were used to identify the compound, and the
first one, more intensive, was used for quantification.
Table 1 shows the relevant information on GC-MS data
acquisition.

Method validation

To validate the optimized method, parameters such as
linearity over the MQL—100 ng/g range, method detection
and quantification limits (MDL and MQL, respectively),
recovery at 2 x MQL and 10 x MQL levels, repeatability
and intermediate precision (same laboratory, same equip-
ment and materials, same day and different operators) were

determined. Samples were run in pentuplicates. MDL and
MQL correspond to concentrations producing signal/noise
ratios (S/N) of 3 and 10, respectively, after employing the
extraction procedure. For the need of validation studies,
dissolved samples were spiked with standards, mixed and
left for 1 h to allow good integration of analytes with the
matrix.

Results and discussion
Extraction optimization

We chose to optimize the extraction by considering four
factors that we can control the most easily and which,
according to the literature [e.g. 4, 11], have an impact on
the recovery: type and volume of extracting solvent (X1, in
range of 100-150 pL) and disperser solvent (X2, in range
of 300-450 pL), amount of salt (X3, in range of
0-14.3%m/m) and pH (X4, in range of 3.4-7.3).

Honey has a pH of 3.4-4.5, depending on honey type,
and it seemed important to check the influence of sample
pH on extraction efficiency.

Choice of extracting solvent and disperser solvent

First, a suitable organic extracting solvent was selected. As
stated before, this solvent should have a density higher/
lower than that of water and a good affinity for pesticides.
On the basis of these considerations, two solvents were
chosen: 1-undecanol (11-OH) (density lower than that of
water, high melting point) and chloroform (density higher
than that of water). The disperser had to be miscible both
with the organic phase and with water. Acetonitrile, ace-
tone and methanol were tested for this purpose. Extractions
were carried out for each pair of solvents. As shown in

Table 1 Parameters of GC-MS

Iysi Pesticide Molecular Monitored Retention Dwell time
analysis weight (g/mol) ions (m/z) time (min) (ms)
Lindane (gamma-HCH) 290.83 219; 183 10.606 100
Aldrin 364.91 263; 91 12.564 100
2,4'-D8-DDE 319.03 254; 184 13.675 60
2,4'-DDE 318.03 246; 176 13.714 60
a-Endosulfan 406.93 237; 170 13.947 60
4,4-DDE 318.03 246; 318 14.344 60
2,4-DDD (TDE) 320.04 235; 165 14.497 60
Endrin 380.91 263; 81 14.965 100
2,4-D8-DDT 354.49 243; 173 15.300 80
2,4-DDT 354.49 235; 165 15.364 100
4,4-DDT 354.49 235; 237 16.335 80
@ Springer
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Fig. 1 Comparison of summary extraction efficiency of analytes
using different pairs of extracting and disperser solvents, determined
by GC-MS. Extraction conditions: 0.5 g of honey in 3 mL of
water + spike with standards at 25 ng/g honey +100 pL of extract-
ing solvent +400 pL of disperser

Fig. 1 the best extraction efficiency was obtained with
chloroform and acetone.

Full factorial design

In the second step, a full factorial design was employed to
determine the most significant factors. A two-level factorial
design requires an experiment to be carried out at all
possible combinations of the two levels of each factor
considered [12-14]. As there are 4 factors, this design
consisted of 2* = 16 experiments. The experiments were
run in a random manner to minimize the effect of uncon-
trolled variables. Different factors and their two levels,
along with the experimental design matrix and the total
area for ions of all compounds obtained for each run, are
presented in Online Resource 1.

Subsequently, several multiple linear regressions were
calculated with SigmaPlot 12.0 software (Systat Software
Inc., USA) in order to build up the best suited model. Both
orthogonal and non-orthogonal designs [12-14] were
considered. The orthogonal plan does not take into account
any replicates except the ones at the centre. A specific
aspect of this plan is that the calculated coefficient values
and significance sign are always the same whatever the
considered interactions in the regression. On the other
hand, adding other replicates as in the non-orthogonal plan
may facilitate the estimation of pure error.

