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a b s t r a c t 

The presence of antibiotics in the aquatic environment is becoming one of the main research focus of sci- 

entists and policy makers. Proof of that is the inclusion of four antibiotics, amongst which is amoxicillin, 

in the EU Watch List (WL) (Decision 2020/1161/EU)) of substances for water monitoring. The accurate 

quantification of amoxicillin in water at the sub-ppb levels required by the WL is troublesome due to 

its physicochemical properties. In this work, the analytical challenges related to the determination of 

amoxicillin, and six related penicillins (ampicillin, cloxacillin, dicloxacillin, penicillin G, penicillin V and 

oxacillin), have been carefully addressed, including sample treatment, sample stability, chromatographic 

analysis and mass spectrometric detection by triple quadrupole. Given the low recoveries obtained us- 

ing different solid-phase extraction cartridges, we applied the direct injection of water samples using a 

reversed-phase chromatographic column that allowed working with 100% aqueous mobile phase. Matrix 

effects were evaluated and corrected using the isotopically labelled internal standard or correction factors 

based on signal suppression observed in the analysis of spiked samples. 

The methodology developed was satisfactorily validated at 50 and 500 ng L − 1 for the seven peni- 

cillins studied, and it was applied to different types of water matrices, revealing the presence of ampi- 

cillin in one surface water sample and cloxacillin in three effluent wastewater samples. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

According to the most recent report from the European Centre 

or Disease Prevention and Control [1] , the average consumption 

f antimicrobial drugs for systemic use in the European Union in 

019 was 18.0 defined as daily doses per 10 0 0 inhabitants per day.

fter consumption, antibiotics are excreted as metabolites and/or 

naltered compounds [ 2 , 3 ], and together with the high consump- 

ion of these compounds, it is not surprising that these com- 

ounds reach the aquatic environment through wastewater treat- 

ent plant (WWTP) discharges [4] . Thus, the investigation of an- 

ibiotic residues in water has become an important topic in envi- 

onmental science, including the analytical determination at trace 

evels (ng L − 1 or μg L − 1 ) [5–8] . Antibiotics are of special concern

ue to their potential to produce bacterial resistance [ 2 , 9 , 10 ]. In or-

er to obtain an accurate picture of their occurrence and potential 
∗ Corresponding author: 
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armful effects in the aquatic environment, highly sensitive analyt- 

cal methods that allow the detection, identification and quantifica- 

ion of antibiotics in environmental matrices are required [ 11–13 ]. 

The European Watch List (WL) of substances for Union-wide 

onitoring in the field of water policy has recently included four 

ntibiotics, namely ciprofloxacin, sulfamethoxazole, trimethoprim, 

nd amoxicillin [14] . The substances on this WL are selected be- 

ause the information available indicates that they may pose a sig- 

ificant risk to or via the aquatic environment, but monitoring data 

s still insufficient in order to reach a conclusion on their actual 

isk. While ciprofloxacin, sulfamethoxazole, trimethoprim are fre- 

uently included in multi-class methods for pharmaceuticals [ 15–

7 ], the highly polar amoxicillin normally requires different pro- 

edural and measurement conditions for its determination at low 

ub-ppb concentration levels. Amoxicillin ( Figure S1, Supplemen- 

ary Information ) is a β-lactam antibiotic drug belonging to peni- 

illins and it is considered as an essential medicine by the World 

ealth Organisation due to its pharmacological properties capa- 

le to treat pneumonia, pharyngitis, sepsis, sinusitis or bacterial 

eningitis [18] . The WL establishes a maximum acceptable detec- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ion limit for amoxicillin of 78 ng L − 1 in surface water sam- 

les, and recommends its determination by solid-phase extraction 

SPE) followed by liquid chromatography coupled to tandem mass 

pectrometry (LC-MS/MS) analysis [14] . Although several studies 

ave reported the determination of amoxicillin by SPE-LC-MS/MS 

n wastewater [ 5 , 19 , 20 ] and surface water [ 11 , 13 , 14 , 15 ], its high po-

arity implies difficulties to achieve its optimal extraction, leading 

o recoveries commonly below 70% [ 4 , 12 ], and even requiring the

se of HILIC columns for obtaining appropriate chromatographic 

etention [5] . 

The importance of amoxicillin, highlighted by its inclusion in 

wo consecutive EU Watch lists (2018 and 2020), and the difficul- 

ies associated to its determination, justify the development of up- 

ated analytical methodologies that meet the requirements of the 

U. In this study, specific analytical methodology has been devel- 

ped for the rapid and robust determination of amoxicillin in sur- 

ace water, together with another six related penicillin antibiotics 

ampicillin, cloxacillin, dicloxacillin, penicillin G, penicillin V and 

xacillin). Two methodologies, one based on SPE and another on 

he direct injection (DI), were studied using an ultra-high perfor- 

ance liquid chromatography (UHPLC)-MS/MS system with triple 

uadrupole mass analyser. The methodology was optimised in or- 

er to maximize sensitivity and chromatographic performance, and 

t was finally applied to surface water samples as well as to other 

ype of sample matrices, such as effluent wastewater and ground- 

ater. Additionally, a stability study of these compounds in surface 

ater was performed to evaluate sample storage and analyte sta- 

ility. 

. Materials and methods 

.1. Reagents and chemicals 

Seven penicillin antibiotics ( Figure S1, Supplementary In- 

ormation ) were selected (amoxicillin, ampicillin, cloxacillin, di- 

loxacillin, penicillin G, penicillin V and oxacillin), whose analytical 

tandards were purchased from LGC Standards (UK). Due to their 

resumable degradation in methanol solutions [21] , stock stan- 

ards were prepared in water:acetonitrile 25:75 (v:v). A mix so- 

ution containing the seven antibiotics selected was prepared at a 

oncentration level of 5 mg L − 1 . Working mixed solution and cal- 

bration curves were daily obtained by dilution of the stock mix 

ith Milli-Q water. Amoxicillin- 13 C 6 (isotopically-labelled internal 

tandard, ILIS) was purchased from LGC Standards. 

LC-MS grade water was obtained by purifying demineralized 

ater using a Milli-Q system from Millipore (Bedford, MA, USA). 

ethanol and acetonitrile (LC-MS grade), formic acid ( > 98%), am- 

onium acetate ( > 98%) and ammonium fluoride ( > 98%) were pur- 

hased from Scharlau (Scharlab, Barcelona, Spain). 

