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Abstract
There is an increasing concern about the use of synthetic acaricides to fight the ectoparasitic mite Varroa destructor. Natural 
products such as formic acid (FA) and oxalic acid (OA) have emerged as a possible alternative control strategy. However, 
given the difficulty of analysing these highly polar compounds and the lack of robust and reliable methods, there are very few 
studies of the concentration and distribution of these natural acaricides in the beehive compartments. We present a reliable 
and simple analytical methodology, based on sample extraction with modified quick polar pesticide (QuPPe) methods fol-
lowed by ion chromatography coupled to a quadrupole Orbitrap mass analyser for the analysis of FA and OA in honeybees, 
honey, beeswax, and beebread. The developed methods have been used in a field study for the evaluation of the presence 
and distribution of FA and OA in the beehive products, as well as in adult bees and bee brood samples, before, during, and 
up to 3 months after the application of the treatments by the beekeeper. Beebread and honey samples presented the highest 
concentration levels of OA and FA, respectively, mainly due to their natural presence. As expected, the organic acids showed 
low persistence in wax after the treatments. The natural acaricides were found in adult and developing bees at concentration 
levels below the reported LD50 in all the cases; however, residue levels of OA in larvae during the treatment application 
were very close to the reported LD50.
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Introduction

The western honeybee Apis mellifera ranks among the most 
important pollinators worldwide [1]. They provide key 
ecosystem services for global agriculture [2]. Beekeeping is 
an important source of income because of the honeybee role 
in collecting and manufacturing products such as honey and 

beeswax [3]. Over the last few decades, there seems to be a 
decrease in honeybee colonies in both Europe and the USA 
[1, 4]. In temperate regions, the invasive species of Varroa 
mite could be a major threat to honeybee populations. 
Varroa destructor produces several adverse effects such as 
a reduction of bee’s immune response [5]. In the recent past, 
the most common treatments applied to fight V. destructor 
are based on the use of chemicals: synthetic chemicals such 
as coumaphos, fluvalinate, and amitraz, which are relatively 
inexpensive and easy to apply [5]. Nonetheless, the efficacy 
of these compounds is limited because of the contamination 
of hive products as consequence of accumulation of pesticide 
residues [1, 6, 7], which could lead to the development of 
pesticide resistance in V. destructor populations reducing 
their efficacy [8]. It has been found that residues of synthetic 
acaricides could be a cause of colony losses by affecting the 
colony’s health and development [9]. Lethal and sub-lethal 
effects in honey bees may happen due to chronic exposure 
of repeated ingestion or contact with a certain chemical [10, 
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11]. For these reasons, an alternative to chemical treatments 
is needed to fight Varroa mites and ensure the honey

bees’ health.
Recently, beekeeping industry has focused on the use of 

naturally occurring chemicals for the control of V. destructor 
in attempt to find more “natural” and non-toxic substances 
[12, 13]. Essential oils of several plants are used to control 
Varroa mites in honeybee colonies; among them, Thyme 
(Thymus vulgaris) oil, which is rich in thymol and carvac-
rol [13–16]. However, residues of thymol may be accumu-
lated in bee products (beeswax, honey, and bee pollen) after 
its application [13, 17]. Although they do not seem to be 
toxic for humans, their possible effects on the quality of 
the products could be a reason of important concern; it has 
been demonstrated a change in the taste of honey due to 
the presence of thymol [16, 18]. Organic acids such as FA 
(formic acid) and OA (oxalic acid) are the naturally occur-
ring chemicals most used by beekeepers to fight the mite 
V. destructor. These organic acids are allowed for use in 
natural beekeeping and according to EU residue regulation 
for foodstuffs of animal origin, the establishment of a MRL 
(maximum residue level) for OA and FA is not required for 
all food produced by bees [12, 19]. These compounds have 
a high efficacy against V. destructor [3, 20, 21]. Moreover, 
there is no evidence that mite populations had developed 
resistance to organic acaricides [3, 5, 22].

No field experiments have been carried out measuring 
the probable residues after treatment with FA and OA in 
beekeeping, which makes it necessary to assess these effects 
on the quality of bee products [23]. While accumulation in 
wax is unlikely due to the hydrophilic character of organic 
acids, residual contamination may occur in honey [5, 24]. 
Furthermore, these organic acaricides have relatively low 
toxicity to bees, but excessive use by beekeepers can poten-
tially lead to the weakening of the bee colony [25]. There are 
only a few studies dealing with the exposure of bee brood to 
these organic acids. It has been reported that application of 
OA and FA could increase cell death in bee larvae [26, 27].

