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Abstract: Background: Oxalic acid constitutes beekeepers′ leading choice for the battle of the
parasitic mite Varroa destructor considering its efficacy, low cost, and easy application. Nevertheless,
its broad use and reported synergistic effects prompted us to explore analytical methodologies for
its determination in honeybees, especially after death incidents. Methods: The extraction of oxalic
acid from bees was conducted by applying a simplified water extraction protocol. Oxalic acid′s
content in honeybees was investigated through a novel zwiterionic hydrophilic interaction liquid
chromatographic coupled to photo diode array (ZIC-HILIC-PDA) method and paralleled to gas/liquid
chromatographic mass spectrometric methods. Results: The analytical method was validated, exhibiting
a sufficient limit of quantification (LOQ) of 1.46 µg/g bee bw and precision and accuracy within the
acceptable statistical limits as expressed by the relative standard deviation (RSD%) obtained from
repeatability-reproducibility and recovery studies <12.5%. The application of the analytical method
to 45 real honeybee samples demonstrated a fluctuation of oxalic acid’s concentrations from 1.6 to
1202.4 µg/g bee bw, verifying its frequent use in apiculture, exemplified by an overall 19% of positive
samples. Conclusions: ZIC-HILIC-PDA proves a pivotal and alternative method to mass spectrometry
tools in the determination of oxalic acid and other organic acids in honeybees and pertinent commodities.

Keywords: HILIC; zwitterionic; photo diode array; oxalic acid; honeybees; GC-MS

1. Introduction

Oxalic acid (OA) is a simple non-aromatic organic acid naturally occurring in several food
commodities (including honey) and possessing a plethora of applications. It is among beekeepers′

top choices for the battle of the parasitic mite Varroa destructor considering its efficacy [1], low cost,
and easy application in the beehive environment [2]. That fact led to the development of several OA
formulations that are efficacious even in the presence of bee brood [3]. In the same context, its proven
efficacy has prompted researchers to extend its applications to combat other bee health threats such as
Nosema ceranae [4].

Radenmacher and coworkers studied the effects of OA in bees. In their work, it was demonstrated
that the lowest observed adverse effect level (LOAEL) after oral administration (72 h) was determined
at 750 µg/g bee bw [5]. The same group reported that OA can provoke sublethal effects such as decreased
longevity, although its mode of action is yet unknown. Martin-Hernández and coworkers reported that
bee deaths in OA treated Apis mellifera iberiensis honeybees were significantly higher than in control
bees [6], justifying an LD50 (48 h, contact) value of 5300 µg/g bee bw, while adult bee mortality was
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reported by other research groups [2,7] concomitantly with undesirable effects on brood development [8].
Despite OA′s relatively low toxicity to bees, malpractice and excessive use can potentially implicate it in
the weakening of the bee colony [9], bee death incidents, or in toxicological effects through synergistic
effects [10], leading to complaints by beekeepers about its effects. Thus, even though OA is one of the
key options to control Varroa, and its extensive and broad use in apiculture is well documented, to our
knowledge, there is only one report on the determination of OA in some anatomic structures of bees
utilizing ion exclusion chromatography [11]. This prompted us to develop analytical methodologies
to robustly determine it in bee bodies while also considering that single analyte (residue) methods
still hold a substantial share of the portfolio of applications in chemical analysis. In this context, two
principal methodologies were investigated and developed. The first one was an HPLC-photo diode
array (PDA) method encompassing direct determination of OA using a zwitterionic (ZIC)- hydrophilic
interaction liquid chromatographic (HILIC) column, and the second was a GC-MS method where
OA was determined after derivatization with N, O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA).
With regard to other commodities, there is literature related to the determination of OA utilizing
several analytical methods. LC-MS was used in root exudation [12], HPLC-UV in grapefruit pulps [13],
ion chromatography and GC-MS in atmospheric particulates [14], and LC-MS in comparison with
capillary electrophoresis in urine [15]. Concerning honey, which belongs to the matrices investigated
by our group, it was not studied for OA residues due to the non-requirement of established maximum
residue limit (MRL). The latter was an outcome of careful evaluation of dossier data by the Committee
for Veterinary Medicinal Products (CVMP) of the European Agency for the Evaluation of Medicinal
Products (EMEA) [16].