Different SPE cartridges purchased from Waters (Milford, USA) 

ere tested: Oasis HLB (60 mg and 150 mg), Oasis MCX (150 mg) 

nd Oasis MAX (150 mg). Syringe filters (13 mm and 0.22 μm) 

ested were made of nylon, PTFE hydrophobic and PTFE hy- 

rophilic. 

.2. Water samples 

For the optimization of the analytical methodology, five sur- 

ace water samples were collected from different sites of the 

astellon province (Spain): SW1 ( Séquia de l’Obra irrigation ditch; 

0.0199, 0.0034; Castelló de la Plana), SW2 ( Clot de la Mare de 

éu ; 39.8710, −0.0595; Burriana), SW3 ( Estany de Nules ; 39.8330, 

0.10 6 6; Nules), SW4 ( Estany d’Almenara ; 39.7516, −0.1942; Alme- 

ara), and SW5 ( Millars River; 39.9539, −0.0979; Almazora). In all 

ases, sampling points were selected trying to avoid possible pres- 
2 
nce of pharmaceuticals, as they were far enough of any potential 

ource of these compounds. 

The analytical methodology was finally applied to fourteen dif- 

erent type of water samples: 3 surface waters collected in differ- 

nt sites of the Millars River, 7 ground water samples from wells 

ited in the surrounding of Millars River, and 4 effluent wastewa- 

er samples (24-h composite) collected at different days from the 

WTP of the city of Castelló. 

All samples were collected in 500 mL amber glass bottles, 

ransported in refrigerated isothermal containers keeping on ice 

nd stored at −23 °C until analysis (max. 30 days). 

.3. Sample treatment 

The excellent sensitivity of modern LC-MS/MS instrumenta- 

ion allowed direct injection (DI) of samples without any pre- 

oncentration step, similarly to other methods developed for 

harmaceuticals [ 8 , 22–24 ]. After centrifuging of 2 mL sample at 

2,0 0 0 rpm for 15 min, 950 μL of supernatant was transferred into 

 glass vial and 50 μL of the ILIS solution of 2 μg L − 1 (100 ng

 

− 1 in vial) was added. Finally, 100 μL of the final solution were 

njected into the LC-MS/M system. 

.4. Stability study 

A stability study was performed in two surface water sam- 

les (SW3 and SW5, randomly selected). Samples were spiked at 

00 ng L − 1 and stored at 4 °C and −23 °C. Analysis were per-

ormed at different time intervals (0, 3, 7, 14, 21 and 30 days, for 

amples stored at 4 °C; 30 days, for samples stored at −23 °C). 

.5. Instrumentation 

An Acquity UPLC H 

–Class liquid chromatography system (Wa- 

ers Corp, Milford, MA, USA) interfaced to a Xevo TQ-S triple 

uadrupole mass spectrometer (Waters Corp, Manchester, UK) 

quipped with a Z-Spray electrospray (Waters Corp, Manchester, 

K) was used for sample analysis. For chromatographic separa- 

ion, an Atlantis T3 3.0 × 150 mm, 3 μm analytical column (Wa- 

ers Corp, Wexford, Ireland) maintained at 40 °C was used. Mobile 

hases consisted on water (solvent A) and methanol (solvent B), 

oth with 1 mM ammonium fluoride, delivered at a flow rate of 

.4 mL min 

−1 and changing as follows: 0 min 0% B, 0.5 min 0% 

, 6.0 min 99% B, 8.0 min 99% B, and 8.1 min 0% B maintained to

0 min for column re-equilibration. Injection volume was 100 μL. 

ESI was operated in positive ionization mode (ESI + ) using a 

apillary voltage of 1.0 kV. Nitrogen was used as desolvation 

1200 L h − 1 ) and cone gas (250 L h − 1 ), while source tem- 

erature was set to 150 °C, and desolvation temperature 650 °C. 

one voltage and collision energies, using argon (99.995%, Prax- 

ir) as collision gas, were optimized for each compound. Three 

elected reaction monitoring (SRM) transitions were acquired per 

ompound (quantification transition Q , first confirmation transition 

 1 , second confirmation transition q 2 ). Dwell times were automat- 

cally selected in order to acquire 12 points/peak, being at least 

4 ms/transition. 

UHPLC-MS/MS data were acquired and processed using Mass- 

ynx 4.1 software (Waters Corp, Manchester, UK) and TargetLynx 

pplication (Waters Corp, Manchester, UK). 

.6. Validation 

The analytical methodology was validated evaluating the fol- 

owing parameters: 

Specificity was tested by the analysis of the five surface samples 

reviously described, without detecting chromatographic peaks fit- 

ing the selected SRM transitions. 
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Linearity was evaluated by analysing calibration curves prepared 

n Milli-Q water at 7 concentration levels: 10, 25, 50, 100, 250, 500, 

0 0 0 ng L − 1 . Linearity was assumed when regression coefficient 

as > 0.99 with residuals lower than 20%. 

Accuracy was evaluated by the analysis of five surface water 

amples spiked at 50 ng L − 1 and 500 ng L − 1 in triplicate. As 

he method was based on direct injection, the observed recover- 

es indicated the matrix effect in the surface water samples used 

or method validation; therefore, the use of amoxicillin- 13 C 6 as ILIS 

llowed to evaluate the correction of matrix effects. 

Precision was evaluated in the five spiked surface waters at each 

ortification level assayed ( n = 3) in terms of relative standard de- 

iations (RSD). Values lower than 20% were considered as satisfac- 

ory. 

Limit of quantification (LOQ) was the lowest validated level with 

cceptable recovery and precision (i.e. , 50 ng L − 1 ). 

Limit of detection (LOD) was established from the spiked surface 

ater sample at 50 ng L − 1 that presented the highest matrix ef- 

ect (i.e. the worst case scenario) for a signal-to-noise ratio (S/N) of 

, calculated for the less sensitive qualitative transition (q 2 ), as the 

 SRM transitions should be observed for compound identification. 

. Results and discussion 

The focus of this study was the development of analytical 

ethodology for the determination of amoxicillin in surface wa- 

er samples, as it is currently included in the WL of substances for 

uropean-wide monitoring in the field of water policy [14] with a 

aximum acceptable method detection limit of 78 ng L − 1 . Thus, 

he instrumental conditions, chromatographic separation and sam- 

le treatment were optimized for this compound. Subsequently, 

he same conditions were applied for the rest of penicillins se- 

ected, in order to develop a multi-residue method for the deter- 

ination of the seven antibiotics included in this work. 