The strategy for the orthogonal design was as follows:

First, a regression was done by considering X3 as a
factor. The determination coefficient, Rz, was about
0.562. Moreover, the X3 effect was found to be signif-
icant, and the fact that the F value was superior to the
critical F value implied that this model was also statis-
tically significant. Then, X2 was introduced to the
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model, but as the regression showed it to be insignifi-
cant, it was removed. The same conclusion was drawn
for X4. Next, X1 was added to X3 and found to be
significant, so it was retained in the model. In the next
step, second-order interactions were added one by one in
the same way as before. X13 and X24 appeared to be
significant.

The final effects on the extraction efficiency are best
described by the following equation (Eq. 1):

AREA = Al + A2 % X1 +A3 X3 + A4 x X1X3
+ A5 % X2X4 (1)

Al = 1236662, A2 = —256904, A3 = —425277, A4 =
161513, A5 = 146147, with determination coefficient, R2,
equal to 0.914.

The strategy for non-orthogonal design was similar to
the one described above for the orthogonal design—a
stepwise regression analysis was realized. The final effects
on the extraction efficiency in this case were best described
by the following equation (Eq. 2):

AREA = Al + A2 % X1 + A3 % X3 + Ad x X1X3
+ A5 % X2X4 (2)

Al = 233193, A2 = —263962, A3 = —451158, A4 =
168572, A5 = 120267, with R? equal to 0.898.

In order to check if another design fits better to the
experiment, a central composite design was considered
with factors X1 and X3.

Central composite design (CCD)

In this step, a rotatable, orthogonal CCD was employed to
determine the optimum conditions for the critical factors
X1 and X3. The CCD consists of a full factorial 2P design
to which a 2p star design is added. It is completed by the
addition of a centre point, where the experiment is repeated
n times [12-14].

This time we decided to change the levels of the salt
factor (X3). Indeed, according to the literature [12, 13], the
range used previously could have been too wide to detect
precisely the influence of salt on the extraction efficiency.
Level 1 thus now corresponds to 0.85% of salt (m/m). The
levels of studied factors and matrix of the CCD along with
the total peak area for ions of all compounds and for each
run are presented in Online Resource 2.

The previous regression technique was used to build up
the model. This resulted in only X1 being considered a
significant factor. The CCD model was statistically sig-
nificant; however, its R? is about 0.612, which is not better
than the other designs.

The results obtained for the different plans and different
regressions are summarized in Table 2.
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It should be kept in mind that the extraction of pesticides
from honey involves a very complex matrix. Hence, we
cannot expect to obtain as good a value of R? as with pure
compounds in a simple matrix such as water.

Method validation
Linearity, MDL and MQL

The linearity of the developed method was examined and
confirmed in the range of MQL—100 ng/g honey. Each of
the solutions had a constant deuterized compound con-
centration of 5 ng/g honey.

Table 3 lists the determination coefficient, the method
detection limit (MDL) and quantification limit (MQL) for
each compound, along with Maximum Residue Limits
(MRL) established by EU [15]. Good linearity was
achieved for all the analytes.

Table 2 Summary of the employed experimental designs

Design type and factors R? F F i (a = 0.05)

Orthogonal design

X3 0.562 17.956 4.45
X3:X1 0.767 21.390 3.63
X3;X1;X13 0.848 22313 3.29
X3;X1;X13;X24 0.914 29.354 3.11
Non-orthogonal design

X3 0.547 22.975 4.38
X3:X1 0.777 31.325 3.55
X3;X1;X13 0.857 34.071 3.20
X3;X1;X13;X24 0.898 35.241 3.01
Central composite design

X1 0.612 22.068 4.60

Preconcentration factors, repeatability and intermediate
precision

Preconcentration factors were calculated for analytes at
2MQL level, whereas repeatability and intermediate pre-
cision were determined for two concentrations of analytes:
2 times respective MQLs and 10 times respective MQLs.
Intermediate precision was determined by performing same
experiments by two operators. Surrogate standards of
2,4'-D8-DDE and 2,4’-D8-DDT were added to each sample
at the levels of 5 ng/g honey. The aim of adding surrogate
standards and evaluating their recovery is important from
real sample analysis point of view. Samples were prepared
and analysed in pentuplicates. The results are presented in
Table 4.