The analysis of these organic acids is a very difficult task, 
as they are highly hydrophilic with low molecular weight. To 
date, it has been reported a variety of methods for OA separa-
tion and detection, including spectrophotometry, hydrophilic 
interaction liquid chromatographic (HILIC), ion chromatog-
raphy, chemiluminescence, and enzymatic methods based on 
oxalate oxidase and oxalate decarboxylase [28]. As a power-
ful analytical method, ion chromatography (IC) can separate 
small organic acids such as FA in food and beverage sam-
ples [21, 29]. Different detectors are used with IC, such as 
UV, conductivity, and mass detectors [21, 30]. Recently, IC 
coupled to a quadrupole Orbitrap mass analyser has been 
successfully applied for the analysis of highly polar pesti-
cides and their metabolites in vegetable matrices and honey 
[30, 31]. However, even though FA and OA are widely used 

in beekeeping, there are very few methods for the determi-
nation of these organic acaricides in the different beehive 
matrices. Most of the studies are focused on honey or adult 
bees. Kasiotis et al. developed two analytical methodologies 
to determine OA in bee bodies; one of them was an HPLC-
photo diode array (PDA) method using a zwitterionic (ZIC)-
hydrophilic interaction liquid chromatographic (HILIC) col-
umn and the other one was a gas chromatography coupled to 
mass spectrometry (GC-MS) method after OA derivatization 
[25]. Other study determines OA in honey and bees by ion 
exclusion chromatography and UV-VIS diode array detector 
[32]. Ion chromatography with conductometric detection was 
used for the analysis of FA in bee honey [21].

Considering the above-mentioned characteristics, this 
work aims to develop and apply analytical methodologies 
to robustly analyse FA and OA in bees and beehive matrices 
by IC coupled to high-resolution MS using a quadrupole 
(Q)-Orbitrap instrument and simple and efficient extraction 
methods. The methodology is fast and straightforward. In 
addition, the purpose of this study is the evaluation of the 
distribution and dissipation of FA and OA residues in adults 
and developing bees, honey, beeswax, and beebread samples 
before, during, and after the administration of treatments in 
field conditions. To our knowledge, there are no reports that 
evaluate comprehensively, in field conditions, the presence 
and distribution of these organic acids in the beehive and 
their products after administration of the treatments.

Experimental

Reagents and materials

High-purity standard solutions of formic and oxalic acids 
(Purity > 99.5%) were purchased from Sigma-Aldrich (Ger-
many) and were stored at −30 °C. 2,4-D13C6. (used as inter-
nal standard) was obtained from Lab standards (Budapest, 
Hungary).

Individual stock solutions (1000 mg/L) of formic and 
oxalic acids were prepared in water and methanol and were 
stored in plastic vials in the dark at −20 °C. A mixed-stand-
ards solution was prepared from the stock standards. Water 
was obtained from Fisher Scientific (Fair Lawn, NJ) and 
methanol from Fluka Analytical (Steinheim, Germany). The 
 PierceTM  FlexMixTM Calibration Solution was provided by 
Thermo Fisher Scientific (Rockford, IL, USA).

A Sonoplus HD 3100 ultrasonic system supplied by Ban-
delin Electronic GmbH & Co. KG (Germany) was used. It 
was equipped with a GM 3100 high-intensity generator (100 
W), a UW 3100 ultrasonic converter, an SH 70G standard 
horn, and a 3-mm-diameter titanium MS73 probe for 2–50 
mL volumes. An AGYTAX® automatic axial extractor sup-
plied by Cirta Lab. S.L. (Spain) was also employed.

2420 Gómez I. B. et al.



1 3

Field study and sampling

The experiment was made from 12 honeybee colonies of a 
research station apiary located at the University of Córdoba 
(37° 55′33.5″N, 4° 43′26.1″W), South of Spain. More details 
about the apiary location can be found elsewhere [11]. For 
this study, conventional commercial wax was used. The bee-
hives were placed on platforms raised 50 cm above ground 
level and maintained by the beekeeper.

The study consisted of 4 colonies treated with OA, 4 
colonies treated with FA, and 4 untreated colonies used 
as control. The treatments were applied twice, in two con-
secutive months. OA treatment consisted in supplying a 
syrup (sugar solution) with the treatment poured with a 
syringe into the spaces between the beehive frames, to 
wet the bees (Ecoxal®, 1.65 gr of OA per beehive). In 
contrast, FA treatment (was applied with two sustained-
release strips on top of the combs (Maqs®, 136.4 gr of FA 
per beehive). The study was carried out from September 
2019 to February 2020. During the essay, the bee colonies 
were sampled six times. The first sampling (S1) was car-
ried out in September, before the treatment application. 
The second sampling (S2) was carried out 3 weeks after 
the first treatment application, just before the application 
of the second dose treatments (November  5th, 2019). The 
third sampling (S3) was performed after the completion 
of the treatments (November  28th, 2019). The fourth (S4, 
December  17th, 2019), fifth (S5, January  22nd, 2020), and 
sixth sampling (S6, February  20th, 2020) were accom-
plished, 1, 2, and 3 months after the removal of the second 
treatment strips, respectively. Adult bees were sampled 
three times, before the treatment application, during the 
treatment, and 3 months after the treatment

Pieces of combs (approx. 25  cm2) containing beeswax, 
beebread, honey, bees, and bee brood (larvae, prepupae, and 
pupae) from each beehive were collected for the analysis. In 
the laboratory, the beebread, honey, and bee brood were care-
fully separated from the beeswax manually, in the case of 
honey using a filter. All the samples were labelled accordingly 
and quickly stored at −20 °C prior to the analyses. Samples 
from the 8 honeybee colonies treated and samples for the 4 
colonies untreated (control) were pooled for their analysis.

