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Abstract

:

Compared to other countries in the Middle East and North Africa region, Lebanon is considered the richest in water resources. However, due to inadequate water management, Lebanese water resources are under stress. Previous studies in Lebanon were mainly focused on heavy metals and microbiological analysis. Following the increase in cancer rates in Lebanon, the occurrence of six anticancer drugs estimated to be the most administered in Lebanon was assessed in samples collected from wastewater treatment plants (WWTPs), sewage outfalls, and surface water. Two SPE–LC–MS/MS methods were developed and validated for the detection of the selected anticancer drugs with LOD values ranging between 0.1 and 0.9 ng/L and LOQ values ranging between 0.3 and 2.8 ng/L. Three anticancer drugs were detected using this technique, 5-fluorouracil, methotrexate, and cyclophosphamide, with an overall concentration range of 1 to 305 ng/L. The detection of these drugs in WWTP effluents, sewage outfalls, and rivers confirmed the weaknesses prevailing in the management of wastewater and the treatment technologies adopted by the few operational WWTPs in Lebanon.
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1. Introduction


1.1. Background


Although pharmaceuticals are essential for the survival of humankind and improvement of the quality of life, they actually represent an environmental threat. They are considered among the most critical emerging contaminants of the aquatic environment, with major concerns [1,2]. The upsurge in the production and consumption of pharmaceuticals in the last decade was due to the evolution of research and development, the growth of the world population, the improvement of life expectancy, and the ease of accessibility to healthcare and pharmaceuticals [3,4]. Since wastewater treatment plants (WWTPs) are not able to keep up with the production of pharmaceuticals, the complete removal of metabolites and parent compounds from domestic and hospital wastewater is still not achievable, making it the primary source of pharmaceuticals in the environment. Secondary sources include the manufacturing industry, agricultural activities, aquaculture, and veterinary practices [5].



The evolution of analytical techniques and increasing awareness of the potential adverse effects emerging from pharmaceutical contamination has led to the detection of several therapeutic groups in the aquatic environment. Yet monitoring programs still focus on conventional target pollutants while overlooking numerous emerging substances that can have environmental impacts, including anticancer drugs. Members of this pharmaceutical class, more precisely cyclophosphamide, daunorubicin, doxorubicin, fluorouracil, and mycophenolic acid, were considered substances of concern by the Joint Research Centre (JRC) and were listed in the priority three category to be included in the 4th EU Watch List. However, due to the lack of information on analytical methods and missing predicted no-effect concentration (PNEC) values, these compounds were not included in the most recent Watch List [6,7].




1.2. Lebanon Case


Lebanon is a Middle Eastern country bounded by the Mediterranean Sea, with a coastline length of about 225 km. Despite its small area (10,452 km2), Lebanon is privileged with plentiful water resources [8]. These consist of rivers, springs, groundwater, snow cover, lakes, reservoirs, and wetlands, with a flow ranging between 2000 and 2700 million m3 per year [9]. These water resources are affected by several environmental stresses, which have deteriorated their quality. These stresses originate from human activities and have previously resulted in numerous waterborne disease outbreaks, such as cholera, typhoid fever, shigella infection, and hepatitis A & E [10]. In fact, only 8% of the total national wastewater generated is connected to WWTPs and is treated before discharge. The rest goes into septic tanks or is directly released into the environment without any treatment. In addition, more than 53 sewage outfalls covering the Lebanese coastline, accounting for approximately 65% of the total sewage, are directly discharged into the sea [11,12,13,14,15].



As a result, water resources are mainly contaminated by untreated sewage from households and industry, in addition to agricultural runoff, dumpsite leachate, and recreational activities [16]. These factors have drawn the attention of many researchers to evaluate the quality of Lebanese water resources, especially in terms of heavy metals and bacterial contamination. Regarding pharmaceutical contamination, only three studies were retrieved from the literature that assessed their presence in Lebanese surface water [17,18,19]. As shown in Table 1, mainly antibiotic analysis was conducted with concentrations reaching 4100 ng/L in river samples. The evaluation of other drug classes was limited in number and sampling locations (Kadicha River and Jeita Spring). Five pharmaceuticals were detected, including acetaminophen, carbamazepine, atenolol, caffeine, and diclofenac, with concentrations reaching 10,234 ng/L.



The scarcity of studies available in the literature that investigate the occurrence of pharmaceuticals in the Lebanese aquatic environment, in addition to the progressive increase of cancer incidence rates in Lebanon [20], were the motives to conduct this research. The aim of this study was to understand the fate of anticancer drugs in the aquatic environment by (1) optimizing two SPE methods and (2) developing and validating an LC–MS/MS method for the detection of 5-fluorouracil, gemcitabine, methotrexate, cyclophosphamide, tamoxifen, and docetaxel in WWTP, sewage outfall, and river samples from different locations in Lebanon.





