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a  b  s  t  r  a  c  t

The  present  work  describes  the  development  of an  analytical  method,  based  on  automated  off-line
solid  phase  extraction  (SPE)  followed  by  ultra-high-performance  liquid  chromatography  coupled  to
quadrupole  linear  ion  trap tandem  mass  spectrometry  (UPLC-QqLIT)  for the determination  of  81  pharma-
ceutical  residues,  covering  various  therapeutic  groups,  and  some  of  their  main  metabolites,  in surface  and
treated  waters  (influent  and  effluent  wastewaters,  river,  reservoir,  sea  and  drinking  water).  For  unequiv-
ocal identification  and  confirmation,  two selected  reaction  monitoring  (SRM)  transitions  per  compound
are  monitored.  Quantification  is  performed  by  the  internal  standard  approach,  indispensable  to  correct
matrix  effects.  Moreover,  to  obtain  an  extra  tool  for  confirmation  of  positive  findings,  an  information
dependent  acquisition  (IDA)  experiment  was  performed,  with  SRM  as  survey  scan  and  an  enhanced
product  ion  (EPI)  scan  as  dependent  scan.  Compound  identification  was  carried  out  by  library  search,
matching  the  EPI  spectra  achieved  at one  fixed  collision  energy  with  those  present  in  a library.  The
main  advantages  of  the  method  are  automation  and speed-up  of sample  preparation  by  the  reduction  of
extraction  volumes  for  some  matrices,  the  fast  separation  of  a big  number  of  pharmaceuticals,  its high
sensitivity  (limits  of  detection  in  the  low  ng/L  range),  selectivity,  due  to the  use  of  tandem  mass  spec-
trometry,  reliability  since  a  significant  number  of  isotopically  labeled  compounds  are  used  as  internal
standards  for  quantification  and  finally,  the analysis  of  tap,  reservoir  and  sea  waters,  since information
about  occurrence  of pharmaceuticals  in these  matrices  is  still  sparse.  As part  of the validation  procedure,
the method  developed  was  applied  to  the  analysis  of  pharmaceutical  residues  in  waste  and  surface  waters
from different  sites  in  Catalonia  (North  East  of  Spain).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Among the vast array of contaminants of anthropogenic ori-
gin reaching water supplies, pharmaceutically active compounds
(PhACs) have one of the largest inputs into the environment. Several
studies have proven that some pharmaceuticals are not completely
degraded during conventional wastewater treatment [1–5] being
therefore, discharged into receiving water bodies (rivers, lakes and
seas), which may  be used as sources for the abstraction of drink-
ing water. It is difficult to predict which environmental and public
health implications may  arise from the occurrence of pharma-
ceuticals in freshwater ecosystems. Some of the most notorious
adverse effects that they might have in the environment, besides
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acute or chronic toxicity, are resistant development of pathogenic
bacteria due to the occurrence of antibiotics [6,7], genotoxicity
[8,9], and endocrine disruption [10,11]. Furthermore, some PhACs
such as antidepressants and antibiotics can be prone to bioconcen-
tration/bioaccumulation in aquatic organisms, particularly in fish
[12–14].  Therefore, the presence of pharmaceuticals in environ-
mental waters, especially in drinking water and raw waters used
for its production must be considered an important issue in terms
of human health safety.

In this context, it is important to set up fast, sensitive and reliable
analytical methods that enable the determination of a wide range
of pharmaceuticals in environmental waters at the low concentra-
tion levels found. Nowadays, a large number of analytical methods
are already available for their determination in both surface and
wastewaters [15–21].  Nevertheless, a more limited number of
methods for their analysis in drinking and sea waters are found
in the literature. This is probably due to the analytical difficulties
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encountered to quantify them at the ultra-trace levels that they
might actually be present.

Current research regarding the development of analytical meth-
ods for the determination of pharmaceuticals in environmental
matrices is oriented toward improvements of these methodologies,
with the aim of increasing sample throughput, minimizing sam-
ple manipulation, decreasing solvent consumption and increasing
overall method efficiency, in terms of selectivity and sensitivity.
Advances on hyphenated LC–tandem MS,  the technique per excel-
lence for pharmaceutical determination, have driven to improved
sensitivity, allowing the detection of sub-ppt concentrations, as
well as to the identification of a big number of compounds simul-
taneously without losing sensitivity. On the other hand, high
complexity of environmental samples often requires application
of high-resolving power techniques, such as Orbitrap and TOF
mass spectrometers, or hybrid mass spectrometers, like QqTOF and
QqLIT, in order to provide additional structure information needed
for unequivocal identification of contaminants and confirmation of
positive findings. While TOF, QqTOF and Orbitrap mass spectrom-
eters provide exact mass measurements and evidence on isotopic
patterns, useful to propose chemical structures to confirm the iden-
tity of target compounds [22–25],  QqLIT allows the application of
the information dependent acquisition (IDA) function, where a tar-
geted screening, monitoring one SRM transition per compound, is
performed in combination with an enhanced product ion scan (EPI).
In this way, MS/MS  spectra are achieved, which are afterwards
matched with MS/MS  spectra recorded in a library [15,17,26,27].

With respect to liquid chromatography, the overall trend has
moved towards the use of ultra high performance liquid chro-
matography (UHPLC), using short, narrow bore columns, packed
with lower particle sizes (sub-2-�m),  high mobile phase flow
rates and ultrahigh pressures. In this way, a much faster chro-
matographic separation of a large number of compounds can be
achieved, in comparison with conventional HPLC. Shortening the
analysis time is important for attaining the high sample through-
put required in laboratories conducting monitoring studies, since
long runs are not tolerable for truly high-throughput analysis. On
the other hand, narrower peaks are obtained using UHPLC, which
facilitates peak resolution and reduces co-elution of interferences.
As a result, matrix effects during detection are diminished.