Sample preparation

Larvae, prepupae, pupae, and adult bees

Sample treatment was carried out using a modified Quick Polar 
Pesticide Method for products of Animal Origin (QuPPe-AO-
Method) [33]. The extraction of analytes from the bodies of 
bees was facilitated using ultrasonic-assisted probe extraction, 
based on the method proposed by Gil et al. for the analysis of 

pesticides in honeybees [34]. First, 2 g portion of bee brood 
sample was weighed into a 50 mL PTFE centrifuge tube. Next, 
an appropriate volume of water was added until 10 mL (8.7 mL 
for bees, 8.6 mL for larvae, and 8.4 mL for prepupae) and sam-
ples were manually shaken. Then, samples were sonicated and 
shaken in an automatic axial extractor (AGYTAX®; Cirta Lab 
S.L., Madrid, Spain) for 10 min. The extract was centrifuged 
(3700 rpm) for 5 min. The following step was a dispersive 
solid-phase extraction (DSPE) clean-up step in which extracts 
were transferred to a 15 mL Falcon tube containing 100 mg of 
Bondesil-C18 and 2 mL of Acetonitrile and were vortexed for 
1 min. Samples were then centrifuged for 5 min (3700 rpm). 
Finally, 1 mL of supernatant was transferred to a plastic vial 
(plastic vials are recommended as some compounds tend to 
interact with glass).

The concentration of OA and FA is given in two differ-
ent units: mg/kg bee brood and ng per body. To obtain the 
concentration values in terms of ng per body, 2 grams of 
bee and bee brood samples of each kind were weighed (3 
replicates) and the mean weight per larvae, prepupae, pupae, 
and adult bee body was calculated as 104, 126, 118, and 113 
mg, respectively.

Honey

The extraction method for honey samples was a dilution with 
agitation at 35°C and shoot. A 5 g portion of homogenized 
sample was weighed into a 50 mL PTFE centrifuge tube. 
Next, an appropriate volume of ultrapure water was added 
until 20 mL (19 mL). The extract was vortexed for 1 min 
and shaken in AGYTAX® for 5 min at 35°C. Then, the sam-
ple was centrifugated (3700 rpm) for 5 min. As final step, 
extracts were transferred into a 15 mL Falcon tube.

Beebread and beeswax

Sample treatment was based on the Quick Polar Pesticide 
Method for products of Plant Origin (QuPPe-PO-Method) 
[35], with some modifications. Two grams of sample was 
weighed into a 50 mL PTFE centrifuge tube and after 10 
mL of water was added. The following step was vortexed 
the sample for 1 min and shaken for 10 min in AGYTAX®. 
Then, the extracts were centrifuged (4000 rpm) for 30 min. 
The extract was transferred into a 15 Falcon tube containing 
100 mg of Bondesil-C18 and 2 mL of Acetonitrile and was 
then vortexed for 1 min. Extracts were centrifuged (3700 
rpm) for 5 min. Finally, the supernatant was transferred into 
a 15 Falcon tube.

Vial preparation

Different procedures were followed according to the matrix. 
For beebread and beeswax, samples were diluted with 
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ultrapure water to a final dilution factor of 100. In the case 
of honey and adult bees and bee brood, samples were diluted 
to a final dilution factor of 50 prior to injection. 2,4-D13C6 
was used as injection internal standard in all vials for IC-
HRMS analysis.

Validation study

The developed methods for the analysis of FA and OA in 
beekeeping matrices were validated. The diluted and least 
contaminated extracts from the apicultural matrices were 
used for the validation. Validation study was performed 
regarding sensitivity (method limit of quantification and 
instrumental limit of detection), recovery (%), linearity, 
sensitivity, matrix effect (ME), and precision. The limit of 
quantification (LOQ) was established as the lowest limit of 
the calibration curve that complied with the criteria to be 
identified [36]. Instrumental detection limits (IDL) were 
determined by direct injection of decreasing amounts of 
the standards and were defined as the minimum detectable 
amount of analyte with a signal-to-noise ratio of 3:1. The 
linearity was evaluated by calculating the variation coef-
ficient (R2), which should be higher than 0.99 and residuals 
were below 20%. The calibration curves were established 
using the diluted matrix extracts as well as in milliQ water 
by injecting 6 concentration levels of FA ranging from 5 
to 200 mg/kg in bee matrices and from 20 to 1000 mg/kg 
in the other beekeeping matrices. In the case of OA rang-
ing from 20 to 1000 mg/kg in all the matrices. Recoveries 
were calculated for each matrix spiked with the analytes at a 
concentration of 50 mg/kg. To determine extraction recover-
ies, concentrations of the spiked matrices before and after 
extraction were compared. The precision of the methods is 
represented as the relative standard deviation (% RSD) from 
the extraction replicates (n = 5). Matrix effect was calculated 
as the percentage decrease or increase in signal intensity in 
sample matrix versus pure milliQ water. Matrix effect was 
calculated using the following equation:

