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Abstract

:

Macrolides are widely used in medicine and veterinary medicine, and are the leading antibiotics in terms of consumption. The release of macrolides and their metabolites into the environment through municipal wastewater can have an adverse effect on aquatic ecosystems and human health. In the present study, a method for the non-targeted screening and semi-quantitative determination of macrolide antibiotics and their derivatives in wastewater based on a combination of chromatographic separation and tandem mass spectrometric detection in precursor ion scan (PrecIS) mode has been proposed. Product ions with m/z 158 and 174 related to specific desosamine fragments were used as diagnostic ions for the PrecIS detection of the macrolide structures without (14- and 15-membered macrocycles) and with a (16-membered macrocycle) glycosylated desosamine moiety, respectively. The combination of the optimized solid phase extraction procedure and HPLC-MS/MS analysis in PrecIS mode allowed for the suspect screening of macrolides in municipal wastewater with limits of detection in the range of 4–150 ng L−1. The developed approach made it possible to detect and tentatively identify in municipal wastewater 17 compounds belonging to the macrolide class, including azithromycin, clarithromycin, josamycin and 14 metabolites with a total concentration of 1450 ng L−1.
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1. Introduction


Macrolide antibiotics (or macrolides) are a large group of compounds consisting of a 14-, 15- or 16-membered macrocyclic lactone ring to which one or more carbohydrate moieties (including desosamine, playing a key role in antibacterial action) are attached. Macrolides possess a broad spectrum of activity against many gram-positive bacteria and are widely used in medicine and veterinary medicine [1,2], being the leaders in terms of consumption among all antibiotics [3,4,5]. The consumption of macrolides has especially increased during the COVID-19 pandemic due to concerns about bacterial co-infection [6,7,8,9]. The variety of synthesized and used in practice macrolides is also rapidly growing due to the need to avoid the emergence of bacterial resistance to antibiotics. For example, in recent work by Seiple et al. [10], more than 300 structurally diverse macrolide antibiotic candidates were prepared, and the majority of these structures had antibiotic activity.



Antibiotics are not completely metabolized after therapeutic use and are excreted (usually 55–80%) from the body as a mixture of parent compounds and their active metabolites [11]. Since conventional wastewater treatment processes are not able to effectively remove such pollutants [12], macrolides enter the environment through municipal wastewater adversely affecting aquatic ecosystems. Moreover, it has been shown that wastewater treatment plants can serve as potential reservoirs of antibiotic resistance genes that can be transmitted to human-associated bacteria through water and food chains [13,14]. As a result, studies on the occurrence, levels, fate and effects of antibiotics (including macrolides) in aquatic environments have increased in recent years [15].



Many studies and several comprehensive reviews [16,17,18] devoted to solving the urgent problem of assessing macrolides in wastewater and natural reservoirs are available in the literature. According to them, the sample preparation typically involves the solid-phase extraction (SPE) of macrolides on an HLB polymeric functionalized sorbent (co-polymer of divinylbenzene and N-vinylpyrrolidone) with high sorption capacity towards both non-polar and moderately polar analytes providing recoveries in the range of 60–90% [19,20,21]. The quantification of macrolides in extracts with complex matrices was carried out by high performance liquid chromatography–electrospray ionization (ESI) tandem mass spectrometry (HPLC-MS/MS) [22,23,24] as the most selective analytical technique. For the chromatographic separation of macrolides, reverse-phase stationary phases (C18 and C8) were successfully used in combination with mobile phases consisting of mixtures of water with acetonitrile or methanol [25,26].



It is worth noting that existing analytical approaches involve the targeted determination of analytes in a multiple reaction monitoring (MRM) mode and require corresponding analytical standards. At the same time, unexpected macrolide antibiotics or their metabolites can be present in municipal wastewater, while corresponding analytical standards can be commercially unavailable or hardly available. To overcome this problem, non-targeted analytical methods for macrolide screening and standard-free determination must be developed. Due to the fact that macrolides have similarities in their structures, they can produce the same specific product ions during collision-induced dissociation (CID) in tandem mass spectrometry analysis. For this reason, the use of an HPLC-MS/MS technique in a precursor ion scan (PrecIS) providing both non-target and target screening capabilities is considered most promising. This technique is typically implemented on triple quadrupole mass analyzers and involves the detection of a specific product ion at a fixed m/z on a third quadrupole (Q3) while scanning a wide m/z range of precursor ions on a first quadrupole (Q1). According to the literature, this approach has been successfully applied in the non-targeted analyses of various complex objects: for screening estradiol esters in cattle hair [27], pentacyclic triterpenoids in plants [28] and benzimidazoles in the serum [29], etc.