In microextraction methods, repeatability (in terms of
coefficient of variation—CV) of obtained results and pre-
concentration factor are more important than the actual
recovery.

Preconcentration factor was calculated as described
elsewhere [5]. In general, obtained PF values were between
13.2 and 30.5, which is not very high, compared to typical
PF values of DLLME methods [11], but it still provides
MQLs well below MRLs and that, in turn, enables detec-
tion and quantitative analysis of OCPs at levels not
exceeding MRLs for honey. The reason for relatively low
PF values was relatively high volume [11] of extracting
solvent used.

CV values were in the range of 6.5-14.6% for most
analytes at two concentration levels, and the highest value
of coefficient of variation (CV = 17.1%) was for 4,4-DDT
at the 2MQL level.

In general, the repeatability decreases (higher CV) with
decrease in the examined concentration: this is a well-
known fact described by Horwitz and discussed by others
[e.g., 16].

Table 3 Calibration curve determination coefficient, MDL and MQL obtained for each pesticide

Compound Type of pesticide m/z R? MDL [ng/g] MQL|[ng/g] MRL*® [ng/g]
Lindane Insecticide, Acaricide 183 0.9973 0.8 2.6 10
Aldrin Insecticide 263 0.9978 0.3 1.0 10
2,4-DDE DDT metabolite 246 0.9994 0.1 0.3 50°
a-Endosulfan Insecticide, Acaricide 237 0.9969 4.0 13.2 10
4,4 -DDE DDT metabolite 246 0.9996 0.1 0.3 50°
2,4'-DDD DDT metabolite 235 0.9981 0.3 1.0 20
Endrin Insecticide, Avicide, Rodenticide 263 0.9954 1.1 3.6 10
2,4-DDT Insecticide 235 0.9972 0.3 1.0 50P
4,4'-DDT Insecticide 235 0.9946 0.7 2.3 50°

a

according to [15]

® sum of 4,4-DDT and metabolites (4,4-DDE and 2,4'-DDT, 2,4'-DDE, 2,4’-DDD) expressed as 4,4-DDT
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Table 4 Validation parameters of the method

Analyte Preconcentration factor 2MQL level 10MQL level Intermediate precision (CV)
Recovery (%) CV (%) Recovery (%) CV (%) 2MQL 1vl (%) 10MQL 1vl (%)
Lindane 30.0 79.9 9.4 81.6 7.6 8.7 1.5
Aldrin 14.9 39.6 6.5 443 13.1 18.2 11.8
2,4-DDE 13.2 35.1 14.6 41.8 134 14.8 4.8
2,4'-D8-DDE* 15.6 41.5 34 41.6 2.8 35 3.1
o-Endosulfan 27.4 73.1 11.8 77.4 9.2 11.4 3.1
4,4'-DDE 13.7 36.4 7.9 52.3 14.2 8.8 34
2,4'-DDD 18.3 48.9 10.0 54.8 12.5 10.7 34
Endrin 30.5 81.3 12.8 83.0 10.3 15.1 33
2,4'-D8-DDT? 15.8 42.2 1.9 42.4 2.1 2.4 2.3
2,4-DDT 16.6 443 7.2 48.2 13.8 19.0 34
4,4-DDT 30.5 81.4 17.1 76.9 14.5 2.5 0.9
4 surrogate standards added at 5 ng/g level
Table 5 Available methods for the determination of selected OCPs in honey
Sample preparation Analysis LOD [ng/g] LOQ [ng/g] Ref.
SE (hexane/acetone) GC-MS 0.05 n.r. [17]
LLE (ethyl acetate) GC-MS 3-10 10-40 [18]
GC-ECD 1-20 50-100
LLE (ethyl acetate) + SPE clean-up (silica) GLC-EC 10 50 [19]
SPE (Isolute ENV +) GC-ECD n.r. 0.1-0.6 [20]
LLE (light petroleum) + SPE clean-up (Florisil) GC-MS 1-2 2-7 [21]
SPE (C18) GC-MS nr. 4-20 [22]
SPE (C18) GC-MS 1.1-6.1 3.6-20.1 [23]
LLE (ethyl acetate) + SPE clean-up (Florisil) GC-MS 0.2-1 0.75-4 [24]
LLE (petroleum ether/ethyl acetate (80/20 v/v)) 4+ SPE clean-up (Florisil) GC-MS 0.65-2.5 2-7.8 [25]
DLLME GC-MS 0.1-4 0.3-13.2 Our method