Consequently, in this work, the development and the validation of a ZIC-HILIC-PDA method
for the determination of oxalic acid in bees is reported along with a comparative method utilizing
GC-MS after derivatization. A similar ZIC-HILIC-PDA-electrospray ionization (ESI)/MS method was
also exploited, assisted by a confirmatory HILIC tandem mass spectrometric method. In the end,
the ZIC-HILIC-PDA method was applied in honeybee samples after reported death incidents in the
context of elucidating OA occurrence in honeybees.

2. Materials and Methods

2.1. Chemicals

Oxalic acid (reagent plus, >99%) and the derivatization agent N, O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) with 1% of trimethylchlorosilane were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Lactic acid (85% purity, food chemicals codex, FCC) was also obtained from Sigma-Alrdich (St. Louis,
MO, USA). Acetonitrile and water were of HPLC-MS grade (Merck, Darmstadt, Germany), as was
dichloromethane (DCM) (Fisher Scientific, Hampton, NH, USA). Anhydrous magnesium sulfate
(MgSO4, extra pure) and ammonium acetate (HPLC grade) were purchased from Scharlau (Barcelona,
Spain). Phosphate buffer was prepared from sodium phosphate dibasic and sodium phosphate
monobasic monohydrate (both of analytical reagent grade obtained from Merck, Darmstadt, Germany)
adjusting the pH to 6.5 using aqueous HCl (HCl 37%, obtained from Merck, Darmstadt, Germany) and
NaOH (1 M) solutions (NaOH pellets purchased from Merck, Darmstadt, Germany). Chromafil® syringe
Nylon filters (0.22 µm) were obtained from Macherey Nagel GmbH & Co. KG (Düren, Germany).

2.2. Stock and Working Standard Solutions

Stock standard solution of OA at 1000 µg/mL was prepared in water. For lactic acid, a respective
solution was prepared in acetonitrile. Both solutions were stored at −18 ◦C. The working standard
solutions were prepared after appropriate dilutions of the stock standard solutions and kept stored at
−18 ◦C for 1 month.
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2.3. Sample Preparation for HILIC Analysis

Honeybees (1 g) were crushed with 4 mL of water. The resulting slurry was homogenized for
5 min using a homogenizer at a rotation speed range of 20,500 rpm (Ultra-Turrax T25, Janke & Kunkel,
IKA® Labortechnik, Staufen, Germany). Consequently, the mixture was subjected to ultrasonication at
room temperature (Grant Instruments, Shepreth, Cambridgeshire, UK) for 20 min. Then, the mixture
was centrifuged at 4500 rpm for 15 min (10 ◦C); the supernatant was decanted, dried using anhydrous
MgSO4, and filtered (0.22 µm, Nylon filters) to provide the final extract that was injected into the
chromatographic system.

2.4. High-Performance Liquid Chromatography Coupled to Photo Diode Array

A Shimadzu (Kyoto, Japan) LCMS-2010 EV Liquid Chromatograph Mass Spectrometer instrument
was used with the LabSolutions LCMS solution version 3.41 software (Shimadzu, Kyoto, Japan)
consisting of an SIL-20A prominence autosampler and an SPD-M20A diode array detector. The latter
was coupled in a series with a mass selective detector equipped with an atmospheric pressure ionization
source utilizing the ESI interface. The LC separation was achieved on a ZIC®-HILIC, 3.5 µm ( Å),
150 × 4.6 mm i.d. chromatographic column (Merck, Darmstadt, Germany). The mobile phase consisted
of two channels, channel (A) pure acetonitrile and channel (B) phosphate buffer (pH = 6.5). The flow
rate was set at 0.8 mL min−1 using an isocratic system of 70% A, 30% B. The overall runtime was set
at 25 min. Photodiode array monitored wavelengths from 190 to 800 nm. Peak identification was
accomplished by comparing the retention times of samples with those of standard and spike solutions.

2.5. Liquid Chromatography Mass Spectrometry

ESI in the negative mode (ESI−) was utilized when MS was investigated as a tool to detect OA.
MS parameters were the following: curved desolvation line (CDL) temperature 200 ◦C, heat block
temperature 200 ◦C, nebulizing gas flow rate 1.5 L/min, and detector voltage 2.3 kV. Selected ion
monitoring mode (SIM) was chosen, monitoring the [M-H]− ion of OA at 89 m/z (quantitation ion) and
the negatively charged molecular ion at 90 m/z (confirmation ion, event time for OA was set at 1 s).
In that case, the mobile phase consisted of two channels, channel (A) pure acetonitrile and channel
(B) ammonium acetate buffer, 40 mM (pH = 6.5). The rest of the chromatographic conditions were
identical to those of the HILIC-PDA method. Acquisition and subsequent processing of data were
performed using the software mentioned in Section 2.4.