Analysis by IC‑HRMS

For the IC separation, Thermo  ScientificTM   DionexTM 
 IntegrionTM  HPICTM (Thermo Fisher Scientific, San Jose, 
USA) system was used. Water and KOH were used as mobile 
phase. The concentration of KOH was increased for creating 
the gradient that started at 5 mM KOH and increased to 20 
mM in 8 min; from 8 to 12 min, KOH increased to 60 mM and 
it was maintained until 22 min. At 22.1 min, KOH decreased 
to 5 mM and constant over 4 min for re-equilibration. 

ME(%) =

(

slope of calibration curve standard in matrix

slope of calibration curve standard in milli Q water
− 1

)

x100

Separation was carried out on AS19 and AS11-HC columns 
for formic and oxalic acids, respectively. In the case of AS19 
column, the length, diameter, and particle size were 250 mm, 
2 mm, and 4 µm, respectively. A guard column was used to 
protect the column (Dionex IonPac AG19). The column was 
thermostatted at 40°C. The length, diameter, and particle size 
of the AS11-HC column were 250 mm, 2 mm, and 4 µm, 
respectively. The injection volume was 50 µL. The autosam-
pler was thermostatted at 15 °C. The mobile phase flow was 
0.35 mL  min−1. To neutralize KOH and to convert salts into 
acids, an AERS 500es 2 mm suppressor was set to 52 mA. 
The regenerating water flow was 0.6 mL  min−1. Post column 
organic solvent (acetonitrile) flow rate was 0.2 mL  min−1.

The IC was coupled to a Thermo Scientific™ Orbitrap 
Exploris™ 240 (Thermo Fisher Scientific, Bremen, Ger-
many) mass spectrometer equipped with a Thermo Sci-
entific™ OptaMaxTM NG (H-ESI II) ion source. The ion 
source parameters in negative polarity were as follows: spray 
voltage, static; negative ion (V), 1000 and 2500 for FA and 
OA, respectively; sheath gas flow rate, 40 (arbitrary units); 
auxiliary gas flow rate, 10 (arbitrary units); sweep gas flow 
rate, 0 (arbitrary units); ion transfer tube temperature, 280 
°C; vaporizer temperature, 300 °C. In this study, two acqui-
sition methods (workflows) were used for OA analysis. Nev-
ertheless, FA only was acquired in SIM mode.

Method A, for FA analysis, included one experiment in MS 
(Full Scan MS and Selected Ion Monitoring, SIM) mode. Tar-
geted SIM scan properties were as follows: isolation window, 
m/z 2; orbitrap resolution, 240000 (at m/z 200); RF lens, 70%; 
the Automatic Gain Control (AGC) target was set to standard; 
maximum Injection Time (max IT), auto; Microscans, 1.

Method B, for OA, both MS and targeted  MS2  (tMS2) 
modes were used simultaneously. Targeted SIM scan prop-
erties were the same as in Method A. Acquisition param-
eters in  tMS2 for OA were as follows: multiplex ions, inac-
tive; isolation window, m/z 2; isolation offset, off; collision 
energy mode, fixed; collision energy type, absolute; orbitrap 
resolution, 15,000; scan range, auto; AGC target, standard; 
maximum Injection Time, auto; microscans, 1. A collision 
energy of 12 V was selected for oxalic acid. The follow-
ing ion was used for detection and identification of formic 
acid: m/z 44.9982 that was obtained in SIM mode. However, 
oxalic acid was detected in SIM mode (m/z 88.988) and 
identified in tMS2 (m/z 60.9931).

RunStart EASY-IC was used for mass accuracy calibra-
tion. Besides the EASY-IC, the external Mass Calibration 
with FlexMix solution was carried out once a week and Sys-
tem Calibration once a month. Thermo  ScientificTM Trace-
Finder 5.1 Software (Thermo Fisher Scientific, San Jose, 
USA) was used for qualitative and quantitative analysis. 
Automatic detection and quantification were followed up 
by manual verification. The extraction window and mass 
tolerance were 5 ppm.
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Results and discussion

IC‑HRMS analysis

The highly polar analytes OA and FA present a chal-
lenge for analysis. IC is particularly suitable for the 
analysis of small organic anions and cations. Here, we 
present a new approach for the analysis of these com-
pounds in beekeeping matrices, based on ion chroma-
tography coupled to high-resolution mass spectrometry. 
This methodology is fast and simple and an advantage 
of HRMS is the ability to measure exact masses of 
detected ions with errors < 2 ppm and high mass reso-
lution, which are important parameters to avoid false 
negative and false positive results and to improve the 
quality of the quantitation, this is especially important 
for the complex beekeeping matrices of the present 
study. This method is a significant improvement over 
previously published methods, where non-selective 
detectors or derivatization are used. In addition, there 
are very few methods for the determination of OA and 
FA in beehive matrices; we have found only references 
for the analysis of honey or bees [21, 25, 32].