2. Materials and Methods


2.1. Materials and Instrumentations


The analytical standards cyclophosphamide (≥98%), tamoxifen (≥98%), and 5-fluorouracil (≥99%) and the European Pharmacopoeia Reference Standards gemcitabine hydrochloride, docetaxel trihydrate, and methotrexate were purchased from Sigma-Aldrich (Gillingham, UK). Isotopically labelled caffeine, 13C3-caffeine (99-atom % 13C), used as internal standard in a methanol solution of 1 mg/mL, and formic acid for LC–MS (98–100%) were supplied by Sigma-Aldrich (Gillingham, UK). LC–MS grade water, methanol, and acetonitrile were obtained from VWR Chemicals (Lutterworth, UK).



All of the analytical experiments were performed on an Agilent 1260 Infinity coupled with a 6430 Triple Quad LC/MS. The LC column used for the analytical method was a Kinetex 2.6 µm Phenyl-Hexyl (100 × 3 mm) column from Phenomenex (Macclesfield, UK). The column was protected with a Phenomenex SecurityGuard ULTRA Holder with a suitable Phenyl 3 mm cartridge.



For the Solid-Phase Extraction (SPE) procedure, the SPEware Cerex 48 Sample Concentrator Positive Pressure Manifold was adopted. The SPE cartridges utilized were Isolute ENV+ (1 g/6 mL) from Biotage (Hengoed, UK) and Oasis HLB (60 mg/3 mL) from Waters (Wilmslow, UK). Two filter types for sample preparation were obtained from Sigma-Aldrich (Gillingham, UK): Whatman glass microfiber filters (GF/C—125 mm) and MF-Millipore membrane syringe filters (mixed cellulose esters membrane—0.45 µm).




2.2. Health and Safety Considerations


Strict handling procedures were applied to prevent occupational exposure to anticancer drugs and environmental samples. All of the solutions were prepared in a Class II microbiological biosafety cabinet, and the bench was constantly covered with a chemotherapy absorbent mat to avoid contamination in case of a spill. Moreover, complete personal protective equipment was worn at all times in the laboratory.



All materials that came into contact with the compounds, in addition to liquid waste, were adequately labelled and securely disposed of in appropriate containers and waste bins.




2.3. Stock Solutions Preparation


5-Fluorouracil, gemcitabine, and cyclophosphamide were dissolved in water; methotrexate was dissolved in water and methanol (50:50); and tamoxifen and docetaxel were dissolved in methanol. Working solutions of each compound were adjusted to a concentration of 600 ng/mL and were further diluted to obtain a mixture solution of 100 ng/mL. To achieve the concentration needed, stock solutions were diluted to volume with water. For the internal standard, 13C3-caffeine, 6 µL was pipetted from the stock solution and diluted to 10 mL volume with water for a final concentration of 600 ng/mL. Working solutions were properly labelled and securely stored at 4 °C.




2.4. LC–MS/MS Method Development


The separation of the selected anticancer drugs was optimized on the LC–MS/MS system to identify a suitable column and mobile phase composition. Additional parameters were optimized, such as the column temperature, the choice of product ions, the ion source and its polarity, the collision energy, and the fragmentor voltage. Subsequently, the column efficiency (theoretical plate number), resolution, plate height, and asymmetry factor were calculated.




2.5. Solid-Phase Extraction Optimisation


Based on a previously conducted literature review [21], two SPE cartridges were selected for sample preparation and extraction of the compounds of interest: Isolute ENV+ (1 g/6 mL) and Oasis HLB (60 mg/3 mL). The parameters tested were: (1) filtration of the sample with the 0.45 µm and 1.22 µm filters; (2) pH of the sample: 4, 5, 6, and 7; (3) elution solvent: acetonitrile (100%), acetonitrile:water (95:5), methanol (100%), and methanol:water (95:5); (4) elution volume: 3, 6, 8, and 10 mL; (5) drying time for the Isolute ENV+ cartridge: 20 min and 2 h; and (6) breakthrough volume: 50, 100, and 200 mL.



To select the suitable conditions for each parameter, the obtained ratios of the compounds’ responses to the internal standard’s response (known as the response factor) were compared, and the conditions contributing to the best response were selected. Once all of the parameters were optimized, three samples were analyzed adopting the final developed method. Therefore, the percentage recovery was calculated for each compound by comparing the responses of three blank samples spiked with the compounds pre- and post-SPE, following the equation below:


  %   R e c o v e r y =   P e a k   A r e a   o f   P r e − S p i k e   P e a k   A r e a   o f   P o s t − S p i k e   × 100  












2.6. SPE–LC–MS/MS Method Validation


Considering that the SPE methods were efficient for the recovery of most of the compounds, method validation was carried out in compliance with ICH guidelines [22]. The parameters evaluated were specificity, linearity, range, accuracy, precision, and limits of detection and quantification, as well as robustness of the analytical method.




2.7. Matrix Effect


The matrix effect was examined in order to identify whether the environmental samples suppressed or enhanced the responses of the compounds of interest. To verify that the SPE methods were removing any potential interferences, six samples underwent extraction: three blanks and three wastewater influent samples post-spiked with standards at three concentrations (low = 10 ng/L, medium = 40 ng/L, and high = 70 ng/L) and their responses were compared. This is known as the post-extraction addition method, and the matrix effect was calculated following the equation below:


  %   M E =     P A   ( e x t r a c t )       P A   ( n e a t b l a n k )     × 100  








where PA(extract) = peak area of the compound post-spiked in the environmental sample, and PA(neat blank) = peak area of the compound post-spiked in the blank sample.