Thus, this work is aimed at developing an approach to the screening and semi-quantitative determination of macrolides of various classes by high performance liquid chromatography-PrecIS tandem mass spectrometry and its application to the study of real samples of municipal wastewater.




2. Materials and Methods


2.1. Reagents and Materials


Six commercially available 14-, 15- and 16-membered macrolides were used in the study (Figure 1): azithromycin (>98%) and erythromycin (>98%) purchased from Sigma-Aldrich (Steinheim, Germany); clarithromycin (>96%), spiramycin (>90%) and josamycin (>98%), purchased from Alfa Aesar (Heysham, UK); and midecamycin (>85%) purchased from Toronto Research Chemicals (North York, ON, Canada).



High Performance Liquid Chromatography-gradient grade methanol (Merck, Darmstadt, Germany), “type I” Milli-Q high-purity water, formic acid (≥96%) and ammonium formate (10 M aqueous solution) purchased from Sigma-Aldrich (St. Louis, MO, USA) were used in sample preparation procedures and as components of the mobile phase in HPLC-MS analyses.



Stock solutions of analytes in methanol with concentrations of 250 mg L−1 were prepared from precisely weighed portions. The calibration solutions with concentrations of 10–10,000 μg L−1 were obtained by mixing and sequentially diluting the stock solutions with 20% aqueous methanol.




2.2. Municipal Wastewater Sample Preparation


Urban wastewater was collected in March 2021 at the municipal wastewater treatment plant in Arkhangelsk (Russia) from the point of discharge into the natural reservoir (Khatoritsa River). The sample was taken in a 2.5 L amber glass bottle, then immediately delivered to the laboratory and subjected to solid phase extraction (SPE) according to the EPA 1694 method [30] with some modifications. Since this method was designed for the simultaneous analysis of the widest possible range of pharmaceuticals and personal care products, it involves extraction at two pH levels (2 and 12) not optimal for macrolides. For this reason, in the present study the pH was adjusted to 4, which ensured the most efficient extraction of analytes [11,31]. In addition, the use of isopropanol as an elution solvent instead of methanol allowed for a noticeable increase in elution completeness and thus achieving the satisfactory analyte recoveries of 53–94% (Supplementary Material, Table S1). Expectedly, the lowest recoveries (<60%) were observed for the most polar analytes possessing a tertiary amine group in a lactone ring (azithromycin) or an additional desosamine moiety (spiramycin). The recoveries of the other tested compounds exceeded 73%.



Two hundred milligrams of Na4EDTA × 2H2O was added to 500 mL of pre-filtered wastewater brought to pH 4. An SPE was carried out in a Chromabond HLB (Macherey-Nagel, Duren, Germany) 3 mL cartridge filled with 200 mg of hydrophilic-lipophilic balanced N-vinylpyrrolidone-divinylbenzene sorbent on an AH0-6023 vacuum manifold (Phenomenex, Torrance, CA, USA). Before extraction, an SPE cartridge was conditioned with 20 mL of isopropanol and 6 mL of deionized water at pH 4. A wastewater sample was passed at a flow rate of 5–10 mL min−1, then the sorbent was flushed with 10 mL of deionized water and air-dried for 15 min with vacuum pump running. The analytes were eluted with 12 mL of isopropanol. The obtained extract was evaporated in a conical glass vial at 50 °C to a volume of 100 μL under a nitrogen stream, then 400 μL of deionized water was added. Thus, the reached pre-concentration degree was 1000.