.1. Mass spectrometry considerations 

Amoxicillin could be measured only in ESI + , as no ionisation 

as observed in ESI − in spite of the presence of the carboxylic acid 

oiety. This antibiotic presents a primary amine moiety which 

s expected to be the protonation site in ESI + , based on the ob-

erved MS spectrum and product ions. Fig. 1 A shows the MS scan 

f amoxicillin, with the base peak at m/z 349, despite that the pro- 

onated molecule has an m/z of 366. The m/z 349 ion resulted from 

n ammonia neutral loss (17 Da), which suggested that the proto- 

ation site of amoxicillin was at the primary amine moiety. The 

n-source fragmentation of primary amine or terminal amide moi- 

ties producing ammonia loss has been reported in literature, for 

xample for amphetamine [25] or phenethylamine with a terminal 

mide [26] . However, this phenomenon was not observed in our 

tudy for ampicillin even though its structure is similar to amox- 

cillin. Three SRM transitions were optimized for each precursor 

on, m/z 349 (amoxicillin-NH 3 ) and m/z 366 (amoxicillin) in order 

o compare sensitivity and selectivity. The selection of the amox- 

cillin in-source fragment m/z 349 as precursor ion increased the 

ensitivity in the three selected transitions ( Fig. 1 C ) when com- 

ared to the protonated molecule ( Fig. 1 B ). Additionally, the tran- 

ition 349 > 208 (amoxicillin-NH 3 ) presented higher selectivity than 

RM 366 > 208 (amoxicillin), allowing to reach lower LODs. There- 

ore, up to six transitions could be used for the determination of 

moxicillin, even combining those from different precursor ions. Fi- 

ally, only those transitions resulting from precursor-ion m/z 349 

amoxicillin-NH 3 ) were selected to minimize the effect of potential 

ariations of the in-source fragmentation due to the matrix, and to 

btain robust ion intensity ( q / Q ) ratios for compound identification, 
3 
s selecting different precursor ions could lead to higher variations 

n q / Q ratios. 

After optimization of MS/MS conditions for amoxicillin, the ac- 

uisition parameters in ESI + were also determined for the rest of 

he antibiotics selected (see Table 1 ). 

.2. Chromatographic separation 

Different organic solvents (methanol and acetonitrile) with 

ombinations of commonly used modifiers (formic acid, ammo- 

ium acetate and ammonium fluoride) were tested in order to 

aximize sensitivity and improve peak shape for amoxicillin. In- 

trumental sensitivity was crucial to reach the detection limit 

78 ng L − 1 ) required for amoxicillin in the European WL [14] and 

ecause of the absence of pre-concentration steps. The most satis- 

actory results were obtained using water and methanol, both with 

 mM ammonium fluoride, being the mobile phase selected for 

urther experiments. The use of ammonium fluoride in ESI + for 

ignal enhancement and peak shape improvement has been re- 

orted in literature [ 27 , 28 ], showing in some cases a better per-

ormance than ammonium acetate, in accordance to what we ob- 

erved in our study. 

Different chromatographic columns have been reported for 

moxicillin determination, such as C18 [ 13 , 19 , 20 , 29–31 ], phenyl-

ased [ 12 , 32 , 33 ], monolithic [34] , or HILIC [5] . In this study, two

olumns were tested, a Cortecs C18 (2.7 μm, 2.1 × 100 mm) 

nd an Atlantis T3 (3 μm, 3.0 × 150 mm). A comparison of re- 

ults obtained both columns are shown in Fig. 2 . The only differ- 

nce in the chromatographic gradient applied was in min 0, be- 

ng for Cortecs 5% B and for Atlantis 0% B. The CortecsC18 col- 

mn produced a 30 s-width poorly-defined peak, while the At- 

antis T3 led to a 9 s-width peak almost symmetric. The poor re- 

ention in C18 could be explained by the high polarity of amox- 

cillin, as well as the fact that this compound is a zwitterion at 

he working pH in UHPLC according to its pKa values reported 

n PubChem ( https://pubchem.ncbi.nlm.nih.gov/compound/33613 ). 

oor retention of amoxicillin using C18 column has been also re- 

orted by Rossmann et al. [5] who proposed HILIC separation. 

eversed-phase analytical columns that allow the use of 100% 

queous mobile phases, such as the Atlantis T3, are highly recom- 

ended for retention of polar compounds, similarly to HILIC sep- 

rations but without using highly-concentrated buffers. Addition- 

lly, the use of reversed-phase columns allows the direct injection 

f aqueous samples, while for HILIC separations the sample extract 

ses to be dissolved in acetonitrile. Therefore, the Atlantis T3 col- 

mn was selected for further optimization. 

The chromatographic conditions optimized for amoxicillin were 

lso suitable for the rest of antibiotics selected, with appropriate 

etention times and peak shapes ( Table 1 ). 

.3. Sample treatment 

.3.1. Solid phase extraction 

As the recommended analytical procedure for amoxicillin deter- 

ination by the WL is SPE-LC-MS/MS [14] , we tested several car- 

ridges and conditions (Oasis HLB, Oasis MCX, Oasis MAX, Strata- 

, and acidified sample for Oasis HLB and Strata-X, both with 

% formic acid). Some of these cartridges have been previously 

eported for amoxicillin determination, (e.g. Oasis HLB, Strata-X 

 5 , 10 , 12 , 13 , 20 ]; Oasis MCX [35] ). 

The first experiments were performed with Milli-Q water for- 

ified at 50 ng L − 1 ( Fig. 3 ). Unlike the rest of antibiotics stud-

ed, not enough retention was observed for amoxicillin in the car- 

ridges tested, which is in accordance with its polar nature. These 

esults are in accordance with other works showing low recoveries 

or amoxicillin (30–75%) using polymeric cartridges, such as Oasis 

https://pubchem.ncbi.nlm.nih.gov/compound/33613
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Fig. 1. Mass spectrometric optimisation of amoxicillin. ( A ) Scan spectrum of amoxicillin standard at 100 μg L − 1 showing the protonated molecule ( m/z 366) and the 

in-source fragment resulting after ammonia loss ( m/z 349). SRM chromatograms for amoxicillin ( B ) and amoxicillin-NH 3 ( C ). 