2.6. Liquid Chromatography Tandem Mass Spectrometry

An Agilent Technologies 6410 Triple Quad LC/MS system was used (Santa Clara, CA, USA),
equipped with a nitrogen gas generator (Parker, Cleveland, OH, USA). The LC separation was achieved
after injecting 10 µL of the sample. Two multiple reaction monitoring (MRM) transitions (precursor to
product ion) at specific fragmentor/collision energies were designated for OA (precursor ion at 89.1 m/z,
quantitation ion at m/z 61.2, confirmation at m/z 45.3, see also Figures S5–S6 and Table S1). Mobile
phase and chromatographic conditions were identical to those mentioned in Section 2.5, though a lower
flow rate at 0.5 mL/min was applied. Nitrogen was used as nebulizer and collision gas. For instrument
control, Agilent Mass Hunter data acquisition Triple Quad B.01.04 was used (Agilent Technologies,
Santa Clara, CA, USA), and for data processing, Agilent MassHunter Workstation Qualitative Analysis
B.01.04. was used (Agilent Technologies, Santa Clara, CA, USA).

2.7. GC-MS Derivatization

The derivatization procedure was as follows. (a) Spiking: OA (1 equivalent) was spiked in 0.5 g
of relatively dry honeybees (bees were folded with paper towel, medium pressure applied, and then
positioned inside a jar where additional heat was applied). Consequently, 1 mL of acetonitrile was
added, and the resulting mixture was homogenized for 1 min (Ultra-Turrax). Then, in this slurry,
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BSTFA was added (5 equivalent), and the mixture was heated and agitated for 4 h at 60 ◦C and then for
14 h under room temperature. Then, the reaction was diluted with DCM (1 mL), and the resulting
mixture was filtered (0.22 µm, Nylon filters) and then subjected to GC-MS analysis (full scan and SIM
mode; for chromatographic conditions and GC-MS instrumentation, see Supplementary material);
(b) Real samples: the same with (a) but using a higher excess of BSTFA (50 equivalent).

2.8. Validation of the Present Method

The developed method was validated mainly following the International Conference on
Harmonization guidelines [17]. Validation study was performed regarding recovery, linearity, intra-day,
and inter-day precision. The linearity was assessed by calculating the correlation coefficient r,
which should have been ≥0.99, and the back calculated concentrations in respect to the true
concentrations with an acceptable deviation of ≤±20%. The calibration curve was established
using the dilute standard solution of OA ranging from 1–1000 µg/mL. The selected range was decided
considering principally the analytical performance of the method and the reported toxicological
endpoints of OA for bees. Blank experiments were also conducted (complete procedure without matrix
extract). Accuracy was determined via the conduction of a recovery study at three concentration levels
(n = 3).

In the same context, the precision of the chromatographic method was expressed as the relative
standard deviation (RSD) percentage of the repeatability (intra-day) and the intermediate precision
(inter-day) analyses (n = 3) over 1, 2, and 3 days. Repeatability and intermediate precision were
considered acceptable when relative standard deviation values (RSD%) were <20%.

For the calculation of the limit of detection (LOD) and the limit of quantification (LOQ), a calibration
plot for OA was established at the above reported range using matrix matched calibration standards
prepared from blank bees corresponding extract. The LOD was defined as 3.3(Sy/x)/b and the LOQ as
10(Sy/x)/b, where Sy/x was the residual standard deviation of the response, and b was the slope of the
calibration curve.

To estimate if the matrix considerably impacted the peak area and therefore the sensitivity of
OA, the slopes of the calibration lines obtained for honeybees after standard addition (bmatrix) and the
solvent (bsolvent) were divided to determine the matrix factor and the percentage of matrix effect (ME)
calculated by Equation (1).

%ME =

(
1−

bmatrix
bsolvent

)
× 100 (1)

2.9. Statistical Analysis

Regression analysis was performed using XLSTAT premium software 19.03 version (Addinsoft
inc, Long Island City, NY, USA).