Formic acid is the most challenging analyte. The dif-
ficulties are present in the chromatographic separation as 
well as in the MS detection. Three anion-exchange columns 
(Dionex AS11-HC, Dionex AS12A, and Dionex AS19) 
were tested to find the optimal retention and separation 
from the matrix. The extracts used for the optimization 
were spiked with 1 ppm of formic acid and oxalic acid. 
Figure 1 presents an example of peak shape of FA and OA 
in beebread with two different columns. With the AS11-
HC, no FA peak was observed. The two remaining columns 
retained FA and provided a good peak shape. Nevertheless, 
the AS19 column assured a better separation from the dif-
ferent beekeeping matrices, as it can be observed in Fig. 1a, 
and therefore, it was selected for the validation and sample 
analysis. The same set of columns was checked with OA. 
Good retention was obtained with the AS19 and AS11-
HC. However, the latter provided a more symmetrical peak 
and separation from the interferences (Fig. 1c), and conse-
quently, it was chosen for the validation study.

FA is also difficult to analyse by mass spectrometry 
because it is a very small molecule. By this reason, it 
is practically impossible to obtain more than one ion. 
Formate ion (m/z 44.99820) was acquired in SIM MS 

4.7 4.8 4.9 5.0 5.1 5.2 5.3 5.4 5.5

Time (min)

RT: 5.12

5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5 6.6 6.7

Time (min)

RT: 6.27

a) b)

11.5 12.0 12.5 13.0

Time (min)

RT: 12.20

12.0 12.5 13.0 13.5 14.0 14

Time (min)

RT: 13.32

c) d)

FA FA

OA OA

Dionex AS19 Dionex AS12A

Dionex AS11-HC Dionex AS19

Fig. 1  Chromatograms showing the peak shape of FA and OA in beebread with different columns: a FA with Dionex AS19; b FA with Dionex 
AS12A; c OA with Dionex AS11-HC; d OA with Dionex AS19
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mode. This acquisition mode provides higher sensitiv-
ity than full scan MS [37]. Formic acid did not provide 
any sensitive fragment in  MS2 mode. The 13C isotope 
was not helpful because of its low abundance (1.1%). 
Another problem was related with the selectivity. For-
mate has a very low m/z; thus, some interferences were 
present. They were manifested as the elevated base-
line. The extremely high resolution (approximately 
500,000 at m/z 45) did not reveal any other ions; thus, 
the interferences had the same formula as formate. 
It was assumed that the interferences came from the 
fragmentation of matrix compounds in the ion source. 
To prevent that fragmentation, the spray voltage was 
decreased to 1,000V. Oxalic acid was considerably 
less problematic than formic acid. It formed a single-
charged ion detected in SIM mode. That ion was used 
for the detection. For identification, an  MS2 fragment 
ion was employed.

The list of ions and retention times of FA and OA can 
be found in Table 1. Formic acid  CH2O2 (exact mass: 
44.9982) and oxalic acid  C2H2O4 (exact mass: 88.9880) 
with retention time 5.11 and 13.35 min, respectively. In 
the case of OA, it was confirmed with the fragment ion 
60.9931 m/z. The ion ratio from sample extracts was very 
stable, below 30% in all the cases. An example of the 
detection of FA and OA by the developed methods in real 
larvae samples is shown in Fig. 2.

Sample preparation and methods performance

Different approaches seeking the simplification for the 
sample preparation step were developed and validated. 
Figure 3 shows diagrams of the optimized methods for 
the extraction of FA and OA in the different beekeep-
ing matrices. For sample preparation of all the beekeep-
ing matrices, except for honey samples, QuPPe methods 
modified with d-SPE (using  C18) and dilution with ACN 
were used for the removal of lipids and protein precipi-
tation, respectively. The extraction method of honey 
samples was a simple dilution with ultrapure water and 
agitation at 35°C. A modified QuPPe-AO-Method for 
products of animal origin [33] was not only used for 
adult bees and bee brood sample preparation, but also 
was employed an ultrasonic-assisted probe extraction 
method based on the method proposed by Gil et al. to 
facilitate the extraction of analytes from the honeybees 
[34]. The adjustment of water content for these matrices 
of animal origin has been done considering their natural 
water content. In order to reach a total water content of 
10 g per portion, different volumes of water were added: 
8.7 mL for bees, 8.6 mL for larvae, and 8.4 mL for pre-
pupae. A modified QuPPe-PO-Method for food of plant 
origin [35] was used for beeswax and beebread samples. 
In both modified QuPPe methods, only water was added 
without methanol or formic acid. Taking into account 
the high concentrations of FA and OA in these matri-
ces, mainly due to their natural content, and to minimize 
matrix effects and interferences, the final extracts were 
further diluted to a final dilution factor of 50 for bee 
samples and 100 for honey, beeswax, and beebread sam-
ples, prior to injection.