Table 1 

UHPLC-MS/MS acquisition parameters for the antibiotics selected (quantification ( Q ) and confirmation ( q 1 and q 2 ) transitions). 

Compound RT (min) Precursor ion CV (V) 

Q transition q 1 transition q 2 transition 

Product ion CE (eV) Product ion CE (eV) Product ion CE (eV) 

Amoxicillin-NH 3 5.13 349.0 40 114.0 15 208.0 10 165.0 20 

Ampicillin 6.34 350.1 20 106.0 20 160.0 10 192.1 15 

Cloxacillin 7.57 436.1 20 160.0 15 277.0 15 178.0 30 

Dicloxacillin 7.76 470.0 20 160.0 10 310.9 15 212.1 35 

Penicillin G 7.20 335.1 20 160.0 10 176.1 10 114.0 30 

Penicillin V 7.44 351.1 20 160.1 10 114.0 30 86.9 35 

Oxacillin 7.47 402.1 20 160.1 15 243.1 10 144.0 30 

Amoxicillin- 13 C 6 –NH 3 5.13 355.0 40 114.0 15 

RT: retention time. 

CV: cone voltage. 

CE: collision energy. 
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LB or Strata-X [ 4 , 5 , 12 ], which may compromise the use of SPE for

re-concentration of water samples. In addition, SPE procedure for 

hese antibiotics are pH-dependant [4] , and acidic conditions can 

ause compound degradation [ 21 , 36 ]. The zwitterionic character of 

moxicillin adds an extra handicap for its determination, as the pH 

f the sample should be carefully adjusted in order to maximize 

ompound retention, but keeping in mind the degradation of beta- 

actams under acidic conditions. 

On-line SPE systems, using C18 [ 4 , 21 ] or monolith columns [34] ,

ave been also proposed for the determination of beta-lactam an- 

ibiotics, but this configuration was not tested in our work as it 

as not available at our laboratory. Considering the low recoveries 

btained for amoxicillin in all cartridges tested and the data re- 

orted in the literature, the use of SPE as sample treatment was 

iscarded and the DI of water samples was assayed. 
4 
.3.2. Direct injection 

Procedures based on DI of the sample have been successfully 

pplied in our laboratory for the determination of pharmaceuticals 

n aquatic samples [ 8 , 22–24 ]. In this work, we tested the feasibility

f this simple and rapid approach, which requires the use of mod- 

rn LC-MS/MS instrumentation, for the determination of penicillins 

elected at trace levels. 

Previously, the application of a sample filtering step was stud- 

ed in order to evaluate possible analyte losses. Three different 

yringe filters (nylon, hydrophobic PTFE and hydrophilic PTFE, all 

f them of 13 mm and 0.22 μm) were tested with Milli-Q water 

piked with penicillins at 100 ng L − 1 . Fig. 4 shows the results ob- 

ained for the three filters tested compared with no filtering step. 

t can be seen that all antibiotics experienced losses when filtering 

he sample, especially using nylon. This fact illustrates the impor- 
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Fig. 2. Chromatographic optimisation of amoxicillin. ( A ) Chromatograms obtained with Cortecs C18 column. ( B ) Chromatograms obtained with Atlantis T3 column. 

Fig. 3. Recoveries (%) obtained for the studied antibiotics using different SPE cartridges. 

5 
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Fig. 4. Antibiotic recoveries (%) after using different syringe filters before the DI of Milli-Q water spiked at 100 ng L − 1 . 
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c

ance of evaluating the filtering step when developing analytical 

rocedures for organic micro-pollutants. Once filtering was eval- 

ated and discarded for this study, samples were centrifuged at 

2,0 0 0 rpm during 15 min prior to analysis. A sample volume in-

ection of 100 μL was selected for UHPLC-MS/MS analysis. This vol- 

me of sample injected did not suppose a chromatographic perfor- 

ance problem using an Atlantis T3 analytical column (100% aque- 

us mobile phase during the first 0.5 min). 

It might be expected that the direct injection of 100 μL of sur- 

ace water would lead to more severe matrix effects. Therefore, dif- 

erent water samples spiked at 50 ng L − 1 were analysed using 

he described procedure in order to evaluate matrix effects. A sig- 

al suppression up to 50% was observed in some cases, together 

ith a 0.14 min chromatographic retention time shift (exceeding 

he ±0.1 min tolerance established in some guidelines [37] ), as it 

an be observed in Figure S2 for amoxicillin in the five selected 

urface samples used for validation. Hence, the use of ILIS for cor- 

ecting these variations is highly recommendable to compensate 

or the effects of the matrix sample on the determination of peni- 

illins in water. 

.4. Method validation 

Keeping in mind the development of an analytical method for 

moxicillin at concentrations below the detection limit established 

y the WL (78 ng L − 1 ), we used Amoxicillin- 13 C 6 as ILIS for cor-

ection of matrix effects, and we also tested its applicability for 

he remaining analytes. Two SRM transitions were acquired for the 

LIS, in order to test the best option for matrix effects correction: 

) amoxicillin- 13 C 6 –NH 3, i.e. using the ion-source fragment as pre- 

ursor ion similar to amoxicillin, and 2) as protonated molecule 

ike for the rest of the penicillins. 

In absence of universal guidelines widely accepted in environ- 

ental analytical chemistry, we followed the spirit of SANTE, a 

trict guideline applied to pesticide residue analysis in food, bi- 

logical and water samples [37] . Linearity (from 10 to 10 0 0 ng

 

− 1 ) was satisfactory for all compounds, with the residuals be- 

ow 20% and correlation coefficients higher than 0.99. Precision 

nd accuracy were evaluated by analysis of five different surface 

aters spiked at 50 and 500 ng L − 1 with the seven antibiotics 

nvestigated, in triplicate . Non-spiked surface water samples were 
6 
lso analysed in order to ensure selectivity of the method, revealed 

y the absence of chromatographic peaks for the selected SRM. 

able 2 shows the summary of the validation results, where a sat- 

sfactory precision (RSD ≤ 10%) can be seen for all compounds. 

s the method was based on direct injection, the recoveries ac- 

ually indicated the matrix effect for the compounds in each sur- 

ace water sample. The signal suppression of amoxicillin was the 

nly one that could be satisfactorily corrected in all samples by 

sing its own ILIS, obtaining recoveries between 102 and 110%. For 

he rest of penicillins, the potential correction with amoxicillin- 
3 C 6 as ILIS did not improve the results obtained, so their recover- 

es were calculated without using ILIS. Despite the absence of ILIS 

or the remaining compounds, their recoveries were rather satis- 

actory (mostly between 60 and 90%), although important signal 

uppressions were observed in the sample SW3, for which recov- 

ries around 40% were obtained for some analytes. 