2.3. Liquid Chromatography–Tandem Mass Spectrometry


An LCMS-8040 HPLC-MS/MS system (Shimadzu, Kyoto, Japan) consisting of an LC-30 “Nexera” liquid chromatograph and triple quadrupole mass analyzer was used in liquid chromatography–tandem mass spectrometry analyses. The HPLC system consisted of a DGU-A5 vacuum degasser, two LC-30AD chromatographic pumps, an LC-30AC autosampler and a CTO-30A column thermostat. The system control and data analysis were performed using LabSolutions 5.56 software (Shimadzu, Kyoto, Japan).



Chromatographic separation was achieved in a gradient elution mode on a Nucleodur PolarTec column (Macherey-Nagel, Duren, Germany), 150 × 2.0 mm, particle size 1.8 μm, with a reverse-phase sorbent with embedded amide groups providing additional selectivity for polar compounds. The sample injection volume was 2 μL, mobile phase flow rate 0.3 mL min−1 and column thermostat temperature 40 °C. The mobile phase consisted of solvent A (deionized water with 0.1% formic acid and 5 mM ammonium formate) and solvent B (acetonitrile with 0.1% formic acid). The gradient elution was programmed as follows: 0–2 min—10% B, 2–10 min—linear ramp to 50% B, 10–15 min—50% B.



Mass spectrometry detection was carried out in MRM and PrecIS modes using electrospray ionization in a positive ion mode (ESI+). Ion source parameters: spraying, drying and curtain gas (nitrogen) flow rates—2 and 7.5 L min−1, respectively; desolvation line and heat block temperature—300 °C and 400 °C, respectively; ESI capillary voltage—4.5 kV. A collision-induced dissociation (CID) with argon as a collision gas was used for obtaining tandem mass spectra. The conditions for mass spectrometric detection of macrolides in MRM mode were optimized in an automatic regime by the flow injection of analyte standard solutions (Table 1).



In the PrecIS mode, the precursor ion scanning range was m/z 400–1200, with the scan frequency of 10 Hz.




2.4. Liquid Chromatography–High-Resolution Mass Spectrometry


Liquid chromatography–high-resolution mass spectrometry (HPLC-HRMS) analyses were carried out using an HPLC-HRMS system consisting of the same HPLC system as described in Section 2.3 and an Orbitrap ID-X high-resolution “tribrid” mass spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with an OptaMax NG ion source with ESI probe. Chromatographic separation was carried out within the same parameters as described in Section 2.3. In mass spectrometry detection, the following parameters were applied: spraying, drying and curtain gas flow rates—50, 10 and 3 arb. units, respectively; transfer line temperature—325 °C; ESI capillary voltage—4.5 kV. The spectra were scanned in an m/z range of 200–1200 using an orbital ion trap mass analyzer with resolving power set to 120,000 (M/ΔM, at m/z 200). To maintain the highest accuracy in determining m/z (<3 ppm), internal EASY-IC mass scale calibration was used. Xcalibur software (Thermo Scientific, Waltham, MA, USA) was used to control the instrument and acquire HRMS chromatograms.



In the study of the analytes’ mass spectrometry fragmentation and in attributing the peaks in the obtained tandem mass spectra (Section 3.1), the flow injection of analyte solutions was used with the further determination of the elemental compositions of the product ions based on their accurate masses. A higher energy collisional dissociation (HCD) similar to CID in triple quadrupole instruments was used. The fragmentation pathways were proposed using ACD Fragmenter software (ACD/Labs, Toronto, ON, Canada).




2.5. Quantification and Method Validation


The quantification of the target analytes in both MRM and PrecIS detection modes was carried out by an external standard method with calibration curves constructed using the calibration solutions of the six macrolides (Section 2.1). The same approach was applied to the semi-quantitative assessment of the detected macrolides or their metabolites by HPLC-MS/MS with PrecIS detection using the calibration curves obtained for the standards structurally close to the corresponding analytes. Limits of detection (LOD) and quantification (LOQ) were determined using the signal-to-noise ratio criteria of 3 and 10, respectively, and then refined in the analysis of the solution with analyte concentration close to LOQ. The full method validation, involving an estimation of matrix effects, intra-day and inter-day accuracy and precision, cannot be considered applicable in the case of the screening studies in the absence of the corresponding analytical standards.