The developed methods were validated mainly follow-
ing the DG-SANTE guidelines [36]. A brief overview 
of validation results of the optimized methods is pre-
sented in Table 2. Instrumental detection limit (IDL) for 

Table 1  Retention time (Rt), exact masses, molecular formula, and 
collision energy of FA and OA ions

Rt (min.) MS MS2

Compound Formula m/z CE (eV) m/z

Formic acid (FA) 13.35 CH2O2 44.9982
Oxalic acid (OA) 5.11 C2H2O4 88.988 12 60.9931

SIM mode 

44.9982 ± 5ppm

0.9 µg FA/larvae 

SIM & tMS
2 
mode

88.9880 ± 5ppm

60.9931 ± 5ppm

8.5 µg OA/larvae 

RT: 5.11
RT: 13.35

-

-

RT (min) RT (min)

In
te

n
s
it
y

In
te

n
s
it
y

Fig. 2  IC-Q-Orbitrap extracted ion chromatograms of FA (left) and OA (right) in larvae real samples
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FA was 0.1 mg/kg and 0.001 mg/kg for OA. The LOQ 
value for FA and OA was 20 mg/kg in the studied beehive 
matrices, except for FA in bee matrices that was 5 mg/
kg, which guarantees a correct evaluation of the organic 
acids in the beehive matrices. Precision and accuracy 
were evaluated as recoveries and RSD in accordance with 
DG-SANTE guidelines [36]. All matrices spiked with 
FA and OA presented recoveries in the acceptable range 
(70–120%) with an associated precision of RSD < 20 
%. Nevertheless, FA in beeswax and beebread matrices 
showed recoveries lower than 70%. Despite these low 

recoveries (52% and 47%), the other validation data, such 
as precision and sensitivity, are good, and therefore, a 
reliable determination of FA at the concentration levels 
present in the matrices is feasible. Good linearity was 
found for both compounds in all matrices in the con-
centration range considered in this study (R2 > 0.99). 
To determine the matrix effect (ME), both calibration 
curves (in pure water and in matrix-matched) were com-
pared. For FA, signal suppression (ME < −30%) was 
found in bee and beebread matrices, and in honey (27%) 
and beeswax (5%), enhancement of the signal was found. 
For OA, low ME were observed; signal suppression was 
found in beeswax and the rest of the matrices showed a 
signal enhancement (ME ≤ 10%). The validation study 
has proved the suitability of the methods to analyse FA 
and OA in beekeeping matrices.

Field study

Given the difficulty of analysing these organic acids and the 
lack of robust and reliable methods in the complex beehive 
matrices, there is very few research on the levels of concen-
tration, distribution, and persistence of these widely used 
natural acaricides in the beehive compartments during and 
after treatment application by the beekeeper. To the best of 
our knowledge, this is the first research in field conditions 
that evaluates comprehensively the residue levels of these 

Fig. 3  Diagrams of the extraction protocols for FA and OA in the different beekeeping matrices

Table 2  Brief overview of validation results for the analysis of FA 
and OA in the different beehive matrices

Organic Acaricide Matrix R2 Matrix 
effect 
(%)

Recovery, RSD 
(%)

Formic acid Bee 0.9993 −28 73 (3)
Honey 0.9981 27 77 (4)
Beeswax 1.0000 5 52 (2)
Beebread 0.9890 −24 47 (2)

Oxalic acid Bee 0.9998 9 82 (7)
Honey 1.0000 6 68(8)
Beeswax 1.0000 −21 67 (16)
Beebread 0.9992 10 77 (2)
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organic acids in the honey-wax-pollen-bee-bee brood system 
in practical beekeeping.

The concentrations of FA and OA found in each sampling 
month for all the studied matrices are presented in Table 3. 
These results correspond to the average concentration of 
samples from four honeybee colonies, which were pooled for 
their analysis. Four honeybee colonies not treated with the 
organic acids were used as control throughout the study. In 
Fig. 4, the results of the field study are shown in a graphic. It 
can be observed the distribution and concentration of FA and 
OA in the beehive compartments during the study: before, 
during, and after the treatments.

It can be observed that in all the control samples and 
samples collected before treatments there is a certain con-
centration of OA and FA residues, in some matrices quite 
high. This is probably due to its natural presence in plants, 
and therefore in beebread and honey.

