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ARTICLE INFO ABSTRACT
Keywords: The presence of some drugs in meat samples can cause threat to human health, therefore, its
Meat contamination analysis is highly desirable for food safety purposes. In this work, a solid-phase extraction pro-
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cedure for the determination of oxprenolol, a non-selective beta-blocker, and such anabolic
agents as methandienone and testosterone in beef meat samples has been developed. Extraction
Food safety conditions were optimized to achieve high sensitivity and accuracy of the results. The procedure
Quality control was validated using meat samples free from target analytes. As a result, high selectivity and
High performance liquid chromatography sensitivity were observed with the detection limits between 0.25 and 1.25 ng/g, and the results
Mass spectrometry were not affected by matrix components. The proposed procedure was applied to the analysis of
real beef samples purchased in the market, and the results have revealed the presence of
contaminated samples. The concentration of oxprenolol in the contaminated sample was 7 ng/g,
methandienone content in the sample was 30 ng/g, while testosterone level was 4 ng/g.

1. Introduction

An improvement of muscle growth for meat producing animals can be achieved in different ways. One of them is the use of anabolic
steroids and some beta-blockers like oxprenolol [1-9] to increase feed conversion for economic reasons. However, they are strictly
prohibited in most countries (including Europe and China) because of potential harm for human health, especially endocrine dis-
rupting [3-8]. The most harmful effects resulting from the administration of anabolic steroids can be received by children since
hormonal system plays a critical role in brain development and increases a risk of damage for some cognitive functions [9]. In adult
population, exposure to anabolic agents increases neuronal spine densities in the hippocampus and amygdala—brain regions involved
in learning and emotions (e.g., aggression) [10,11]. At least few weeks are necessary for the neuronal spine densities to return to
normal levels in the amygdala, but not in the hippocampus. This suggests that pubertal steroid exposure could produce long-lasting
structural changes in certain brain regions [11].

Another important problem of their usage is a growing risk of their presence in the environment. Steroid hormones and other
pharmaceuticals can be excreted from humans and animals. Their residues can lead to sexual disorders, feminization, masculinization
and infertility of the other organisms even after a contact with traces of some pharmaceuticals. It should be noticed that they can be
also concentrated in fish and animals and then, according to the food chain, return to the human body [12-15]. Previously, numerous
articles related to steroids determination in meat were published and discussed [13-40]. Boldenone, trenbolone, nandrolone, sta-
nozolole and other steroid compounds are among the most commonly used drugs for these purposes. At the same time, every local
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Fig. 1. Chemical structures of studied analytes (a — oxprenolol, b — methandienone, c — testosterone) and internal standard (d — methyltestosterone).

market has its own specificity based on availability, legal status and price of steroid hormones and other veterinary drugs. For example,
testosterone, methandienone and oxprenolol are much more commercially available compared to other drugs owing to their low cost
in Russia. In Canada, trenbolone, progesterone, testosterone and zeranol are approved for veterinary purposes. In some cases, this
specificity becomes critical, especially for athletes, because even traces of exogenous steroids or their metabolites could result in
positive doping control test, since these compounds are stable at high temperatures [41-43]. According to the World Anti-Doping
Agency (WADA) Prohibited List, steroid hormones are included in S1 section (anabolic agents) [44], which means that they are
strictly prohibited for usage in- and out-of competition period. Athletes should be aware of the potential risks since competitions may
take place in different regions and countries.

According to the currently available literature, liquid chromatography with tandem mass spectrometric detection (LC-MS/MS) is a
commonly used technique for such residue analysis [1-7]. One of its main advantages is a possibility of fast polarity switching, which
makes possible multi-target residue screening of hormones and veterinary drugs. However, even acquisition in multiple reaction
monitoring (MRM) mode cannot guarantee uncompromised selectivity and accuracy of the analysis results. To prevent occurring of
false-positive results, conformation by high-resolution mass spectrometry (HRMS) is required.