2.8. Method Application


The sampling period was between the 5th and 10th of January 2022. In total, 22 samples were collected covering all Lebanese regions, including 14 from rivers, 6 from WWTPs (3 influents and 3 effluents), and 2 from sewage outfalls to the sea. Sample bottles were soaked and washed with 5% nitric acid and triple rinsed with the sample water before collection.



Upon reaching the laboratory, the samples were filtered through 0.45 µm syringe filters and stored in the freezer at −27 °C until further preparation and analysis. The analysis of the samples was carried out by adopting the developed and validated SPE and LC–MS/MS methods. Nevertheless, to avoid any instrumental drift, a calibration curve was run before every sample analysis. In addition, quality control measures were run throughout the analysis at regular intervals, followed by two instrumental blank washes.




2.9. Analysis


The LC–MS/MS was operated by Agilent Masshunter Workstation Software. It was controlled by the LC–MS Data Acquisition system (version B.04.01), and the analytical data were obtained from the Qualitative Analysis system (version B.04.00). The Optimizer program was also operated through the same software (version B.04.01). All data analysis and calculations were completed in Microsoft Excel for Microsoft 365 MSO (version 2208 Build 16.0.15601.20148).





3. Results and Discussion


3.1. LC–MS/MS Method Development


Different columns were evaluated for their ability to separate the tested compounds, including the Spherisorb S5CN, Aqua C18, Prodigy 5ODS, and Luna Omega Polar C18 columns. Yet these columns demonstrated poor separation quality mainly for the two hydrophilic compounds, 5-fluorouracil and gemcitabine, which were not retained on the stationary phase and eluted at the solvent front. Greater retention and separation of all compounds were achieved using the Kinetex 2.6 µm Phenyl-Hexyl column (100 × 3 mm); hence, it was selected for the subsequent experiments.



Considering the different physicochemical properties of the selected anticancer drugs, gradient elution was preferred to isocratic elution. The suitability of a binary mobile phase was examined at a flow rate of 0.4 mL/min using (A) water with 0.1% formic acid and (B) methanol:acetonitrile (75:25) with 0.1% formic acid. Additionally, the column temperature was increased to 40 °C and the final run time was 12 min. The chromatographic parameters for the separation of the selected anticancer drugs and the internal standard are presented in Table 2.



Since this analytical method allowed the detection and characterization of analytes based on their molecular mass determination and mass spectra fragmentation [23], it was essential to identify the fragment ions of each compound and other associated parameters to achieve improved sensitivity. The optimization of the LC–MS/MS method parameters was completed using the Optimizer program. Each compound was separately injected by standard injection into the MS system via a loop. The same method was run in both polarities (negative and positive) using the electrospray ionization (ESI) technique.



After analysis, the report produced by the Optimizer program allowed the procurement of essential parameters required for detection by mass spectrometry, including the polarity of the ion source, the precursor ions, the fragmentor voltage, the product ions, their abundance, and the collision energy. Usually in the ionization process, the target compound becomes charged by losing or gaining atoms and electrons. The formation of the charged precursor ions, known as adducts, can be in the form of protonated [M + H]+ or deprotonated [M − H]− molecules or other adduct ions, such as [M + Na]+ [24,25,26]. Here, all of the selected compounds were ionized in positive mode and formed protonated molecules, except for docetaxel, which formed a sodium adduct that was probably influenced by the properties of the mobile phase [24]. The precursor ions were then fragmented into four product ions for each compound and three for docetaxel. The precursor ion and the most abundant fragment ion were chosen for selective quantification of the compound of interest. The second most abundant product ion was only selected for confirmation purposes.



The MRM acquisition parameters are presented in Table 3. The default source parameters of the mass spectrometer were set, as follows: the gas temperature was 350 °C with a flow rate of 13 L/min, the nebulizer pressure was set at 50 psi, and the capillary voltage was set at 4000 V. Moreover, the electron multiplier was set at ΔEMV = 400 V.



As a result of the method development, the chromatogram below (Figure 1) showed the separation of the six anticancer drugs and the isotopically labelled internal standard. The compounds eluted as follows: 5-fluorouracil, gemcitabine, methotrexate, 13C3-caffeine, cyclophosphamide, tamoxifen, and docetaxel.




3.2. System Suitability


The system suitability parameters of the LC–MS/MS method were tested and are presented in Table 4. The results ranged within the established acceptance criteria, except for some instances. The column efficiency for 5-fluorouracil and gemcitabine was below 2000, possibly due to the short retention times of both compounds and the moderate increase in the peak width attributed to the nature of the mobile phase. Moreover, tailing was observed in the obtained chromatographic peaks, as the asymmetry factors were not below two. Tailing could affect the separation of the compounds, hence compromising the resolution. However, good resolution (>1.5) was achieved for all of the compounds, which meant that the chromatographic separation was satisfactory for quantitative analysis [27,28,29,30]. Considering the diversity of the tested compounds, the accomplished separation by the developed method was deemed acceptable and adequate for the intended analysis.