It is well known that matrix effect depends on both the analyte 

haracteristics and the matrix composition. In a rapid and direct 

ethod, as the one developed in this paper, the absence of the 

wn analyte-ILIS makes the correction of matrix effects compli- 

ated. Consequently, while amoxicillin was satisfactorily quantified 

y using its own ILIS, a correction factor (Cf) based on the signal 

uppression observed should be applied for the remaining peni- 

illins. The analytical strategy proposed for the rest of antibiotics 

onsists on the analysis of the water sample in duplicate, analysing 

he non-spiked sample and also a quality control (QC), i.e. the sam- 

le spiked with the antibiotics at 10 0–20 0 ng L − 1 for signal sup- 

ression evaluation and estimation of the Cf for each sample. Then, 

he application of Cf to the non-spiked sample already analysed 

ould allow its accurate quantification. The Cf is estimated from 

he QC recovery obtained (e.g. a QC recovery of 60% gives Cf = 1.67, 

hich means that the analyte concentration in this sample should 

e multiplied by 1.67 to provide more reliable data). This strategy 

s practical and little time-consuming because the method does not 

nclude any sample treatment (only a centrifugation step). As the 

wn analyte-ILIS is used for amoxicillin, it is not necessary to ap- 

ly any correction factor for its determination due to the efficient 

atrix effects correction of the ILIS. 

The LOQ was established as the lowest level validated, i.e. 50 ng 

 

− 1 , for all the compounds [37] , although lower concentrations 

ould have been tested lowering the LOQ if needed. In this way, 
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7 
moxicillin can be quantified in surface water at concentration lev- 

ls below the limit of detection established by the WL (78 ng 

 

− 1 ). The excellent method sensitivity allowed to reach very low 

ODs, ranging from 0.2 to 9 ng L − 1 ( Table 2 ), with reliable iden-

ification at these levels thanks to the acquisition of several MS/MS 

ransitions. As an example , Fig. 5 shows the chromatograms ( Q 

ransition) for the seven penicillins under study in sample SW5 

piked at 50 ng L − 1 . 

.5. Antibiotic stability in surface water 

Firstly, stability of amoxicillin in surface water samples was 

ested in order to evaluate its possible degradation during sam- 

les storage. To this aim, two different surface water samples (SW3 

nd SW5) were spiked with amoxicillin at 800 ng L − 1 and stored 

t two temperatures, 4 and −23 °C. Analyses were performed at 

ifferent storage times as indicated in Section 2.4 . The measured 

ompound concentration was normalized to the concentration ob- 

ained at the time 0 for graphical representation. 

Fig. 6 shows that amoxicillin was stable for at least 7 days at 

 °C, starting a moderate degradation after 14 days in the two ma- 

rices tested. After 30 days at 4 °C, amoxicillin suffered notable 

egradation in surface water (32% and 47%). Analysis of the sam- 

les after 30 days at −23 °C demonstrated that amoxicillin was 

table under these conditions of storage. 

In other studies, no significant decline of amoxicillin was ob- 

erved in methanol-water (50:50) for 12 days at −20 °C [38] , or 

n deionised water at 4 °C after one month of storage [39] . Cha

nd colleagues found no significant degradation of β-lactams over 

 storage in acetonitrile-ethanol-water (25:25:50) for 10 days at 

20 °C [36] . On the contrary, Borrull et al. found a progressive de- 

rease in the responses of amoxicillin QCs prepared in surface and 

rinking water even during their storage in the autosampler [40] . 

he poor stability of amoxicillin in environmental water might be 

xplained by the limited stability of the β-lactam ring [40] . 

According to the data obtained in this work, surface water sam- 

les can be stored either at 4 °C for 7 days, or at −23 °C for 30

ays, without significant losses of amoxicillin (degradation below 

0%). The stability study was extended to the rest of penicillins se- 

ected obtaining similar results ( Figure S3 ). 

.6. Application to different types of water samples 

The validated methodology was applied to the analysis of 14 

amples of different types (see Section 2.2 ). The objective was to 

upport the applicability of the method to different water matri- 

es, to test the matrix effects and their efficient correction, and to 

valuate the accuracy through the recoveries obtained for the QC 

amples analysed. In the case of effluent samples, a 2-fold dilu- 

ion was applied before direct injection analysis following a proce- 

ure previously developed in our laboratory for pharmaceuticals in 

astewater [24] . As the method was not validated for groundwa- 

er and effluent wastewater, these samples were analysed by trip- 

icate: without spiking, and after spiking at 50 and 500 ng L − 1 

i.e. the spiked samples served serving as quality controls). In the 

ase of groundwater, signal suppression was similar to surface wa- 

er, while for effluent wastewater, suppression between 50 and 85% 

as observed depending on the compound. 

The identity of the antibiotics found in the samples was con- 

rmed by their chromatographic retention time and at least one 

 / Q ratio with a deviation lower than 30% in relation to the ref-

rence standard. Ampicillin was the only compound that could be 

uantified (116 ng L − 1 ) in one Millars River surface water sam- 

les (collection site 39.9229, −0.0411, 1500 m downstream of the 

lmazora WWTP discharge point) (see Figure S4 ). In the case of 

roundwater, collected from different points near the Millars River 
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Fig. 5. Chromatographic separation of penicillins studied in sample SW5 spiked at 50 ng L − 1 . SRM transitions for amoxicillin-NH 3 are also included. 

Fig. 6. Stability of amoxicillin in two different surface water samples at 4 °C and −23 °C. 
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8] , no penicillins were detected. Finally, the analysis of effluent 

astewater samples revealed the presence of cloxacillin in three 

f the four samples collected from the Castelló WWTP, always at 

oncentration levels below LOQ (50 ng L − 1 ) (see an example in 

igure S5 ). 