3. Results and Discussions

3.1. Analytical Method

HILIC chromatography is gaining ground in the field of analysis of highly polar compounds.
Multiresidue schemes include HILIC conditions due to the unambiguous benefits in the high resolution
separation of polar compounds and the respective chromatographic performance [18]. Besides,
the exploitation of the photo diode array (PDA) in routine chemical analysis still constitutes an essential
tool that can meet both sensitivity and selectivity requirements of modern chemical analysis, even for
demanding matrices [19]. The latter was verified in this work, where PDA managed to detect OA with
fit for purpose LOD and LOQ with a retention time of 8.5 min (see Figure 1 for respective chromatogram,
and Table 1 for regression parameters, LOD and LOQ values). Two optimum UV wavelengths were
selected at 203 and 220 nm, with the first providing better LODs and LOQs and the second delivering
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more smooth chromatograms (better baseline). The LOD was determined at 0.48 µg/g and the LOQ at
1.46 µg/g (calculated using values obtained at 203 nm).Separations 2019, 6, 48 6 of 11 

 

 
Figure 1. HILIC-photo diode array (PDA) chromatogram (220 nm) of a bee sample positive to oxalic 
acid (OA). 
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Figure 1. HILIC-photo diode array (PDA) chromatogram (220 nm) of a bee sample positive to oxalic
acid (OA).

Table 1. Regression parameters, limit of detection (LOD), limit of quantification (LOQ), recovery and
repeatability validation results.

(a ± Sa) (b ± Sb) r LOD (µg/g) LOQ (µg/g)

5826.8 ± 655.7 13546.1 ± 91.8 0.99959 0.48 1.46

Samples Spiking level (µg/g) Recovery % ± RSD, n = 3
Repeatability

Intra-d (RSD%) Inter-d (RSD%)

Honeybees
1 88.9 ± 12.5 8.2 10.4

10 91.4 ± 9.2 6.9 9.2

100 83.2 ± 5.9 6.3 5.9

RSD: relative standard deviation.

The method was linear in the range of 1–1000 µg/mL with a correlation coefficient value r = 0.99959
(at 203 nm) and back calculated concentrations in the calibration curves not exceeding 5.2% of the
nominal values. To ensure that no interference of the control bees extracts occurred in the designated
retention time of OA, several control bee samples were extracted and injected in the chromatographic
system, verifying the absence of interfering peaks in the retention time of OA (see Figures S1 and S2).
With regard to the ME, it was negligible (calculated at −2.4%).

Although not definitive, the peak purity index (spectra peak purity) as furnished by the HPLC
software indicated that the peak eluting in the retention time of OA comprised a homogenous peak
(see Supplementary Material Figure S4 for a peak purity curve). Since MS is the golden standard
technique to detect and quantify residues of a plethora of chemicals, it was assessed in the current work.
In this direction, an HILIC-PDA-ESI/MS was concurrently developed following the chromatographic
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conditions of the HILIC-PDA method. The only modification was the substitution of the phosphate
buffer by an ammonium acetate based buffer, since phosphate salts are non-volatile and tend to clog the
MS, building up around the ESI cone. Even if they need to be used to function under MS conditions,
they need specific interfaces that can counteract such problems, though not streamlined [20].

Nevertheless, the HILIC-PDA-ESI/MS method provided comparable LOD-LOQ with the
HILIC-PDA method (with phosphate buffer). The latter was mostly attributed to the relatively
difficult ionization of OA under the single quadrupole electrospray conditions. In this context, the use
of ammonium acetate buffer provided a shorter retention time for OA at 5.5 min (see Figure 2) [21],
and a second confirmation ion (at m/z, 90) apart from the deprotonated ion at m/z 89, which constitutes
an advantage of this method, since there were works in which OA failed to ionize even under triple
quadrupole conditions using ESI [22]. A third diagnostic ion that some guidelines [23] require for
mass spectrometric confirmation in SIM mode could not be generated. Although there are published
works [24,25] in which SIM with up to two diagnostic ions was applied, additional fragmentation using
tandem HILIC-MS/MS conditions was pursued only for extra confirmation (this method exhibited an
almost identical LOQ at 1.3 µg/g), since the LOD and the LOQ of the proposed method were deemed
sufficient, and insignificant ME and high selectivity were encountered.

With regard to GC-MS applicability for the scope of this work (see Figure 3 for indicative
extracted ion chromatograms), it was finally not selected to be used on a routine basis due to the less
straightforward sample preparation step and the analogous sensitivity compared to the HILIC-PDA
method [26].