Nevertheless, more critical parameters were considered when using LC–MS/MS equipment to maintain accurate and reproducible analytical measurements. Commonly, these devices are more susceptible to having inconsistent or drifting responses due to their low limits of detection [31]. Therefore, additional system suitability parameters were controlled on the LC–MS/MS system, including signal stability, response, and carry-over. To achieve this, the instrument’s performance was evaluated before, during, and at the end of every batch by: (1) carrying out automatic check-tunes before every analysis to ensure that the required sensitivity was maintained. In case the check-tune failed, auto-tuning was conducted to readjust the resolution; (2) allowing the equipment sufficient time to equilibrate. This was achieved by injecting blank samples spiked with a constant concentration of the internal standard and starting the analysis only when achieving a consistent signal for the standard; (3) checking that no carry-over was detected in the blank injections; (4) introducing quality control checks at constant intervals during a batch analysis to review the signal stability and consistency of the response; (5) injecting blank samples after QC runs to check for any carry-over; (6) monitoring the signal of the internal standard (spiked at the same concentration in all samples) throughout the analysis to detect any significant drop in the instrumental response; and (7) troubleshooting the instrument before re-initiating the batch if a failure of any of the stated parameters was identified.




3.3. Solid-Phase Extraction Optimization


Two SPE methods were optimized for the extraction of the selected anticancer drugs: Oasis HLB was used for the extraction of methotrexate, cyclophosphamide, tamoxifen, and docetaxel, and the cartridge Isolute ENV+, which is more efficient for the extraction of polar analytes, was utilized for the extraction of 5-fluorouracil and gemcitabine. The preliminary methods generated in previous studies were adopted [32,33,34,35,36,37,38,39,40,41,42,43]; however, the optimization of some parameters was essential to improve the recoveries of the tested compounds when in a mixture and ensure that the methods were well adapted to the equipment used. The tested parameters included the effects of sample filtration and pH, the nature of the elution solvent and its volume, the time required for drying the cartridges, and the breakthrough volume of each cartridge. The isotopically labelled caffeine standard was added post-extraction to resolve any instrumental variations.



Taking into consideration all of the parameters optimized for each cartridge, the percentage of recovery of the selected compounds was calculated by comparing the responses of the standard when spiked before and after extraction. The outcomes are presented in Table 5. The optimized SPE methods enabled efficient extraction and satisfactory recovery of the tested anticancer drugs, with recovery percentages ranging between 40% and 104%. The low recovery rates of tamoxifen and docetaxel were similar to those achieved in previous studies [44,45,46,47,48]. This could have been due to the high hydrophobicity of these two compounds, which led to high affinity for the sorbent and negatively affected the desorption process [49]. This might be resolved by using an elution solvent with a stronger eluent strength. Moreover, a recovery slightly higher than 100% was observed for cyclophosphamide, indicating a positive error. This could have been due to contamination from materials released from the SPE cartridges that coeluted with cyclophosphamide or other experimental (e.g., volume spiked) or analytical errors (e.g., background noise).



Accordingly, as the recoveries were considered acceptable for the intended analysis, the final methods of both SPE cartridges were generated as follows:




	(1)

	
Oasis HLB cartridge for the extraction of methotrexate, cyclophosphamide, tamoxifen, and docetaxel:




	
Conditioning: 3 mL methanol



	
Equilibrating: 3 mL water (pH 5)



	
Sample loading: 50 mL (pH 5)



	
Washing: 3 mL water (pH 5)



	
Drying: 20 min



	
Soaking and eluting: 3 mL methanol (soaking for 5 min before eluting)



	
Reconstituting: 495 µL methanol and 5 µL internal standard (600 ng/mL)









	(2)

	
Isolute ENV+ cartridge for the extraction of 5-fluorouracil and gemcitabine:




	
Conditioning: 3 mL × 2 methanol



	
Equilibrating: 3 mL × 2 water (pH 5)



	
Sample loading: 50 mL (pH 5)



	
Washing: 3 mL × 2 water (pH 5)



	
Drying: 2 h



	
Soaking and eluting: 3 mL × 2 methanol (soaking for 5 min before eluting)



	
Reconstituting: 495 µL water and 5 µL internal standard (600 ng/mL)















3.4. SPE–LC–MS/MS Method Validation


The methods were tested for their linearity, accuracy, precision, and limits of detection and quantification (Table 6). The linearity was checked over the estimated range of 5 to 100 ng/L. Acceptable regression coefficients were obtained for all of the compounds with R2 values higher than 0.995, except for tamoxifen, which was probably due to its low recovery leading to inconsistency in the results. The accuracy and precision were measured from QC samples set at 10, 40, and 70 ng/L for 5-fluorouracil, gemcitabine, methotrexate, cyclophosphamide, and docetaxel and 10, 40, and 85 ng/L for tamoxifen. The overall accuracy of the methods ranged between 100.3% and 108.6%, and precision was between 1.3% and 3.7%; thus, they were in good agreement with the proposed criteria. The limits of detection and quantification were based on the standard deviation of the background responses of ten blank samples. The limit of detection ranged between 0.1 and 0.9 ng/L, and the limit of quantification ranged between 0.3 and 2.8 ng/L. Previous studies reported LOD and LOQ values in the range of 0.00002 and 200 ng/L [50,51]; hence, the developed methods provided satisfactory sensitivity. Finally, the proposed methods demonstrated robustness, as slight and deliberate variations in the mobile phase composition, temperature, and flow rate did not significantly affect the responses of the compounds nor the reliability of the results [52].