3. Results and Discussion


3.1. Tandem Mass Spectra of Macrolides and Selection of Diagnostic Product Ions


In developing a method for the non-targeted screening of macrolides in PrecIS mode, a key role is played by the choice of a diagnostic ion in tandem mass spectra that is specific for a given class of compounds and is characterized by a high signal intensity to achieve an acceptable sensitivity of the analysis. During CID, the protonated molecules ([M + H]+) of six analytes with m/z values listed in Table 1 give a number of product ions (Figure 2) associated with the elimination of sugar and desosamine moieties and the cleavage of the macrocyclic lactone ring (Supplementary Material, Figures S1–S6). The latter proceeds quite easily even at low collision energies, resulting in the absence of noticeable signals of characteristic macrocyclic fragments of macrolides in MS/MS spectra. In this situation, only the desosamine fragment can be considered as a suitable diagnostic ion, which gives intense signals in the mass spectrum due to the presence of an easily protonated dimethylamine group. It is worth noting that the CID of the macrolides containing an unsubstituted desosamine moiety in their structure (azithromycin, erythromycin and clarithromycin) leads to the formation mainly of the desosamine-related product ion (dehydrated desosamine molecule) with m/z 158.1175 and an elemental composition [C8H15NO2 + H]+, while the other three 16-membered macrocyclic compounds with carbohydrate substituents attached to the desosamine ring give an intense signal at m/z 174.1125 attributed to the protonated molecule of 4-(dimethylamino)-2-methyl-3,4-dihydro-2H-pyran-3,5-diol or dehydrated molecule of micaminose with an elemental composition [C8H15NO3 + H]+ (Figure 2). The latter is formed as a result of the cleavage of the ether bond between the desosamine ring and sugar moiety (Supplementary Material Figures S4–S6).



Thus, the detection of the different characteristic product ions for the two types of macrolide structures opens possibilities for their mass spectrometric discrimination and non-targeted screening by PrecIS tandem mass spectrometry. The fragments with m/z 158 and 174 can be used as diagnostic product ions for the selective group detection of the structures without (14- and 15-membered macrocycles) and with a (16-membered macrocycle) glycosylated desosamine moiety. To ensure a highest sensitivity of the analysis, CID collision energy has been optimized by varying in the range of 5–60 eV using the triple quadrupole mass analyzer. The highest signal intensities of the selected diagnostic ions with m/z 158 and 174 were achieved at the values of 32 and 36 eV, respectively, which were used for further method development.




3.2. Method Development and Validation


Due to the polar nature of the analytes, their chromatographic separation on common octadecyl silica reverse-phase HPLC columns is challenging. During preliminary experiments, it was found that acceptable separation selectivity can be attained using a Nucleodur PolarTec stationary phase with embedded polar amide groups that increase retention and separation selectivity due to the combination of hydrophobic and polar interactions with the analytes. The best results (Figure 3) were obtained in a gradient elution mode with the mobile phase consisting of water and acetonitrile with the addition of 0.1% HCOOH and 5 mM ammonium formate. The addition of ammonium salt allowed the suppression of undesirable interactions of the analytes with residual silanol groups of the sorbent, leading to the distortion and broadening of the chromatographic peaks of azithromycin and spiramycin.



As can be seen from Figure 3, although two pairs of analytes (azithromycin-spiramycin and clarithromycin-midecamycin) were not fully separated by HPLC, their selective detection was not problematic due to the difference in diagnostic product ions. Moreover, noticeable interference in the quantification of these analytes in their simultaneous presence was not observed.



Being a scanning detection mode, PrecIS is significantly inferior in sensitivity to MRM. However, the attained instrumental LODs and LOQs for most of the analytes presented in Table 2 turned out to be rather low (~10 µg L−1).