. Conclusions 

In this work, the analytical challenges associated to the deter- 

ination of amoxicillin and related penicillins in water, in the light 

f the requirements of the European Watch List, have been ad- 

ressed. A UHPLC-MS/MS methodology based on direct injection 

as been optimized using a reversed-phase column that allows 

orking with 100% aqueous mobile phase, and reaching an ob- 

ective LOQ of 50 ng L − 1 (method satisfactorily validated at this 

evel) and LODs below 10 ng L − 1 . The direct injection of aqueous 

amples allowed a substantial reduction in time, and in the use 

f consumables, such as SPE cartridges, solvents or filters, without 
8 
ompromising method performance, facilitating in this way the ap- 

lication of green chemistry for water pollution monitoring 

The use of amoxicillin-ILIS allowed an efficient matrix effect 

orrection leading to satisfactory recoveries in all surface water 

amples tested. For the remaining penicillins, in absence of their 

wn analyte ILIS, QC samples were analysed in order to estimate 

orrection factors (Cf) as a function of the QC recoveries for each 

ample analysed. The Cf estimated could be easily applied to the 

amples analysed to obtain more accurate quantitative data. 

The analysis of different water samples revealed the presence 

f ampicillin in surface river water at 116 ng L − 1 , as well as the

etection of cloxacillin in an effluent wastewater sample. 

eclaration of Competing Interest 

The authors declare that they do not have competing financial 

nterests or personal relationships that could have appeared to in- 

uence the work reported in this paper. 



D. Fabregat-Safont, E. Pitarch, L. Bijlsma et al. Journal of Chromatography A 1658 (2021) 462605 

C

s

v

j

I

p

A

M

B

P

d

(

“

r

(

S

f

R

 

 

 

 

 

 

 

 

[  

 

 

 

 

 

 

 

[  

[  

[  

[  

[  

[  

[  

[

[  

[  

[  

[  

[  

[  

[  
RediT authorship contribution statement 

David Fabregat-Safont: Resources, Investigation, Formal analy- 

is, Visualization, Writing – original draft. Elena Pitarch: Super- 

ision, Visualization, Writing – review & editing. Lubertus Bi- 

lsma: Formal analysis, Resources, Writing – review & editing. 

onut Matei: Investigation, Formal analysis. Félix Hernández: Su- 

ervision, Funding acquisition, Writing – review & editing. 

cknowledgements 

Authors acknowledge the financial support from the Spanish 

inistry of Science, Innovation and Universities ( RTI2018–097417- 

-100 ) and Generalitat Valenciana (Research Group of Excellence 

rometeo 2019/040). D. Fabregat-Safont acknowledges Ministerio 

e Educación, Cultura y Deporte in Spain for his predoctoral grant 

 FPU15/02033 ). L. Bijlsma acknowledges his fellowship funded by 

la Caixa” Foundation. The project that gave rise to these results 

eceived the support of a fellowship from ”la Caixa” Foundation 

ID 10 0 010434). The fellowship code is LCF/BQ/PR21/11840012. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.chroma.2021.462605 . 

eferences 

[1] European Centre for Disease Prevention and Control, Antimicrobial con- 
sumption in the EU/EEA – Annual Epidemiological Report 2019, Stock- 

holm, 2020. https://www.ecdc.europa.eu/sites/default/files/documents/ 
Antimicrobial-consumption-in-the-EU-Annual-Epidemiological-Report-2019. 

pdf . 

[2] K. Kümmerer , The presence of pharmaceuticals in the environment due to hu- 
man use – present knowledge and future challenges, J. Environ. Manage. 90 

(2009) 2354–2366 10.1016/j.jenvman.2009.01.023 . 
[3] C. Boix , M. Ibáñez , R. Bagnati , E. Zuccato , J.V. Sancho , F. Hernández , S. Cas-

tiglioni , High resolution mass spectrometry to investigate omeprazole and 
venlafaxine metabolites in wastewater, J. Hazard. Mater. 302 (2016) 332–340 

10.1016/j.jhazmat.2015.09.059 . 
[4] Q. Tuc Dinh , F. Alliot , E. Moreau-Guigon , J. Eurin , M. Chevreuil , P. Labadie ,

Measurement of trace levels of antibiotics in river water using on-line en- 

richment and triple-quadrupole LC–MS/MS, Talanta 85 (2011) 1238–1245 
10.1016/j.talanta.2011.05.013 . 

[5] J. Rossmann, S. Schubert, R. Gurke, R. Oertel, W. Kirch, Simultaneous determi- 
nation of most prescribed antibiotics in multiple urban wastewater by SPE- 

LC–MS/MS, J. Chromatogr. B. 969 (2014) 162–170, doi: 10.1016/j.jchromb.2014. 
08.008 . 

[6] J. Wang , L. Chu , L. Wojnárovits , E. Takács , Occurrence and fate of antibiotics,

antibiotic resistant genes (ARGs) and antibiotic resistant bacteria (ARB) in mu- 
nicipal wastewater treatment plant: an overview, Sci. Total Environ. 744 (2020) 

140997 10.1016/j.scitotenv.2020.140997 . 
[7] F. Hernández , M. Ibáñez , T. Portolés , M.I. Cervera , J.V. Sancho , F.J. López , Ad-

vancing towards universal screening for organic pollutants in waters, J. Hazard. 
Mater. 282 (2015) 86–95 10.1016/j.jhazmat.2014.08.006 . 

[8] E. Fonseca , F. Hernández , M. Ibáñez , A. Rico , E. Pitarch , L. Bijlsma , Occurrence

and ecological risks of pharmaceuticals in a Mediterranean river in Eastern 
Spain, Environ. Int. 144 (2020) 106004 10.1016/j.envint.2020.106004 . 

[9] Y. Negreanu , Z. Pasternak , E. Jurkevitch , E. Cytryn , Impact of treated wastewa-
ter irrigation on antibiotic resistance in agricultural soils, Environ. Sci. Technol. 

46 (2012) 4 800–4 808 10.1021/es204665b . 
[10] B. Böger , M. Surek , R. de O. Vilhena , M.M. Fachi , A.M. Junkert , J.M. Santos ,

E.L. Domingos , A. de F. Cobre , D.R. Momade , R. Pontarolo , Occurrence of an-

tibiotics and antibiotic resistant bacteria in subtropical urban rivers in Brazil, 
J. Hazard. Mater. 402 (2021) 123448 10.1016/j.jhazmat.2020.123448 . 

[11] N.A.H. Ismail , S.Y. Wee , N.H. Kamarulzaman , A.Z. Aris , Quantification of multi–
classes of endocrine-disrupting compounds in estuarine water, Environ. Pollut. 