Therefore, the aim of this study is to develop a confirmation method for the determination of methandienone, testosterone and
oxprenolol by UHPLC-HRMS in meat and establish its applicability in routine analysis of meat samples purchased in local markets of
Krasnodar region (Russia) and the Republic of Adygea (Russia).

2. Materials and methods
2.1. Reagents

Testosterone, methandienone, oxprenolol and methyltestosterone analytical standards (>99%, Fig. 1) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Varian Bond Elut C8 (100 mg, 1 mL) (Palo Alto, CA, USA), Waters Oasis HLB (30 mg, 1 mL) (Dublin,
Ireland) and Phenomenex Strata C-18-E (100 mg, 1 mL) (Torrance, CA, USA) solid-phase extraction (SPE) cartridges were used in the
experiments. HPLC-grade methanol and acetonitrile (both from J.T. Baker, Poland) as well as double-distilled water were used
throughout the experiment.

2.2. Preparation of solutions

Standard solutions of the analytes at concentrations of 1 mg/mL were prepared in methanol and stored at 4 °C for a month. These
solutions were diluted with methanol to prepare calibration (5, 10, 25, 50, 100, 250, 500, 1000, 2500, 5000 ng/mL) and quality
control (QC) (50, 500, 2500 ng/mL) solutions in methanol. 1 mg/mL methyltestosterone (internal standard, IS) solution was prepared
in methanol followed by its dilution with methanol to obtain a working solution (10 pg/mL). QC solutions were prepared separately
from calibration solutions; all the solutions were stored at 4 °C for a month.

2.3. Instrumentation

To detect target analytes, a system consisting of a Bruker Elute ultra-high performance liquid chromatograph coupled to a Bruker
MaXis Impact quadrupole time-of-flight (Q-ToF) mass spectrometer operating with an electrospray ionization (ESI) source was used in
this study (Bremen, Germany). The separation was carried out using a core-shell Phenomenex Kinetex C18 analytical column (100 x
2.1 mm, 1.7 pm) (Torrance, CA, USA) with the respective guard column. The analytes were eluted using gradient elution mode with the
mobile phase consisting of 0.1% formic acid solution in methanol (eluent A) and 0.1% formic acid solution in water (eluent B) at the
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Fig. 2. The chromatogram of 25 ng/mL standard solution of studied analytes: 1 — oxprenolol, 2 — methandienone, 3 - testosterone, 4 —
methyltestosterone.

Table 1

Conditions of UHPLC-MS detection of analytes.
Analyte Monoisotopic mass, Da [M+H]", Da Mass measurement error, ppm tg, min
Oxprenolol 265.1678 266.1751 -1.1 3.2
Methandienone 300.2089 301.2162 0.7 4.7
Testosterone 288.2089 289.2162 2.4 4.9
Methyltestosterone” 302.2246 303.2319 1.0 5.2

2 Internal standard.

flow rate of 0.4 mL/min. The gradient elution program was as follows: 0.0-1.0 min 5% A; 2.7-4.0 min 60% A; 5.0-7.5 min 90% A;
7.51-9.0 min 5% A. The column was thermostated at 40 °C; the injection volume was 10 pL. The chromatogram of standard solution of
the analytes is given in Fig. 2.

The following conditions of mass spectrometric detection were used: ion source temperature: 250 °C; capillary voltage: 4 kV; end
plate offset: 4 kV; nebulizing gas (nitrogen) pressure: 100 kPa; drying gas flow rate: 5 L/min; scan speed: 3 Hz; mass range, 150-1000
m/z; collision gas (nitrogen) pressure: 1.5 mTorr.A full scan mode was used to achieve high sensitivity of detection. To prevent false
results and increase analysis accuracy, a mass tolerance window of 5 ppm was used. Conditions of UHPLC-MS detection are given in
Table 1.

An Interscience BagMixer (Saint Nom la Bretéche, France) equipped with disposable 200-mL bags (bag composition: multilayer®,
reinforced multicoated complex) was used for extraction.