This can be explained by the high ionization efficiency of the nitrogen-containing compounds and lower noise level in the monitored precursor ion m/z range (400–1200). The exceptions are azithromycin and spiramycin, both possessing two nitrogen atoms in their structures. Their instrumental LODs were one order of magnitude higher than those of other analytes, which is probably due to the formation of doubly charged ions or partial degradation in the ion source. Nevertheless, in the combination with an appropriate sample preparation (pre-concentration) procedure, the sensitivity of the PrecIS detection can be considered sufficient to ensure the reliable detection of the analytes in real samples. The pre-concentration degree (up to 1000×) and recoveries provided by SPE (Section 2.2) on an HLB polymeric sorbent allowed for the detection of the analytes in water samples with method LOQs in the range of 13–21 ng L−1 (400 and 490 ng L−1 for azithromycin and spiramycin, respectively) with the linear range covering at least two orders of magnitude (Table 2). These values were additionally confirmed in the analyses of model water samples with analyte concentrations close to LOQ (Supplementary Material, Figure S7).




3.3. Targeted Analysis of Municipal Wastewater


To evaluate the accuracy of macrolide PrecIS quantification in real municipal wastewater, the concentrations of the six target analytes were determined in the studied sample by HPLC-MS/MS using both PrecIS and MRM modes. The comparison of the obtained results (Table 3) showed that the difference in the concentrations measured by the two methods did not exceed 20%, although RSD for clarithromycin and josamycin were up to one order of magnitude higher in PrecIS detection mode since these compounds were detected at the levels (21 and 14 ng L−1, respectively) close to LOQ. In total, out of the six target analytes, only three compounds were detected in the wastewater sample by PrecIS. In addition to the above-mentioned minor compounds, this number included azithromycin, which was the dominant component with a concentration two orders of magnitude higher compared to clarithromycin and josamycin. The higher sensitivity provided by the MRM mode allowed for the detection of the two additional macrolides present at the ng L−1 level: erythromycin and midecamycin. Spiramycin was not found in the studied wastewater by either the PrecIS or MRM detection mode.




3.4. PrecIS Suspect Screening of Macrolides in Municipal Wastewater


The main advantage of the PrecIS tandem mass spectrometry mode over MRM is the possibility of the non-targeted detection of structurally close compounds giving specific diagnostic product ions in CID. The obtained HPLC-MS/MS chromatogram of the studied municipal wastewater extract (Figure 4) demonstrated the presence of a number of peaks with retention times in the range of 5–11 min.



The manual search of precursor ions for each peak and obtaining their tandem mass spectra in additional chromatographic runs allowed the identification of 17 potential candidates (Table 4) including 12 compounds giving the diagnostic product ion with m/z 158 and only 5 compounds detected at m/z 174. Naturally, among them there were also three compounds (Nos. 2, 12 and 13) identified in the course of targeted analysis using standards. The chromatographic peaks not included in Table 4 had low (at the noise level) signal intensity or precursor ions with m/z values that did not relate to macrolides.



The obtained tandem mass spectra (Supplementary Material, Table S2) and available literature data [32,33,34,35,36,37,38] allowed for the tentative identification of the detected compounds. Their correctness was confirmed by an additional study by HPLC-HRMS (Supplementary Material, Figure S8) with the establishment of the exact m/z values and elemental compositions of the corresponding protonated molecules (Table 4).



Compound Nos. 6, 7, 11 and 14, giving a specific erythromycin product ion with m/z 558 in tandem mass spectra, were identified as erythromycin derivatives. Compound No. 7, with the molecular formula C38H71O14N, was assumed to be 10-hydroxy-4′-(2-hydroxyethylmethylamino)-erythromycin according to the Chemspider database. Compound No. 11 (C37H65O12N) can be considered as a product of the water molecule elimination from erythromycin (C37H67O13N) and thus can be attributed to anhydroerythromycin. The latter is known as a major product of erythromycin degradation in the acidic environment (stomach) and does not possess antibacterial activity [32]. The third representative of this group, compound No. 6, had an m/z identical to clarithromycin. However, since the specific clarithromycin fragment with m/z 590 was not observed in the tandem mass spectrum, it can be considered as an erythromycin derivative with the methylated hydroxy group in a carbohydrate moiety. The identification of compound No. 14 was the most difficult. Having the same elemental composition and a number of the same characteristic peaks in the tandem mass spectrum as erythromycin, it has a markedly higher chromatographic retention. This compound cannot be considered a product of the demethylation of the desosamine or cladinosyl moieties of clarithromycin, since the signals of desosamine (m/z 158) and the lactone ring without a methoxy group (m/z 576) were observed in the tandem mass spectrum. In this regard, compound No. 14 was assigned to the known [33] erythromycin transformation product, pseudo-erythromycin A-6,9-hemiketal (CAS 105900-46-7).