249 (2019) 1019–1028 10.1016/j.envpol.2019.03.089 . 
12] A . Rico , A . Arenas-Sánchez , C. Alonso-Alonso , I. López-Heras , L. Nozal , D. Ri-

vas-Tabares , M. Vighi , Identification of contaminants of concern in the upper 

Tagus river basin (central Spain). Part 1: screening, quantitative analysis and 
comparison of sampling methods, Sci. Total Environ. 666 (2019) 1058–1070 

10.1016/j.scitotenv.2019.02.250 . 
[13] T. Goessens , S. Huysman , N. De Troyer , A. Deknock , P. Goethals , L. Lens , L. Van-

haecke , S. Croubels , Multi-class analysis of 46 antimicrobial drug residues in 
pond water using UHPLC-Orbitrap-HRMS and application to freshwater ponds 

in Flanders, Belgium, Talanta 220 (2020) 121326 10.1016/j.talanta.2020.121326 . 
9 
[14] European Commission, Decision (EU) 2020/1161 of 4 august 2020 establishing 
a watch list of substances for union-wide monitoring in the field of water pol-

icy pursuant to directive 2008/105/EC of the European parliament and of the 
council, Off. J. Eur. Union. L 257 (2020) 32–35 . 

[15] B. Van Hoi , C.-.T. Vu , L.-.A. Phung-Thi , T.Thi Nguyen , P.T. Nguyen , H. Mai ,
P.-.T. Le , T.-.H. Nguyen , D.Thanh Duong , H. Nguyen Thi , D. Le-Van , D.B. Chu ,

Determination of pharmaceutical residues by UPLC-MS/MS method: validation 
and application on surface water and hospital wastewater, J. Anal. Methods 

Chem. 2021 (2021) 1–12 10.1155/2021/6628285 . 

[16] Y. Zhang , L. Lin , Y. Li , Q. Zeng , S. Guo , F. Nkinahamira , C.-.P. Yu , Q. Sun , De-
termination of 38 pharmaceuticals and personal care products in water by 

lyophilization combined with liquid chromatography-tandem mass spectrome- 
try, Anal. Methods 13 (2021) 299–310 10.1039/D0AY02022B . 

[17] L. Zhu , C. Jiang , S. Panthi , S.M. Allard , A.R. Sapkota , A. Sapkota , Impact of high
precipitation and temperature events on the distribution of emerging contam- 

inants in surface water in the Mid-Atlantic, United States, Sci. Total Environ. 

755 (2021) 142552 10.1016/j.scitotenv.2020.142552 . 
[18] World Health Organization, Model List of Essential Medicines. 21st List., 2019. 

[19] P. Kairigo , E. Ngumba , L.-.R. Sundberg , A. Gachanja , T. Tuhkanen , Occurrence
of antibiotics and risk of antibiotic resistance evolution in selected Kenyan 

wastewaters, surface waters and sediments, Sci. Total Environ. 720 (2020) 
137580 10.1016/j.scitotenv.2020.137580 . 

20] M. Papageorgiou , I. Zioris , T. Danis , D. Bikiaris , D. Lambropoulou , Compre-

hensive investigation of a wide range of pharmaceuticals and personal care 
products in urban and hospital wastewaters in Greece, Sci. Total Environ. 694 

(2019) 133565 10.1016/j.scitotenv.2019.07.371 . 
21] O.J. Pozo , C. Guerrero , J.V. Sancho , M. Ibáñez , E. Pitarch , E. Hogendoorn ,

F. Hernández , Efficient approach for the reliable quantification and confirma- 
tion of antibiotics in water using on-line solid-phase extraction liquid chro- 

matography/tandem mass spectrometry, J. Chromatogr. A. 1103 (2006) 83–93 

10.1016/j.chroma.2005.10.073 . 
22] C. Boix , M. Ibáñez , J.V. Sancho , J. Rambla , J.L. Aranda , S. Ballester , F. Hernández ,

Fast determination of 40 drugs in water using large volume direct injection 
liquid chromatography-tandem mass spectrometry, Talanta 131 (2014) 719–727 

10.1016/j.talanta.2014.08.005 . 
23] A.M. Botero-Coy , D. Martínez-Pachón , C. Boix , R.J. Rincón , N. Castillo , L.P. Ari-

as-Marín , L. Manrique-Losada , R. Torres-Palma , A. Moncayo-Lasso , F. Hernán- 

dez , An investigation into the occurrence and removal of pharmaceu- 
ticals in Colombian wastewater, Sci. Total Environ. 642 (2018) 842–853 

10.1016/j.scitotenv.2018.06.088 . 
24] L. Bijlsma , E. Pitarch , E. Fonseca , M. Ibáñez , A.M. Botero , J. Claros , L. Pastor ,

F. Hernández , Investigation of pharmaceuticals in a conventional wastewater 
treatment plant: removal efficiency, seasonal variation and impact of a nearby 

hospital, J. Environ. Chem. Eng. 9 (2021) 105548 10.1016/j.jece.2021.105548 . 

25] L. Bijlsma , E. Beltrán , C. Boix , J.V. Sancho , F. Hernández , Improvements in
analytical methodology for the determination of frequently consumed il- 

licit drugs in urban wastewater, Anal. Bioanal. Chem. 406 (2014) 4261–4272 
10.10 07/s0 0216-014-7818-4 . 

26] D. Fabregat-Safont , I. Fornís , M. Ventura , C. Gil , N. Calzada ,
J.V. Sancho , F. Hernández , M. Ibáñez , Identification and 

characterization of a putative new psychoactive substance, 
2-(2-(4-chlorophenyl)acetamido)-3-methylbutanamide, in Spain, Drug Test. 

Anal. 9 (2017) 1073–1080 10.1002/dta.2182 . 

27] J.J. Pesek , M.T. Matyska , Ammonium fluoride as a mobile phase additive in 
aqueous normal phase chromatography, J. Chromatogr. A. 1401 (2015) 69–74 

10.1016/j.chroma.2015.05.010 . 
28] K. Takkis , R. Aro , L.-.T. Kõrgvee , H. Varendi , J. Lass , K. Herodes , K. Kipper , Sig-

nal Enhancement in the HPLC-ESI-MS/MS analysis of spironolactone and its 
metabolites using HFIP and NH4F as eluent additives, Anal. Bioanal. Chem. 409 

(2017) 3145–3151 10.10 07/s0 0216-017-0255-4 . 