2.4. Samples

Twenty beef chuck samples were purchased in the local markets of the Republic of Adygea and Krasnodar region, Russia, in January
and February of 2022. The places of the markets are given in Fig. 3. These samples were transferred to the laboratory in a portable
refrigerator at 4 °C and stored at —20 °C prior to analysis for no more than a month. According to veterinary authorities, the fat content
in the studied samples was 9-13%, protein content — 27-35%, water ratio — 55-63%.

2.5. Preparation of beef meat samples for analysis

To prepare beef meat samples for analysis, the following optimized sample preparation procedure was used: 10 g of a meat sample
(ten 1-g pieces) was transferred to a disposable bag; then, 20 mL of 30% methanol solution containing the internal standard (50 ng/mL
methyltestosterone) was added, and the extraction procedure was performed for 5 min. The extract was transferred to a 15-mL
Eppendorf tube made of high-density polyethylene and centrifuged for 10 min at 2000 rcf.

SPE was performed by conditioning a Waters Oasis HLB cartridge (30 mg, 1 mL) with 1 mL of methanol, equilibrating with 1 mL of
water followed by loading 1 mL of a meat extract; the SPE cartridge was washed with 1 mL of 30% methanol solution and eluted with
0.5 mL of methanol; all the solutions were passed through the cartridge at a flow rate of 1 mL/min. The eluate was analyzed by the
UHPLC-Q-ToF instrument.

2.6. Linearity and sensitivity
To establish a linear range, sample preparation was performed by using meat samples free from target analytes as well as model

solutions (30% methanol solution (v/v)) to evaluate matrix effects.
The extract of a meat sample free from target analytes was obtained under conditions optimized above, i.e., using 10 g of the sample
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Fig. 3. Sampling area of beef samples.
Table 2
Figures of merit of the proposed procedure.
Analyte LOD, ng/g LOQ, ng/g Linear range, ng/g R?
Oxprenolol 0.25 0.5 0.5-250 0.998
Methandienone 1.25 2.5 2.5-250 0.995
Testosterone 0.5 1.25 1.25-250 0.996

and 20 mL of 30% methanol solution as an extraction solvent. This extract as well as model solutions were spiked with the analytes to
obtain the final concentrations of 0.25, 0.5, 1.25, 2.5, 5, 12.5, 25, 50, 125, 250 ng/g; the concentration of the internal standard
(methyltestosterone) was fixed at 100 ng/g. Then, these samples were passed through the SPE procedure under previously optimized
conditions.

The detection and quantification limits evaluated by using the signal-to-noise ratios of 3 and 10, respectively, as well as linear
ranges, i.e., the concentration ranges with deviations from nominal concentrations less than 15%, are presented in Table 2. The slopes
of the calibration curves obtained for model and real solutions had negligible difference, which shows insignificant contribution of
matrix components to the results of the quantification.

2.7. Accuracy, precision calculation

To access accuracy and precision of the proposed procedure, QC solutions of low, medium and high concentrations with final
concentrations of 2.5, 25 and 125 ng/g were analyzed within one day and on three consecutive days (n = 15). To prepare QC solutions
of these concentrations, a meat sample extract was obtained and then spiked with the studied analytes at three concentration levels.
Then, these solutions were passed through the SPE procedure and analyzed.



A. Temerdashev et al. Heliyon 9 (2023) 13260

100 S

/4

o 80 /
=
2
3 60
14 —e—Oxprenolol
2 ——Metanedienone
5 40 Testosterone
o

20

0
0 2 4 6 8 10

Time, min

Fig. 4. Optimization of extraction time.

Accuracy was calculated by using equation (1):
bias (%) = ((Cobserved - Cnominal) /Cnominal) X 100 (1)

while precision was expressed as the coefficient of variation (CV, %).
3. Results and discussion

To optimize sample preparation conditions, extraction of analytes from meat samples using a solvent mixture and SPE of the
obtained extract were successively optimized.