Compound Nos. 1, 3, 5, 8, 9 and 16 were classified as clarithromycin derivatives. Metabolite No. 3 (C30H55O10N) has the same elemental composition as a major clarithromycin fragment ion with m/z 590 (Supplementary Material, Figures S1 and S3) and appears to be a product of the hydrolytic elimination of the carbohydrate moiety (cladinosyl) from the parent macrolide. Earlier, this compound was described in the literature as an inactive clarithromycin degradation product [34]. The tandem mass spectrum of compound No. 8 contained an intense signal at m/z 606 differing from the above-mentioned clarithromycin fragment with m/z 590 by an additional hydroxy group. It can be assumed that the latter is attached to a carbon atom in the 14th position of a lactone ring [35], forming a metabolite with pronounced antibacterial activity [34]. Compound No. 9 has the same elemental composition as No. 8 (C38H69O14N) and a significantly different tandem mass spectrum. Its exact structure could not be established, but it can be assumed that the difference from No. 8 lies in the position of the hydroxy group. According to an elemental composition (C30H55O11N), compound No. 1 was identified as 3-O-decladinosyl-14-hydroxyclarithromycin, which was formed during the hydrolysis of 14-hydroxyclarithromycin by analogy with the formation of metabolite No. 3 from clarithromycin. Due to low signal intensity, an informative tandem mass spectrum of compound No. 16 (C35H61O11N) has not been registered. According to the Chemspider database, this compound was tentatively identified as a 12-allyloxy-3-O-decladinosyl-calrithromycin derivative (ChemSpider ID 9620153) with an acetylated desosamine moiety. The only alternative offered by the database is also a 14-membered macrolide (ChemSpider ID 28282589) with attached desosamine and a slightly modified carbohydrate moiety the origin of which is difficult to explain. A similar situation with the impossibility of obtaining a tandem mass spectrum was observed for compound No. 5 (C38H71O15N). According to Gago-Ferrero et al. [36], this compound is one of the clarithromycin metabolites. It is formed from clarithromycin through the cleavage of the C-O bond in the lactone ring (PubChem CID 139596847).



It is assumed that the remaining four compounds (Nos. 4, 10, 15 and 17) are derivatives of josamycin, since their tandem mass spectra (except for No. 4) contained the 4-O-isovalerylmycarose fragment with m/z 229 characteristic of this macrolide antibiotic. Differing from josamycin only in the number of oxygen atoms in the molecule, compound Nos. 10, 4 and 15 were identified as mono-, di- and tetrahydroxy derivatives, respectively. This is in a good agreement with the fact that the main metabolic pathway of josamycin is hydroxylation, resulting in the introduction of hydroxy groups both in the lactone ring and 4-O-isovalerylmycarose moiety [37,38]. The signals of the product ions formed as a result of the cleavage of 4-O-isovalerylmycarose in the tandem mass spectra showed that compound Nos. 10 and 15 possess the hydroxy groups only in the lactone ring, while compound No. 4 is distinguished by the presence of one hydroxy group in the lactone ring and the other is attached to the carbohydrate moiety. An exact structure of the 16-membered josamycin derivative No. 17 (C45H73O20N) with the highest molecular weight remained unclear and could be established only in higher order tandem mass spectrometry experiments, which were beyond the scope of the study.




3.5. Semi-Quantfication and Levels of Macrolides in Municipal Wastewater


Since the responses of target analytes turned out to be very different while structurally close compounds showed comparable ionization efficiency (Section 3.2), the standard-free semi-quantification of the detected metabolites requires the establishment of response factors for each class of macrolides. To overcome this problem, in the present study the calibration dependencies and extraction recoveries obtained for the parent macrolides (erythromycin, clarithromycin and josamycin) were used for the quantification of the corresponding metabolites. The obtained results (Table 4) demonstrate that the concentrations of the target compounds and detected metabolites lie in a relatively narrow range of 4–50 ng L−1, covering one order of magnitude. An exception is azithromycin, dominating among all the macrolides and accounting for more than 80% of their total content in the municipal wastewater (1450 ng L−1). The detected level exceeded the predicted no-effect concentration given in the literature [39]. This allowed the conclusion that at the site of the wastewater discharge in Arkhangelsk city there is a risk of the development of antibiotic resistance genes.