Consequently, the presented HILIC-PDA and HILIC-PDA-ESI/MS methodologies exhibit certain
advantages compared to methods developed for OA in other commodities. More specifically, the
extraction protocol is simplified with no need to proceed with laborious derivatization under liquid
chromatography conditions, which was an approach applied by some groups when such conditions
were embraced [12]. In addition, the detection of OA without the interference of common background
ions is also a major advantage of this work, considering that the latter was an obstacle in previously
published works in the frame of elucidating instrumental LODs for mono- and dicarboxylic acids
using GC, LC-MS [27].

Last but not least, within the presented liquid chromatography methods—and to avoid any
misinterpretation in the results—lactic acid was also evaluated. The latter was decided upon since it is
a molecule that shares the same molecular weight and common mass fragments with OA [28] and was
reported to be used for the same scope against Varroa destructor with far less frequency [29]. Lactic
acid’s chromatographic profile verified the absence of any overlapping OA (a fact expected due to the
different polarities of the two molecules), demonstrating discrete retention times at 2.8 and 3.3 min in
the HILIC-PDA and the HILIC-PDA-ESI/MS systems, respectively (see Figures S6–S8). Preliminary
attempts to further clean up the extracts using solid-phase extraction (SPE, with C18 material) did not
substantially suppress the peaks eluting prior to 4 min; however, the latter did not impact OA analysis.

3.2. Application of the Method to Real Samples

The ZIC-HILIC-PDA analytical method was applied to real honeybee samples in the effort to
screen OA in honeybees after death incidents. Out of the total 45 samples examined, 19% were positive
with OA residues, verifying its broad use in apiculture. In the samples, the concentrations varied from
1.5 to 1202.4 µg/g bee bw. In only three cases, a surplus of the ascribed benchmark dose of LOAEL
(after oral administration) was evidenced, indicating possible misuse or excessive use of the OA inside
the hive. Comparison with the reported contact LD50, [6] did not unveil exceedance of this value.
Overall, the detection of OA inside the hive should not be neglected, considering that OA is among
the compounds reported for synergistic effects (along with other acaricides) against honeybees [10].
Such synergies can further be reinforced, considering that OA was simultaneously detected with the
pyrethroid acaricide, tau-fluvalinate (using a multiresidue method), [30] whose toxicity is reported to
be augmented by the presence of OA.
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(A) HILIC-PDA chromatogram (203 nm).

(B) HILIC-electrospray ionization (ESI)/MS Selected ion monitoring mode (SIM) chromatogram (ions at m/z,
90 and 89).
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Figure 2. Magnified HILIC-PDA (A) and HILIC-ESI/MS SIM (B) chromatograms of a standard OA
solution at 40 µg/mL.
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4. Conclusions

Oxalic acid was efficiently determined in honeybees after death incidents by applying a novel
ZIC-HILIC-PDA method, which was fully validated and presented acceptable analytical figures of
merit. A substantial range of concentrations was evidenced in real honeybee samples, from 1.6 to
1202.4 µg/g bee bw, with 19% positive samples. These results combined with the previous results of our
group (from the same bee samples) add a pillar to the synergies between active substances with acaricidal
activity and other classes of substances. The next steps will involve further exploitation of the method
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by incorporating other organic acids and consideration for further improvements on the sensitivity of
mass spectrometric features of this work by encompassing additional purification strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2297-8739/6/4/48/s1,
GC-MS system and operating conditions, Figure S1: HILIC-UV chromatogram of a blank honeybee sample extract,
Figure S2: Magnified HILIC-UV chromatogram of a blank honeybee sample, Figure S3: HPLC-UV chromatogram
of a standard solution of oxalic acid at 20 µg/mL, Figure S4: Peak purity curve obtained for a positive bee sample in
OA, Figure S5: TIC, MRM chromatograms of a OA positive bee sample, Figure S6: TIC, MRM chromatograms of a
control bee sample, Figure S7: Full scan GC-MS total ion chromatogram of derivatized OA standard in ACN at 1
µg/mL, Figure S8: HILIC-PDA chromatogram of a standard mixture of OA and LA at 10 µg/mL (using phosphate
buffer), Figure S9: HILIC-PDA chromatogram of LA and OA in standards solution mix (using ammonium acetate
buffer), Figure S10: HILIC-ESI/MS SIM chromatogram of LA and OA in standards solution mix (using ammonium
acetate buffer).
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