Concentration levels of FA in beeswax from controls and 
samples taken before the treatment were 51 mg/kg and 86 
mg/kg, respectively. The concentration increased to 181 mg/
kg during treatment. After the treatment, the concentration 
progressively decreases, until reaching a concentration of 
122 mg/kg 3 months after treatment. This means a percent-
age of disappearance of more than 60% of the FA residues 

added by the treatment, in 3 months. In the case of OA, 
concentrations of 128 mg/kg and 110 mg/kg were observed 
in the control samples and in the first sampling, before the 
treatment administration, respectively. Although there was 
a small increase in OA residues during the treatment admin-
istration, 2 months later, the levels of OA in the beeswax 
diminished to reach the levels before treatment application. 
Residue levels of these natural acaricides in the control sam-
ples and in the samples taken before the treatment could 
indicate that an amount of these organic acids could persist 
in the wax for some time. However, as organic acids are 
hydrophilic substances, they have low persistence in wax, 
and it is more probable that waxes have constant exposure 
to FA and OA through pollen, honey, and other bee matrices 
where OA and FA are naturally present (see the levels of FA 
and OA residues in beebread and honey in Fig. 4).

Honey is the highest reservoir of FA. As it is shown in 
Table 3 and Fig. 4, the honeys from the untreated colonies 
(controls and S1) had a high FA content (469–653 mg/kg). 
Figure 4 shows a moderate increase in concentration dur-
ing the application of the treatment and a slow dissipation 
that remains practically constant after application (715–720 
mg/kg). This increment of FA is not very important as it 
is very close to the natural concentration of this acid in 

Table 3  Formic acid and oxalic acid residue concentrations found in beehive matrices during the field study

Matrix Control Before treatment During treatment After treatment LD50

S1 S2 S3 S4 S5 S6

Formic acid concentration (mg/kg)
Beeswax 51 86 180 181 178 150 122
Beebread 99 152 529 770 351 125 92
Honey 469 653 737 779 715 716 720
Larvae (μg/larvae) 8

(0.8)
9
(0.9)

76
(7.9)

49 (5.1) 21 (2.2) 25 (2.6) 25 (2.6)

Prepupae (μg/prepupae) 30 (3.8) 32
(4.0)

44
(5.5)

45 (5.7) 42 (5.3) 39 (4.9) 41 (5.2)

Pupae (μg/pupae) 16 (1.9) 22
(2.6)

44
(5.2)

40 (4.7) 40 (4.7) 34 (4.0) 33 (3.9)

Adult bee (μg/bee) 31 (3.5) 19
(2.2)

58 (6.6) 52 (5.9) (152)

Oxalic acid concentration (mg/kg)
Beeswax 128 110 151 149 133 111 114
Beebread 324 419 455 490 438 433 436
Honey 106 103 138 137 100 97 106
Larvae (μg/larvae) 110 (11.4) 82

(8.5)
173 (17.9) 214 (22.3) 188 (19.6) 142 (14.8) 147 (15.3) (45)

Prepupae (μg/prepupae) 118 (14.9) 115
(14.5)

158 (19.9) 156 (19.7) 102 (12.9) 96 (12.1) 97 (12.2)

Pupae (μg/pupae) 139 (16.4) 140
(16.5)

177 (20.9) 173 (20.4) 155 (18.3) 155 (18.3) 151
(17.8)

Adult bee (μg/bee) 172 (19.4) 195
(22.0)

338 (38.2) 220 (24.9) (265)
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honey. Natural levels of FA have been found in honeys in 
the range of 9 to 1229 mg/kg [21, 23]. Previous studies, 
carried out under controlled experimental conditions after 
treatments with FA, also have found that the residue levels in 
honey were within the natural variation of this acid [23, 24]. 
The concentration levels of the OA in honey were consider-
ably lower than those of the FA, and they remained quite 
stable throughout the study, in the range of 103 to 138 mg/
kg. This is consistent with other studies, where no significant 
increase of oxalic acid concentration in honey was observed 
during and after oxalic acid treatments [23]. According to 
the EU residue regulation, OA and FA are considered safe, 
and the establishment of MRL is not required to protect food 
safety [19].