4. Conclusions


The tandem mass spectra of macrolide antibiotics are distinguished by intense signals of the desosamine fragments with m/z 158 and 174 for the structures without (14- and 15-membered macrocycles) and with a (16-membered macrocycle) glycosylated desosamine moiety, respectively. Their use as diagnostic ions in HPLC-MS/MS analysis in PrecIS detection mode allowed for the suspect screening of macrolides in municipal wastewater with the subsequent tentative identification and semi-quantitative determination of the detected compounds. The combination of this approach with preliminary solid-phase extraction provided analyte detection limits in the range of 4–150 ng L−1 and a linear range comprising at least two orders of magnitude. The application of the developed method to the study of the wastewater discharged into a natural reservoir after municipal treatment facilities made it possible to detect 17 compounds belonging to the macrolide class, including azithromycin (the dominant component), clarithromycin, josamycin and 14 metabolites with a total concentration of 1450 ng L−1. The observed level of macrolides indicates the insufficient effectiveness of the applied wastewater treatment technologies and the possibility of developing the macrolide-antibiotics resistance genes in bacteria. The developed method can be considered complementary to an HPLC-MS/MS in the MRM detection mode and can be implemented on the same equipment. It allows for the non-targeted screening of antibiotics and their metabolites, while MRM ensures their highly sensitive quantification if the appropriate analytical standards are available.
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Figure 1. Structural formulas of the studied macrolides. 
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Figure 2. Tandem mass spectra of macrolides (collision energy 30 eV). 
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Figure 3. The HPLC-MS/MS (PrecIS) chromatogram of the model mixture of macrolide antibiotics (Azithromycin and spiramycin—500 µg L−1, erythromycin, midecamycin, clarithromycin and josamycin—50 µg L−1) obtained with the detection of diagnostic product ions with m/z 174 (red) and m/z 158 (black). 
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Figure 4. The HPLC-MS/MS chromatogram of urban wastewater obtained in PrecIS mode using a product ion with m/z 174 (red) and a product ion with m/z 158 (black). 
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Table 1. Optimized conditions for mass spectrometric detection of six macrolide antibiotics in the MRM mode.
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Compound

	
Molecular Weight, Da

	
Precursor

Ion, m/z

	
Product

Ion, m/z

	
Q1 Bias,

V

	
Collision

Energy, eV

	
Q2 Bias,

V






	
Azithromycin

	
748.5

	
749.5

	
158

	
−33.9

	
41.3

	
−27.4




	
83 *

	
−37.1

	
53.0

	
−33.9




	
Spiramycin

	
842.5

	
843.5

	
174

	
−14.5

	
34.5

	
−14.5




	
142 *

	
−14.5

	
38.5

	
−17.8




	
Erythromycin

	
733.5

	
734.5

	
158

	
−33.9

	
32.7

	
−27.4




	
83 *

	
−33.9

	
49.8

	
−33.9




	
Midecamycin

	
813.5

	
814.5

	
109

	
−21.0

	
45.2

	
−43.5




	
174 *

	
−21.0

	
33.9

	
−17.8




	
Clarithromycin

	
747.5

	
748.5

	
158

	
−33.9

	
32.0

	
−14.5




	
83 *

	
−33.9

	
50.2

	
−33.9




	
Josamycin

	
827.5

	
828.5

	
109

	
−21.0

	
43.6

	
−17.8




	
174 *

	
−21.0

	
35.9

	
−17.8








* Qualifier ion (used for confirmation).
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Table 2. Parameters of the calibration curves (y = sx + a) for the dependence of the chromatographic peak area (y) on the concentration of analyte (x); instrumental and method LODs and LOQs for the determination of six macrolides by HPLC-MS/MS in the PrecIS mode.
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Analyte