29] P. Li , Y. Wu , Y. He , B. Zhang , Y. Huang , Q. Yuan , Y. Chen , Occurrence and fate of
antibiotic residues and antibiotic resistance genes in a reservoir with ecological 

purification facilities for drinking water sources, Sci. Total Environ. 707 (2020) 
135276 10.1016/j.scitotenv.2019.135276 . 

30] R. Wang , F. Feng , Y. Chai , X. Meng , Q. Sui , M. Chen , Y. Wei , K. Qi , Screening and
quantitation of residual antibiotics in two different swine wastewater treat- 

ment systems during warm and cold seasons, Sci. Total Environ. 660 (2019) 

1542–1554 10.1016/j.scitotenv.2019.01.127 . 
31] L. Tong , Y.X. Wang , M.P. Hermo , D. Barrón , J. Barbosa , Simultaneous determi-

nation and toxicological assessment of penicillins in different water matrices, 
Ecotoxicology 23 (2014) 2005–2013 10.1007/s10646-014-1336-1 . 

32] M. Di Rocco , M. Moloney , D. Haren , M. Gutierrez , S. Earley , B. Berendsen ,
A. Furey , M. Danaher , Improving the chromatographic selectivity of β-lactam 

residue analysis in milk using phenyl-column chemistry prior to detection 

by tandem mass spectrometry, Anal. Bioanal. Chem. 412 (2020) 4 461–4 475 
10.10 07/s0 0216-020-02688-4 . 

33] S. Franck , T. Fuhrmann-Selter , J.F. Joseph , R. Michelet , F. Casilag , J.-.C. Sir-
ard , S.G. Wicha , C. Kloft , A rapid, simple and sensitive liquid chromatog- 

raphy tandem mass spectrometry assay to determine amoxicillin concen- 
trations in biological matrix of little volume, Talanta 201 (2019) 253–258 

10.1016/j.talanta.2019.03.098 . 

34] Y. Zhang , H. Liu , X. Zhang , H. Lei , L. Bai , G. Yang , On-line solid phase extraction
using organic–inorganic hybrid monolithic columns for the determination of 

trace β-lactam antibiotics in milk and water samples, Talanta 104 (2013) 17–21 
10.1016/j.talanta.2012.11.022 . 

https://doi.org/10.1016/j.chroma.2021.462605
https://www.ecdc.europa.eu/sites/default/files/documents/Antimicrobial-consumption-in-the-EU-Annual-Epidemiological-Report-2019.pdf
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0002
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0002
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0004
https://doi.org/10.1016/j.jchromb.2014.08.008
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0014
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0025
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0025
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0025
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0025
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0025
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0025
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0026
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0027
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0027
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0027
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0028
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0028
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0028
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0028
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0028
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0028
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0028
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0028
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0029
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0029
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0029
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0029
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0029
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0029
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0029
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0029
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0030
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0031
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0031
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0031
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0031
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0031
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0031
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0032
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0033
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0034
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0034


D. Fabregat-Safont, E. Pitarch, L. Bijlsma et al. Journal of Chromatography A 1658 (2021) 462605 

[  

[  

[

[

[  

[  
35] M. Abou-Elwafa Abdallah , K.-.H. Nguyen , A.J. Ebele , N.N. Atia , H.R.H. Ali , S. Har-
rad , A single run, rapid polarity switching method for determination of 30 

pharmaceuticals and personal care products in waste water using Q-Exactive 
Orbitrap high resolution accurate mass spectrometry, J. Chromatogr. A. 1588 

(2019) 68–76 10.1016/j.chroma.2018.12.033 . 
36] J.M. Cha , S. Yang , K.H. Carlson , Trace determination of β-lactam antibiotics in

surface water and urban wastewater using liquid chromatography combined 
with electrospray tandem mass spectrometry, J. Chromatogr. A. 1115 (2006) 

46–57 10.1016/j.chroma.2006.02.086 . 

37] European Commission, Analytical Quality Control and Method Validation for 
Pesticide Residues Analysis in Food and Feed (SANTE/12682/2019) (2019) 1–

48 https://www.eurl-pesticides.eu/userfiles/file/EurlALL/AqcGuidance _ SANTE _ 
2019 _ 12682.pdf . 
10 
38] C.K. Fagerquist , A.R. Lightfield , S.J. Lehotay , Confirmatory and quantita- 
tive analysis of β-lactam antibiotics in bovine kidney tissue by dispersive 

solid-phase extraction and liquid chromatography −tandem mass spectrometry, 
Anal. Chem. 77 (2005) 1473–1482 10.1021/ac040138q . 

39] R. Lindberg , P.-. ̊A. Jarnheimer , B. Olsen , M. Johansson , M. Tysklind , De-
termination of antibiotic substances in hospital sewage water using 

solid phase extraction and liquid chromatography/mass spectrometry and 
group analogue internal standards, Chemosphere 57 (2004) 1479–1488 

10.1016/j.chemosphere.2004.09.015 . 

40] J. Borrull , A. Colom , J. Fabregas , F. Borrull , E. Pocurull , Liquid chromatography
tandem mass spectrometry determination of 34 priority and emerging pollu- 

tants in water from the influent and effluent of a drinking water treatment 
plant, J. Chromatogr. A. 1621 (2020) 461090 10.1016/j.chroma.2020.461090 . 

http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0035
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0035
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0035
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0035
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0035
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0035
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0035
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0036
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0036
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0036
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0036
https://www.eurl-pesticides.eu/userfiles/file/EurlALL/AqcGuidance_SANTE_2019_12682.pdf
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0038
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0038
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0038
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0038
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0039
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0039
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0039
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0039
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0039
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0039
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0040
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0040
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0040
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0040
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0040
http://refhub.elsevier.com/S0021-9673(21)00729-9/sbref0040

	Rapid and sensitive analytical method for the determination of amoxicillin and related compounds in water meeting the requirements of the European union watch list
	1 Introduction
	2 Materials and methods
	2.1 Reagents and chemicals
	2.2 Water samples
	2.3 Sample treatment
	2.4 Stability study
	2.5 Instrumentation
	2.6 Validation

	3 Results and discussion
	3.1 Mass spectrometry considerations
	3.2 Chromatographic separation
	3.3 Sample treatment
	3.3.1 Solid phase extraction
	3.3.2 Direct injection

	3.4 Method validation
	3.5 Antibiotic stability in surface water
	3.6 Application to different types of water samples

	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