3.1. Optimization of extraction conditions

3.1.1. Extraction solvent composition

In the first step of the sample preparation procedure, the analytes were extracted from meat samples using a solvent mixture. Owing
to sufficient solubility of the studied analytes in methanol as well as its compatibility with reversed-phase sorbents, different meth-
anol-water solutions spiked with the internal standard were tested to quantitatively extract them from the meat sample. As a pre-
liminary study, the efficiency of methyltestosterone extraction from meat after injection and without injection into a meat sample was
tested and compared. According to the observed data, no significant difference in peak areas was observed. The same methodology of
internal standard solution usage was previously described in Ref. [7]. Since this solution was further subjected to SPE with a hy-
drophobic sorbent, high methanol contents in the solution would not allow to adsorb analytes (Section 3.2.3). Therefore, the content of
methanol in the extraction solvent was limited to 30% (v/v) to avoid the breakthrough of target analytes in SPE, which was especially
relevant for oxprenolol.

The experiment was carried out as follows: the mixture of target analytes was injected in a 10-g meat sample by a syringe to achieve
the final concentration of 1 pg/g; this concentration of analytes was selected to exclude the possibility of analytes breakthrough in real
sample analysis. Then, the sample was transferred into a disposable bag followed by the addition of 20 mL of water—methanol mixture
(methanol content of 0, 5, 10, 15, 20, 25, 30%, v/v) containing the internal standard (50 ng/mL), and the extraction was performed for
10 min. The extract was transferred to a 15-mL Eppendorf tube and centrifuged for 10 min at 2000 rcf. Finally, SPE under optimized
conditions was carried out.

The results showed that 30% methanol solution provided analyte recoveries in the range of 80-97%, therefore, this extraction
solvent composition was used in further experiments.

3.1.2. Extraction solvent volume

After the optimization of extraction solvent type, different sample to extraction solvent ratios were tested. For this, 10-g meat
samples spiked with target analytes at 1 pg/g by a syringe were placed in disposable bags, and different solvent volumes (containing
methyltestosterone at 50 ng/mL) between 20 and 60 mL with a 5-mL step were tested. Volumes lower than 20 mL were not used owing
to the technical features of the BagMixer. The extraction process in the bags was performed in the same manner as in the previous
section followed by SPE under optimized conditions. The volume of 20 mL was sufficient for the extraction of the analytes, while
higher volumes resulted in increased dilution and, as a result, decreased sensitivity; therefore, the sample to solvent ratio of 1:2 was
selected to decrease the analytes dilution.

3.1.3. Extraction time

The extraction times in the Interscience BagMixer were evaluated between 1 and 10 min (1, 2.5, 5, 7.5, 10 min). For this exper-
iment, 10 g of a meat sample spiked with analytes at 1 pg/g was transferred to the bag, and 20 mL of 30% methanol solution (v/v)
containing 50 ng/mL methyltestosterone was added. The recoveries increased up to 5 min and then a plateau was observed (Fig. 4).
Therefore, a 5-min extraction was used in subsequent experiments.
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Fig. 5. Analyte recoveries from different SPE cartridges.
3.2. Optimization of solid-phase extraction conditions

3.2.1. SPE cartridge type

Three SPE cartridge types were studied in this work: Varian Bond Elut C8 (100 mg, 1 mL), Waters Oasis HLB (30 mg, 1 mL) and
Phenomenex Strata C-18-E (100 mg, 1 mL).

The experiments were carried out following the manufacturer recommendations; in all cases, methanol-water systems were used
during the SPE procedure. When octyl and octadecyl sorbents were used, a breakthrough of oxprenolol was observed during the sample
loading. In contrast, HLB cartridges allowed to quantitatively extract target analytes at QC high (125 ng/g) (Fig. 5); therefore, they
were used in the following experiments.

3.2.2. Sample volume

The sorbent capacity was tested by passing different volumes of meat extracts (1-3 mL) containing target analytes and the internal
standard at 250 ng/g through the SPE cartridges. The SPE cartridge was conditioned with 1 mL of methanol and equilibrated with 1 mL
of water. The sample was loaded (1-3 mL) and washed with 1 mL of 30% methanol solution, dried under the air stream with sub-
sequent elution using 1 mL of methanol. The volume up to 2 mL could be passed through the cartridge with sufficient analyte re-
coveries of 73-86%; at the same time, when 1 mL of the sample was loaded, the recoveries of 89-96% were observed.