n.r. Not reported

Intermediate precision of the method was acceptable for
all analytes; better intermediate precision was achieved for
higher concentration levels.

Comparison with available methods and application
to real samples

The method developed here was compared with other
methods enabling the determination of OCPs in honey
reported in the last 10 years (Table 5).

Compared to other methods the proposed method is
quick and easy to use, and consumes only minute amounts
of organic solvents. It enables the quantitative determina-
tion of OCPs at levels below EU-established MRLs.

19 honey samples from apiaries in Poland were analysed
for the presence of OCPs using this method. The results of
analyses for OCPs in honey are summarized in Table 6,
and an example SIM chromatogram of a honey sample
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with detected lindane residue is shown in Fig. 2. The
greatest contamination was due to 4,4-DDT, which was
present in almost 80% of the samples. In general, residue
levels in honey were quite low. They were probably
introduced into honey by bees that fed on nectar from
contaminated flowers. Pesticides are thus carried along
with nectar and pollen into the hives.

Conclusions

A new rapid, easy and sensitive method allowing the
determination of OCPs in honey was developed. Employ-
ing experimental designs enabled the optimization of
the dispersive liquid-liquid microextraction conditions.
DLLME consumes minute amounts of organic solvents,
and GC-MS enables the qualitative and quantitative
determination of pesticide residues.
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Table 6 Detected pesticide

Concentration [ng/g] MDL [ng/g] MQL [ng/g] MRL [ng/g]

Minimum Maximum

3.02 13.91 0.70 2.31 50
3.90 4.74 0.80 2.64 10
<MQL 4.71 1.10 3.63 10
2.47 2.61 0.30 0.99 10

P AN, N N A WSV, SNy \J Nn

levels in the honey samples Pesticide ~ N° of positive samples
analysed
44-DDT* 15
Lindane 4
Endrin
% 4,4-DDT and metabolites Aldrin 2
expressed as 4,4’-DDT
Fig. 2 SIM chromatogram of a Abundance
multi-flower honey sample with 550
detected lindane residue
(RT = 10.602 min) 500
450
400
350
300
250
200 10602
150
100
50
0 T T
Tine=> 10560 10.80

Our method is characterized by MDL and MQLs com-
parable to or lower than those of other methods recently
reported for determining OCP levels in honey (Table 6); it
also consumes significantly smaller amounts of organic
solvents.

Analysis of metrological parameters, such as MQL and
CV, and the method’s good linearity over the investigated
range lead to the conclusion that it can be successfully used
in analytical practice, as it allows the unequivocal deter-
mination of OCP residues below EU MRLs. The method
was successfully used to detect and quantitatively deter-
mine OCP residues in real honey samples. 4,4'-DDT resi-
dues and its metabolites were detected in most of the
samples (ca. 80%), endrin and lindane were detected in
21% of samples, and aldrin was present in 10% of honey
samples.

Even though organochlorine pesticides have been ban-
ned for quite a long time, they are still present in the
environment owing to their persistence. Honey can be used
as an indicator of environmental contamination with dif-
ferent pollutants, such as OCPs. In the light of the average
level of honey consumption in the EU of 0.63 kg/year/
capita and the span of 0.36-1.57 kg/y/capita for EU
Member States [26], the levels of detected OCPs in ana-
lysed honey do not pose a threat to human health.

T T T
11.00 11.20 11.40 11.60 11.80
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