Measuring residues in beebread is crucial as is con-
sidered one of the main sources of exposure for honey-
bees. Beebread is a mixture of pollen, propolis, honey, and 
other bee substances that are able to retain lipophilic and 
hydrophilic substances. As can be observed in Fig. 4 and 
Table 3, beebread is the matrix with the higher content in 
OA. The concentration of OA in beebread is 324 mg/kg in 
the control and 419 mg/kg in the samples taken before the 
treatment, indicating that OA is a compound that occurs 
naturally in this matrix. This concentration increases in 
the samples taken during the treatment, with S3 having a 
concentration of 490 mg/kg. Dissipation after treatment 
remains practically constant during the three months after 
OA administration. However, taking into account the 

Fig. 4  Concentration of a 
FA and b OA in bees and the 
beehive compartments during 
the field study: Before the treat-
ments (S1), during the treatment 
(S2, S3), and 1 month (S4), 2 
months (S5), and 3 months (S6) 
after the treatment
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relatively high levels of residues in the untreated samples, 
the increase due to the treatment is not significant, indicat-
ing that this matrix is not greatly affected by the treatment 
with oxalic acid. In the case of FA, residues in beebread 
from the control and untreated hives were much smaller 
than those found in honey before treatment. Nevertheless, 
FA concentration increased considerably during the treat-
ment application up to 770 mg/kg, but after removal of 
treatment strips, the levels decreased rapidly, until reach-
ing the values observed before treatment.

Adult bee and bee brood are the beekeeping matrices 
with the lowest concentration of FA (Fig. 4). During the 
treatment application, they experimented a slight residue 
increase, more significant in the case of larvae (from 9 
to 76 mg/kg). A slow disappearance of FA was observed 
after the treatment. Compared with FA, OA was found at 
higher concentrations in adult bees and bee brood. Adult 
bees presented the highest increment of residues during 
the treatment administration, but 3 months after applica-
tion, concentration of OA decreased to levels close to 
those found before treatment. It can be assumed that this 
increase during the treatment application could be pro-
duced by the way in which this treatment is administered, 
by pouring it with a syringe directly to the bees. As in 
the case of FA, residues of OA in prepupae and pupae 
were quite stable during the study, with a slight increase 
in concentration values during treatment (S2 and S3). 
A more significant increase in concentration was also 
observed in the larvae during treatment.

According to the results obtained, only a small portion 
of FA is transferred to bee brood or adult bees. OA is 
presented at higher concentrations in adult and develop-
ing bees; however, the increase in OA produced by the 
treatment does not seem very significant, considering the 
concentrations before the treatment and from untreated 
beehives. This may be due to the bees’ ingestion of bee-
bread, which contains high concentration of OA (Fig. 4).

Gashout et al. evaluated the toxicity of organic and syn-
thetic acaricides to adult honeybees [8]. They showed that 
natural acaricides were significantly less toxic to bees than 
the synthetic ones, with FA having the lowest LD50 value 
(152 ug/bee) [8]. This value is about 20 times higher than 
the maximum concentration found in our study for adult 
and developing bees. The toxicity of OA to larvae and adult 
bees was determined by Sabová et al. [38]. OA had the low-
est LD50 (72 h) for larvae, with a value of 45 μg OA/larva. 
In adult bees, the calculated LD50 was 265 μg OA/bee. In 
this study, the maximum concentration of OA found in adult 
bees and larvae were 38 and 22 μg per body, respectively 
(Table 3). In the case of adult bees, values are about 10 times 
lower than the reported LD50. However, OA concentration 
in larvae samples during the treatment application is very 
closed to the reported LD50 value. These data indicate that 

the organic acids residues during and after the application of 
the treatments were in all cases below the reported toxicity 
levels in adult and immature bees; however, the possibility 
that the application of the OA could pose a risk to larval 
development cannot be ignored.

Conclusions

An effective and robust approach for the analysis of the highly 
polar organic acaricides in bees and beehive products has been 
developed. It is based on sample extraction with modified 
QuPPe methods followed by IC-HRMS analysis. The devel-
oped methods were validated, proving their suitability to ana-
lyse FA and OA in the beekeeping matrices. The methodol-
ogy showed to be fast and selective, and the measurement 
of accurate mass provides a high level of confidence for the 
determination of OA and FA in the beehive matrices, being 
an important improvement to the previously used methods.

In the field study, residues of FA and OA have been found 
in all the control samples and samples collected before the 
treatments, being quite high in honey (FA) and beebread 
(OA), mainly due to its natural presence in plants. These 
matrices showed an increase of organic acid concentration 
during the treatment but, taking into account the levels of 
residues before the treatment, the increase due to the treat-
ment was not significative. The organic acids showed low 
persistence in wax after the treatments; however, they have 
constant exposure to FA and OA, most probably through bee-
bread and honey contact, where they are naturally present. 
Only a small portion of FA (8–76 mg/kg) is transferred to bee 
brood or adult bees. OA is presented at higher concentrations 
in adult and developing bees (82–338 mg/kg); however, the 
increase in OA produced by the treatment does not seem very 
significant, considering the concentrations before the treat-
ment and from untreated beehives. With both treatments, lar-
vae were the bee brood that experiment the most significant 
residue increment during treatment administration. FA and 
OA residues during and after the application of the treatments 
were in all cases below the reported toxicity levels in adult 
bees and bee brood. In the case of FA, residues were about 
20 times lower than the LD50 value, but OA concentration 
levels were closer to the calculated LD50, especially in larvae 
samples during the treatment application.
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