3.2.3. Washing solvent composition

To achieve the highest removal of interfering substances, various methanol-water mixtures were studied (0-50% methanol with a
5% step, v/v). At methanol contents higher than 30%, the breakthrough of oxprenolol occurred. Therefore, 30% methanol solution was
used in all experiments.

3.2.4. Eluent volume

Different methanol volumes between 0.5 and 3 mL with a step of 0.5 mL were studied to achieve the complete removal of the
analytes from the SPE sorbent. A 0.5-mL aliquot of methanol was sufficient for the quantitative removal of the analytes (>98%).
Consequently, the analytes were eluted with this methanol volume.3.3. Method validation.

The proposed procedure was validated considering the FDA Bioanalytical Method Validation guidance [45] in terms of linearity
and sensitivity (section 2.6), accuracy and precision (section 2.7), selectivity, recovery and stability.

3.2.5. Accuracy, precision and recovery

Accuracy and precision values were established not to exceed 15%, which agreed with the FDA criteria.

Recoveries were calculated by comparison of analyte peak areas obtained after analysis of standard solutions as well as real samples
spiked with target analytes that were passed through the proposed SPE procedure. Quantitative recoveries between 89% and 96% were
also observed for all analytes.

Moreover, matrix effects were evaluated by comparison of the results obtained for real and model solutions spiked with target
analytes at the three concentration levels which were passed though the sample preparation procedure under the optimized conditions.



A. Temerdashev et al. Heliyon 9 (2023) 13260

Table 3
Results of QCs analysis by the proposed procedure.
Analyte QC concentration, ng/g Interday Intraday Matrix effect, % Recovery,
%
Accuracy, % Precision, % Accuracy, % Precision, % ’
Oxprenolol 2.5 -17.8 16.2 —18.6 18.5 11.2 96
25 -11.5 10.7 -12.1 13.6 7.2 94
125 —-5.6 9.6 -5.9 9.5 6.4 93
Methandienone 2.5 -10.4 14.1 -11.6 12.7 9.1 95
25 -8.3 9.5 -8.9 10.5 2.7 93
125 —4.6 8.8 -5.0 9.8 2.2 89
Testosterone 2.5 -12.4 13.9 -13.3 16.2 9.3 95
25 -9.8 9.7 -10.4 11.3 5.4 94
125 —-5.2 9.1 -5.7 10.4 1.9 91

The results obtained are given in Table 3.

3.2.6. Selectivity and cross-contamination
The investigation of selectivity was performed by using blank samples of meat (the sample was analyzed before spiking; if peaks
corresponding to analytes were not observed, it could be used as a blank) with their further spiking at different concentration levels.
To prevent cross-contamination, the extraction procedure was conducted using disposable 200-mL bags with an integrated paper
filter from Interscience (Saint Nom la Bretéche, France).

3.2.7. Stability

The stability of processed samples placed in the autosampler was evaluated for 24 h. The samples in vials were thermostated at 5 °C
in the darkness. The deviations in the results did not exceed 15%, which indicates high stability of the prepared solutions. However, the
long-term stability test of QC samples showed that the meat extracts degraded even after the first freeze-thaw cycle and could not be
used thereafter.

The stability of 1 mg/mL standard solutions of analytes prepared in methanol was evaluated for a month. The results showed that
these solutions were stable within this period of time, i.e., the deviations in the results were less than 15%.

3.2.8. Carryover

Carryover was evaluated by analysis of a blank meat sample after high quality control (HQC). The peaks corresponding to target
analytes were not present in the chromatogram of the blank solution after HQC analysis, which means the lack of carryover.3.4.
Comparison of the proposed and reported methods.