3.5. Matrix Effect


The specificity of the developed analytical method was assessed by evaluating the matrix effect. Environmental samples could potentially contain organic and/or inorganic molecules that could co-elute and interfere with the analyzed compounds during the ionization process, thus reducing or enhancing their responses’ intensity. Although these matrix components are not detected, they could adversely affect the sensitivity of the method [53,54,55]. Considering the high variability in the occurrence of co-eluting compounds depending on the nature of the sample [54], the matrix effect was predicted from influent WWTP samples since they represented the worst possible matrix conditions among the collected samples.



The matrix effect was calculated for each compound at three different concentrations, and the results are presented in Table 7. In theory, values of 100% suggested no matrix effect was observed. Values higher than 100% indicated an ionization enhancement, and values lower than 100% indicated an ionization suppression. In this case, the findings fluctuated between the different compounds and ranged from weak (>51%), to medium (21–50%), to strong matrix effects (<20%) [56], though showing, in general, a signal suppression.



To achieve accurate results, matrix effects should be entirely eliminated. However, it is generally agreed upon that this cannot be experimentally accomplished due to the extreme variation of matrices. Therefore, additional effort was required to reduce these effects as much as possible. This could be achieved by lowering the matrix compounds in the samples (e.g., improving sample preparation, modifying chromatographic conditions) and by compensating for the matrix effects with analytical calibration methods (e.g., matrix-matched external standard calibration, internal standard calibration, standard addition calibration) [57].



In the case of sample preparation, filtration and SPE were formerly adopted and seemed to provide moderate selectivity to reduce the matrix effect. Nevertheless, to overcome the loss of signal, an isotopically labelled internal standard was added to the calibration standards and samples at the same concentration. This method could enable matrix effect compensation as well as instrumental drift compensation throughout the analysis [57]. Since obtaining structural analogs of the selected compounds or several isotopically labelled standards was restricted by their availabilities and high costs, using a single labelled internal standard was preferred. As shown in the results in Table 7, it appeared that the 13C3-caffeine internal standard was affected by the matrix in the same way as the target compounds and approximately to the same extent, which was recommended for matrix effect compensation [58]. Therefore, 13C3-caffeine proved to be a reasonable alternative to recover the signal suppression for all of the compounds; thus, the matrix could account for up to 30% of suppression.




3.6. Method Application


The occurrence of the selected anticancer drugs was assessed in Lebanese water samples collected from 22 different locations by adopting the developed and validated method. Considering the high complexity of the matrices, especially in wastewater samples, it was expected that some interfering peaks would be detected at the same or close to the retention times of the target analytes [56]. Moreover, as different matrices could contain different interferences, the extraction technique could not be specific to all of the tested matrices and remove all interferences [57]. Therefore, to avoid false-positive detection, additional criteria were applied for confirmation: (1) the retention time shift should not be higher than ± 0.5 min; (2) both quantitative and confirmation ions should be detected at the same retention time; and (3) the ratio between the quantitative and confirmation ions (SRM1/SRM2) should not deviate by more than ± 20% in surface water and ± 50% in wastewater, as higher variation was estimated in more complex matrices [35,59,60,61,62].



As a result, the concentrations of the detected anticancer drugs were determined from standard calibration curves and are presented in Table 8. Three out of the six selected anticancer drugs were detected mainly in wastewater samples, except for 5-fluorouracil, which was also detected in two rivers at low concentrations. It was noticed that in some cases, the concentrations detected in effluent samples were higher than those detected in influent samples, as they could correspond to different wastewater collection dates.



Lebanese water resources have been chronically suffering from mismanagement and severe pollution from untreated sewage [8]. In fact, a report by Ali Karnib in 2016 revealed that 58.54% of the population was connected to sewerage systems. The rest of the population used on-site sanitation (e.g., septic tanks, pit latrines) or discharged the untreated wastewater into streams. Moreover, results showed that only 11.65% of the population in the North of Lebanon and only 6.87% of the population in Beirut and Mount Lebanon were connected to safely managed wastewater collection systems. Hence, almost 90% of the generated wastewater was discharged without any treatment into the aquatic environment, including rivers and coastal outfalls [63,64]. This could explain the occurrence of 5-fluorouracil in the Awali and Damour Rivers since previous studies demonstrated excessive fecal coliform contamination, thus confirming the discharge of raw sewage in these rivers [65,66]. Furthermore, the detection of 5-fluorouracil, methotrexate, and cyclophosphamide in influent as well as effluent and coastal sewage outfalls validated the current non-operational conditions of WWTPs in Lebanon [64].