Regarding sample preparation, new approaches are character-
ized by the application of green chemistry, which allowed the
automation of the sample pre-treatment processes and also by on-
site, on-line and even direct analysis [27,28]. Nevertheless, solid
phase extraction (SPE) still remains as the most widely used mean
of extraction and pre-concentration of organic contaminants in
aqueous matrices.

The present work describes the development of an analytical
method based on automated off-line solid phase extraction (SPE)
followed by ultra-high-performance liquid chromatography cou-
pled to quadrupole-linear ion trap tandem mass spectrometry,
for the fast and simultaneous determination of 81 multiple-class
human and veterinary pharmaceutical residues as well as some
of their metabolites and transformation products, in several sur-
face and treated waters, including waste, river, reservoir, drinking
and sea water. Target compounds were selected because of their
high human consumption in Spain as well as their high occurrence
and ubiquity in the aquatic environment, according to the infor-
mation found in the scientific literature. Moreover, some human
metabolites have been added to the list of compounds to be mon-
itored. The vast majority of analytical methods published in the
literature focus their attention on parent compounds and rarely
include metabolites and/or transformation products (TPs). Some
of the metabolites are still bioactive and may  have high stability
and mobility in the environment. Therefore, it is very important
to assess their fate in order to assess the environmental risks

associated with the release of pharmaceuticals). Quantitative anal-
ysis was performed by selected reaction monitoring (SRM) mode,
monitoring two  SRM transitions. For extra confirmation, an infor-
mation dependent acquisition (IDA) experiment was performed,
combining SRM with an EPI scan. Compound identification was  car-
ried out by library search with a library developed based on the EPI
spectra at the registered collision energy.

The work presented in this manuscript offers several advan-
tages and improvements in comparison with previous analytical
methods developed by the authors [17,29].  These advantages are:
(i) the minimization of sample manipulation for some matrices
and automation of sample preparation (SPE is performed auto-
matically and low samples volumes are used for some matrices:
i.e. 25 mL  for influent wastewaters, 50 mL  for effluent wastewaters
and 100 mL  for river waters), (ii) the list of target pharmaceuticals
to be monitored has been updated (adding some pharmaceuti-
cals widely consumed in Spain and whose information about their
occurrence in Spanish aquatic environment is sparse) and some
human metabolites have been included, (iii) its high sensitivity
(limits of detection are in the low ng/L range, even though using
less samples volumes for pre-concentration of wastewaters), (iv) its
selectivity (due to the inclusion of the IDA approach for confirma-
tion). In the present study, some improvements and changes have
been made to the IDA experiment, in comparison with previous
works reported by the authors [17], (v) the use of a larger number
of isotopically labeled compounds for internal standard calibra-
tion (almost one for each therapeutic group) and (vi) the analysis
of reservoir and sea waters, since information about occurrence
of pharmaceuticals in these type of waters is still sparse. Finally,
the developed method was successfully applied to the analysis of
pharmaceutical residues in several waste and surface waters from
different sites in Catalonia (North East of Spain). Results indicate
that pharmaceuticals are widespread pollutants in these types of
matrices.

2. Materials and methods

2.1. Chemicals and reagents

All pharmaceutical standards were of high purity grade (>90%).
Compounds with number (see Table 1) 1–17, 20, 23, 25, 28–30,
32–34, 36–42, 44–47, 49, 51, 54–57, 59–79 and 81 were pur-
chased from Sigma–Aldrich. Compounds with numbers 9, 18,
19, 27, 43, 52, 53 and 80 were purchased from the US Phar-
macopeia (USP), whereas substances with numbers 24, 26, 31,
35, 50, 48 and 79, were acquired from the European Pharma-
copeia (EP). Substances with number 24, 26, 28–31, 37, 41, 42,
55, 61, 69, 79 and 81 were purchased as hydrochloride salts, 12,
17 and 18 as sodium salts, 19 as calcium salt, 25 as hydrobro-
mide salt, 43 as tartrate, 50 as besylate, 51 as potassium salt,
54 as hydrogen sulfate and 56 as hemisulfate. Finally substances
with number 21, 22 and 58 were acquired in Toronto Research
Chemicals (TRC). Isotopically labeled compounds, used as inter-
nal standards, were erithromycin-N,N-dimethyl-13C, xylazine-
d6, azaperone-d4, ibuprofen-d3, diazepam-d5, meloxicam-d3,
ronidazole-d3, ofloxacin-d3, and fluoxetine-d5 (as hydrochloride
salts) from Sigma–Aldrich. Dexamethasone-d4, indomethacine-
d4, antipyrine-d3, cimetidine-d3, bezafibrate-d6, gemfibrozil-d6,
carbamazepine-d10, citalopram-d4 (as hydrobromide), atenolol-d7,
warfarin-d5, hydrochlorothiazide-d2, valsartan-d8 and glyburide-
d3 were purchased from CDN isotopes (Quebec, Canada)
and azithromycin-d3, sulfamethoxazole-d4, acetaminophen-d4,
venlafaxine-d6, amlodipine-d4 (as maleic acid salt), verapamil-
d6 (as hydrochloride salt) and furosemide-d5 were from
Toronto Research Chemicals (Ontario, Canada). On the other
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