Over the years, numerous analytical methods were developed to determine different classes of contaminants in products. In the last
two decades, GC-MS and LC-MS/MS were mostly used for these purposes. Conventional UHPLC with triple quadrupole mass spec-
trometry by using liquid-liquid (LLE) or organic solvent extraction is the most commonly used and simple routine method which could
be applied to the determination of steroids and other pharmaceuticals at pg/g and ng/g levels [41]. The same sensitivity with high
selectivity could be achieved by using GC-MS(/MS) because of thermal stability of most steroid hormones [36,37,41,43]. To achieve
higher sensitivity, SPE [30,31,34] or molecularly imprinted sorbents can be used [37]; however, it leads to a significant increase in the
analysis cost. At the same time, it allows to control selectivity of the sample preparation and leads to higher accuracy and precision of
the analysis [36,37]. Another way to increase selectivity is the use of HRMS instruments which have become commercially available
even for a routine analysis [28]. Unfortunately, matrix effects appearing during sample analysis (suppressed or increased ionization)
cannot be overcome when ESI source is used. Atmosphere pressure chemical ionization (APCI) source can be used to achieve higher
reproducibility [29]; however, it will dramatically decrease the number of possible contaminants which could be simultaneously
determined.

Meat is a complex matrix, and its direct analysis can result in high matrix interferences and false results due to ionization sup-
pression or enhancing. Also, direct analysis of such extracts by using UHPLC can damage the analytical column. To prevent it, sample
clean-up by using SPE is a necessary sample preparation step. In this research, no enzymatic or mineral hydrolysis was used because
commercially available injection forms of the analytes are unconjugated and their presence in the samples may be a sign of their recent
use. It can also clearly show a potential threat for an athlete because these compounds are stable even after heating. As a result,
sensitive analysis of meat samples is required for doping control purposes. Moreover, the presence of these compounds can be harmful
to human health [37], which makes this procedure essential for food safety purposes.

Previously published papers [35-37,40] were aimed at targeted determination of anabolic steroids. An apparent advantage of such
approach is the possibility to achieve low detection limits; however, it significantly complicates screening of other xenobiotics, which
are equally important to determine in food. The proposed approach based on the application of high-resolution mass spectrometry
coupled with the sample preparation procedure adopted for different classes of compounds allows to significantly extend the list of
detected indicators and apply non-targeted screening methodology, which plays an important diagnostic role in doping control. Thus,
when routine testing of products is carried out, possible manipulations in determining the source of prohibited substances in biological
fluids may be avoided.
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Fig. 6. Extracted ion current (EIC) chromatograms of the contaminated meat samples: 1 — oxprenolol (7 ng/g, sample “Krasnodar 1”), 2 — meth-
andienone (4 ng/g, sample “Adygea 2”), 3 - testosterone (30 ng/g, sample “Adygea 3”).

3.3. Real sample analysis

Twenty meat samples were analyzed by the proposed procedure. Analyzed samples were purchased in different districts of the
Krasnodar region (n = 9) and the Republic of Adygea (n = 11); the samples were labelled as “Adygea N” and “Krasnodar N” according
to the regional center name (Fig. 3). As a result, three positive samples were found with concentrations within the linear range of the
procedure: “Adygea 2” containing methandienone at 4 + 1 ng/g, “Adygea 3" with testosterone content of 30 + 4 ng/g and “Krasnodar
1” contaminated with oxprenolol at 7 + 2 ng/g. Overlayed chromatogram of contaminated meat samples is given in Fig. 6. High
detected concentrations of these substances may be caused by their use by farmers.

It should be noted that methyltestosterone used in this study as an internal standard can also be used in animals as a muscle growth
promoting substance. Therefore, to avoid obtaining understated results, the absence of methyltestosterone in the analyzed samples
should be confirmed.

4. Conclusions

A rapid, easy and reliable method for steroids determination in meat using UHPLC-HRMS was validated. Optimization of sample
preparation conditions has revealed that SPE with HLB cartridges is suitable for the quantitative extraction of oxprenolol, meth-
andienone and testosterone from meat samples with high accuracy, sensitivity and precision. The use of 30% methanol solution for the
extraction of these analytes from meat samples and as a washing solution leads to low matrix effects with the lack of analytes
breakthrough. As a result, this procedure is suitable for the analysis of beef meat samples to determine trace analyte concentrations.
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