The results obtained in this analysis were comparable with those of previous studies evaluating the occurrence of anticancer drugs in the aquatic environment (Table 9). For 5-fluorouracil, high concentrations were detected in hospital wastewater samples ranging between 27 and 4000 ng/L in Switzerland and France [33,37]. However, lower concentrations were obtained in WWTP influents as opposed to the concentrations found in Lebanon. The levels of 5-fluorouracil in wastewater influent samples ranged between 3.1 and 14 ng/L in Spain and Slovenia [35,41] and it was never detected in wastewater effluent nor surface water in any country.



Regarding methotrexate and cyclophosphamide, previous research achieved similar ranges of concentrations in wastewater influent and effluent samples [21], except for a few cases where higher concentrations were identified. For instance, methotrexate concentrations reached 303 and 433 ng/L in WWTP influents in Slovenia and Greece, respectively [35,67], and cyclophosphamide was detected at concentrations up to 13,100 ng/L in Spain [61].





[image: Table] 





Table 9. Previously reported 5-fluorouracil, methotrexate, and cyclophosphamide concentrations in environmental and wastewater samples.






Table 9. Previously reported 5-fluorouracil, methotrexate, and cyclophosphamide concentrations in environmental and wastewater samples.





	
Compound

	
Sample Source

	
Concentration (ng/L)

	
Ref.






	
5-FU

	
Switzerland—Hospital WW

	
27

	
[33]




	
France—Hospital WW

	
90–4000

	
[37]




	
Slovenia—WWTP influent

	
3.1–14

	
[35,41]




	
Spain—WWTP influent

	
3.5

	
[35]




	
MET

	
Italy—WWTP effluent

	
12.6

	
[68]




	
China—Hospital WW

	
4–4689

	
[69]




	
China—WWTP influent

	
1.6–18.1

	
[70]




	
Spain—WWTP influent

	
2.1–20.1

	
[51]




	
Canada—WWTP influent

	
17–60

	
[71]




	
Canada—WWTP effluent

	
13–53

	
[71]




	
Spain—WWTP influent

	
7.3–55.8

	
[48]




	
Slovenia—WWTP influent

	
303

	
[35]




	
Greece—WWTP influent

	
433

	
[67]




	
CP

	
Italy—WWTP effluent

	
2.1–9.0

	
[68]




	
Switzerland—Surface water

	
0.05–0.17

	
[72]




	
China—Hospital WW

	
6–2000

	
[69]




	
Canada—WWTP influent

	
17–22

	
[71]




	
Canada—WWTP effluent

	
18–21

	
[71]




	
Spain—WWTP influent

	
13,100

	
[61]









Although variations in concentrations were observed in different countries, these were expected as the levels of an analyte in the aquatic environment could be affected by several parameters. These include the consumption rate of the anticancer drug, population served by the WWTP, and type of treatment adopted in the operational plant [67], in addition to further variability factors such as the sample source, seasonal variability, and method sensitivity [21].





4. Conclusions


In summary, two SPE–LC–MS/MS methodologies were developed and validated in compliance with the ICH guidelines for the detection of six anticancer drugs in Lebanese wastewater and surface water. Three anticancer drugs were detected, 5-fluorouracil, methotrexate, and cyclophosphamide, in water samples collected between the 5th and 10th of January 2022. By detecting these anticancer drugs in effluent wastewater samples as well as river samples, this study reinforced previous research related to surface water pollution and contamination by raw sewage in addition to the mismanagement of wastewater and unsatisfactory treatment technologies adopted by the few operational WWTPs in Lebanon.



At the levels detected, these drugs alone would not cause any significant effects to the aquatic biota, except for 5-fluorouracil, for which adverse effects were reported in several instances at concentrations in the range of ng/L, including DNA damage, modification of enzymatic activities, and swimming behavior [73]. Nevertheless, the continuous discharge of untreated wastewater that contains recalcitrant compounds such as anticancer drugs can have a significant environmental impact. In developing countries such as Lebanon, waste management is often disregarded [74]. Indeed, if no stringent actions are taken, this can gradually lead to the deterioration of water resources, which affects the whole ecosystem and human health and extends to neighboring countries.



Finally, the results presented in this study offer scope for future research, such as the study of seasonal and geographical variability in correlation with the consumption rates of the selected anticancer drugs in Lebanon, in order to eliminate inaccuracies caused by these factors and reliably estimate the total concentration of anticancer drugs in the aquatic environment.
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Figure 1. LC–MS/MS chromatogram showing the separation of the selected anticancer drugs with the internal standard (5-fluorouracil: dark green, gemcitabine: red, methotrexate: purple, 13C3-caffeine: light blue, cyclophosphamide: light green, tamoxifen: brown, and docetaxel: dark blue). 
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Table 1. Concentration levels of pharmaceuticals in Lebanese environmental water samples.
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Compound

	
Concentration Range (ng/L)

	
Reference






	
Analgesic

	
Acetaminophen

	
n.d.–242

	
[17]




	
Antibiotic

	
Macrolide

	
n.d.–2806

	
[19]




	
Fluoroquinolone

	
n.d.–190

	
[17,19]




	
Tetracycline

	
n.d.