	
Linear

Range, µg L−1

	
s

	
a

	
R2

	
LOD

	
LOQ




	
Instrumental µg L−1

	
with SPE

ng L−1

	
Instrumental

µg L−1

	
with SPE

ng L−1






	
Azithromycin

	
210–10,000

	
325.5

	
−2563

	
0.999

	
60

	
120

	
210

	
400




	
Spiramycin

	
290–10,000

	
323.4

	
−1226

	
0.999

	
90

	
150

	
290

	
495




	
Erythromycin

	
13–1000

	
10,220

	
1209

	
0.999

	
4

	
5

	
13

	
18




	
Midecamycin

	
17–1000

	
16,630

	
648.3

	
0.999

	
5

	
6

	
17

	
21




	
Clarythromycin

	
12–1000

	
21,060

	
667.0

	
0.999

	
4

	
4

	
12

	
13




	
Josamycin

	
14–1000

	
17,760

	
3212

	
0.999

	
4

	
5

	
14

	
16
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Table 3. Levels of six target macrolides in municipal wastewater determined by HPLC-MS/MS in PrecIS and MRM detection modes.
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Analyte

	
Concentration in Municipal Wastewater, ng L−1




	
PrecIS

	
MRM

	
Δ, %






	
Azithromycin

	
1220 ± 160

	
1010 ± 140

	
20




	
Spiramycin

	
– *

	
–

	




	
Erythromycin

	
–

	
0.47 ± 0.1

	




	
Midecamycin

	
–

	
1.24 ± 0.4

	




	
Clarythromycin

	
21.3 ± 3.3

	
21.5 ± 0.2

	
0.9




	
Josamycin

	
13.8 ± 7.3

	
13.5 ± 0.7

	
2.4








*—< LOD.
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Table 4. Tentative identification of macrolides in municipal wastewater by HPLC-MS/MS in PrecIS mode and HPLC-HRMS.
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	No *
	tR, min
	[M + H]+

m/z
	Elemental

Composition
	Tentative

Identification
	Estimated

Level, ng L−1





	1
	5.40
	606.3848
	C30H55O11N
	3-O-Decladinosyl-14-hydroxycalrithromycin
	16.2 ± 2.4



	2
	5.50
	749.5151
	C38H72O12N2
	Azithromycin
	1220 ± 160



	3
	6.68
	590.3899
	C30H55O10N
	3-O-Decladinosyl-calrithromycin
	13.1 ± 0.7



	4
	6.81
	860.4645
	C42H69O17N
	Dihydroxyjosamycin
	21.5 ± 6.0



	5
	6.97
	782.4896
	C38H71O15N
	Clarithromycin derivative

(PubChem CID 139596847)
	11.3 ± 3.3



	6
	7.13
	748.4842
	C38H69O13N
	Methylerythromycin
	13.5 ± 2.7



	7
	7.14
	766.4948
	C38H71O14N
	10-Hydroxy-4′-(2-hydroxyethylmethylamino)-erythromycin
	11.0 ± 4.6



	8
	7.40
	764.4793
	C38H69O14N
	14-Hydroxyclarithromycin
	47.0 ± 0.9



	9
	7.52
	764.4793
	C38H69O14N
	Hydroxyclarithromycin
	9.8 ± 2.4



	10
	7.92
	844.4693
	C42H69O16N
	Hydroxyjosamycin
	19.2 ± 9.1



	11
	8.13
	716.4580
	C37H65O12N
	Anhydroerythromycin
	7.5 ± 1.0



	12
	8.43
	748.4842
	C38H69O13N
	Clarithromycin
	21.3 ± 3.3



	13
	8.82
	828.4740
	C42H69O15N
	Josamycin
	13.8 ± 7.3



	14
	8.94
	734.4689
	C37H67O13N
	Pseudo-erythromycin A-6,9-hemiketal
	8.8 ± 0.6



	15
	9.06
	892.4538
	C42H69O19N
	Tetrahydroxyjosamycin
	3.6 ± 2.1



	16
	9.36
	672.4319
	C35H61O11N
	12-Allyloxy-3-O-decladinosyl-calrithromycin
	12.4 ± 0.1



	17
	10.30
	948.4801
	C45H73O20N
	Josamycin derivative
	6.5 ± 0.7







*—corresponds to the peak numbers on the chromatogram (Figure 4).
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