	
[19]




	
Rifamycin

	
n.d.–542

	
[19]




	
Sulfonamide

	
n.d.–4100

	
[17,19]




	
Trimethoprim

	
n.d.

	
[19]




	
Anticonvulsant

	
Carbamazepine

	
n.d.–290

	
[17,18]




	
Benzodiazepine

	
Diazepam

	
n.d.

	
[17]




	
Lorazepam

	
n.d.

	
[17]




	
β-Blocker

	
Atenolol

	
n.d.–93

	
[17]




	
Propranolol

	
n.d.

	
[17]




	
CNS Stimulant

	
Caffeine

	
1–10,234

	
[19]




	
Mucolytic

	
Bromhexine

	
n.d.

	
[19]




	
Narcotic

	
Codeine

	
n.d.

	
[17]




	
Norbuprenorphine

	
n.d.

	
[17]




	
NSAID

	
Diclofenac

	
n.d.–1055

	
[17]




	
Ibuprofen

	
n.d.

	
[17]




	
Ketoprofen

	
n.d.

	
[17]




	
SNRI

	
Venlafaxine

	
n.d.

	
[17]




	
Statin

	
Pravastatin

	
n.d.

	
[17]
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Table 2. LC parameters for the separation of the selected anticancer drugs and the internal standard.
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LC Parameters






	
Column

	
Kinetex 2.6 µm Phenyl-Hexyl (100 × 3 mm)




	
Temperature

	
40 °C




	
Flow rate

	
0.4 mL/min




	
Injection volume

	
10 µL




	
Run time

	
12 min




	
Mobile phase timetable

	
Time

	
% (A)

	
% (B)




	
0

	
100

	
0




	
2

	
100

	
0




	
4

	
25

	
75




	
8

	
5

	
95




	
8.5

	
5

	
95




	
8.6

	
100

	
0




	
12

	
100

	
0
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Table 3. Optimized MRM parameters for the selected anticancer drugs and internal standard.
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Compound

	
Precursor Ion

	
Fragmentor (V)

	
Product Ions

	
Collision Energy (eV)

	
Dwell Time (ms)






	
5-Fluorouracil

	
131.01

	
99

	
114

	
13

	
100




	
58.1

	
29




	
Gemcitabine

	
264.08

	
99

	
112.1

	
17

	
100




	
95.1

	
40




	
Methotrexate

	
455.18

	
118

	
308.3

	
17

	
50




	
175

	
40




	
Cyclophosphamide

	
261.03

	
99

	
140

	
21

	
50




	
63.1

	
40




	
Tamoxifen

	
372.23

	
137

	
72.2

	
25

	
50




	
70.2

	
40




	
Docetaxel

	
830.34

	
137

	
549.3

	
21

	
100




	
304.3

	
21




	
13C3-Caffeine

	
198.1

	
99

	
140

	
17

	
50




	
112.1

	
25
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Table 4. System suitability parameters of the developed LC–MS/MS method.






Table 4. System suitability parameters of the developed LC–MS/MS method.





	
Compound

	
Retention Time (min)

	
Column Efficiency

	
Plate Height (cm)

	
Asymmetry

	
Resolution






	
5-FU

	
1.8

	
1886

	
5.30 × 10−3

	
2

	
1.78

16.22

2.00

3.67

2.67

3.70




	
GEM

	
2.2

	
1672

	
6.00 × 10−3

	
1.5




	
MET

	
5.6

	
18,496

	
5.41 × 10−4

	
2




	
13C3-CAF

	
5.9

	
20,736

	
4.82 × 10−4

	
2




	
CP

	
6.5

	
33,367

	
2.99 × 10−4

	
2




	
TAM

	
6.9

	
37,378

	
2.68 × 10−4

	
3




	
DOC

	
7.4

	
43,820

	
2.28 × 10−4

	
1.3
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Table 5. Recovery percentages of the selected anticancer drugs after extraction with the optimized SPE methods.
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Compound

	
5-FU

	
GEM

	
MET

	
CP

	
TAM

	
DOC






	
Pre-spike response

	
3761

	
92,219

	
25,576

	
9046

	
238,716

	
2025




	
3450

	
103,297

	
25,608

	
8163

	
222,362

	
2183




	
3299

	
94,225

	
24,214

	
8339

	
221,330

	
1984




	
Post-spike response

	
4036

	
97,417

	
26,175

	
8324

	
566,720

	
3485




	
3277

	
126,620

	
26,419

	
8039

	
584,059

	
3499




	
3438

	
111,605

	
25,288

	
8092

	
557,580

	
3679




	
%Recovery

	
98.14

	
86.89

	
96.80

	
104.42

	
39.96

	
58.14




	
±SD

	
6.34

	
6.88

	
0.99

	
3.76

	
2.04

	
4.23
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Table 6. Validation parameters of the developed SPE–LC–MS/MS methods.
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	Compound
	Range (ng/L)
	Regression Coefficient (R2)
	Accuracy (%) (±SD)
	Interday Precision (%) (±SD)
	Intraday Precision (%) (±SD)
	LOD (ng/L)
	LOQ (ng/L)





	5-FU
	5–100
	0.9975
	100.3 (±7.74)
	3.7 (±0.94)
	2.7 (±1.09)
	0.9
	2.8



	GEM
	5–100
	0.9994
	101.5 (±2.90)
	1.3 (±0.82)
	2.1 (±1.23)
	0.3
	1.0



	MET
	5–100
	0.9994
	104.0 (±2.11)
	2.6 (±0.37)
	2.4 (±1.24)
	0.4
	1.1



	CP
	5–100
	0.9997
	101.7 (±2.70)
	3.3 (±0.87)
	3.0 (±0.87)
	0.4
	1.1



	TAM
	5–100
	0.9943
	100.7 (±8.53)
	2.6 (±0.56)
	2.5 (±1.62)
	0.1
	0.3



	DOC
	5–100
	0.9983
	108.6 (±2.08)
	2.9 (±1.65)
	2.8 (±1.36)
	0.3
	0.8
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Table 7. Calculated matrix effect on the signal of the selected anticancer drugs and correction of the matrix effect by the internal standard.
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Compound

	
Matrix Effect (%) (±SD)

	
IS Corrected Matrix Effect (%) (±SD)






	
5-FU

	
L: 32 (±10)

	
Suppression

	
L: 62 (±15)

	
Suppression




	
M: 39 (±4)

	
Suppression

	
M: 84 (±12)

	
Suppression




	
H: 34 (±18)

	
Suppression

	
H: 64 (±37)

	
Suppression




	
GEM

	
L: 81 (±6)

	
Suppression

	
L: 161 (±13)

	
Enhancement




	
M: 81 (±19)

	
Suppression

	
M: 177 (±38)

	
Enhancement




	
H: 72 (±16)

	
Suppression

	
H: 146 (±56)

	
Enhancement




	
MET

	
L: 153 (±24)

	
Enhancement

	
L: 344 (±80)

	
Enhancement




	
M: 95 (±2)

	
Suppression

	
M: 189 (±12)

	
Enhancement




	
H: 88 (±3)

	
Suppression

	
H: 166 (±5)

	
Enhancement




	
CP

	
L: 51 (±28)

	
Suppression

	
L: 112 (±68)

	
Enhancement




	
M: 41 (±4)

	
Suppression

	
M: 82 (±9)

	
Suppression




	
H: 40 (±2)

	
Suppression

	
H: 76 (±8)

	
Suppression




	
TAM

	
L: 51 (±2)

	
Suppression

	
L: 114 (±16)

	
Enhancement




	
M: 47 (±2)

	
Suppression

	
M: 93 (±7)

	
Suppression




	
H: 49 (±2)

	
Suppression

	
H: 92 (±9)

	
Suppression




	
DOC

	
L: 17 (±2)

	
Suppression

	
L: 39 (±9)

	
Suppression




	
M: 16 (±1)

	
Suppression

	
M: 32 (±4)

	
Suppression




	
H: 16 (±2)

	
Suppression

	
H: 30 (±5)

	
Suppression




	
IS

	
Matrix Effect (%) (±SD)




	
13C3-CAF

	
L: 44 (±5)

	
Suppression




	
M: 51 (±3)

	
Suppression




	
H: 53 (±3)

	
Suppression
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Table 8. Concentration levels of the selected anticancer drugs in Lebanese environmental samples.






Table 8. Concentration levels of the selected anticancer drugs in Lebanese environmental samples.





	
Sample Location

	
Concentration (ng/L) (±SD)




	
5-FU

	
GEM

	
MET

	
CP

	
TAM

	
DOC






	
Antelias River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Al Kalb River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Zahrani River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Hasbani River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Litani River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Wazzani River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Awali River

	
8 ± 3

	
<lod

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Damour River

	
3 ± 1

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Orontes River

	
<loq

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Al Bared River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Ibrahim River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Al Jawz River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Ostouene River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Abou Ali River

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
WWTP Joub Jannine Influent

	
211 ± 41 *

	
n.d

	
n.d.

	
3 ± 2

	
n.d.

	
n.d.




	
WWTP Joub Jannine Effluent

	
15 ± 2

	
<lod

	
15 ± 3

	
1.4 ± 1

	
n.d.

	
n.d.




	
WWTP Saida Influent

	
118 ± 28 *

	
n.d.

	
20 ± 3

	
1.5 ± 1

	
n.d.

	
n.d.




	
WWTP Saida Effluent

	
128 ± 39 *

	
n.d.

	
21 ± 4

	
n.d.

	
n.d.

	
n.d.




	
WWTP Al Ghadir Influent

	
195 ± 59 *

	
n.d.

	
7 ± 2

	
4 ± 2

	
n.d.

	
n.d.




	
WWTP Al Ghadir Effluent

	
305 ± 95 *

	
n.d.

	
n.d.

	
12 ± 1

	
n.d.

	
n.d.




	
Ramlet Al Baida Outfall

	
6 ± 3

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Jiyeh Outfall

	
130 ± 30 *

	
n.d.

	
31 ± 3

	
2 ± 2

	
n.d.

	
n.d.








Notes: * Concentrations were higher than 100 ng/L; hence they were extrapolated from the calibration curve; n.d.: not detected.
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