
RESEARCH PAPER

Enantioselective analysis of non-steroidal anti-inflammatory
drugs in freshwater fish based on microextraction
with a supramolecular liquid and chiral liquid
chromatography–tandem mass spectrometry

Carmen Caballo1 & Maria Dolores Sicilia1 & Soledad Rubio1

Received: 12 December 2014 /Revised: 23 February 2015 /Accepted: 1 April 2015 /Published online: 14 April 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract Toxicity of pharmaceuticals to aquatic biota is still
largely unknown, and no research on the stereoselective tox-
icity of chiral drugs to these organisms has been undertaken to
date. Because of the lack of analytical methods available for
this purpose, this manuscript deals, for the first time, with the
enantioselective analysis of the non-steroidal anti-inflamma-
tory drugs (NSAIDs) ibuprofen, naproxen and ketoprofen in
freshwater fish. The method was based on the microextraction
of NSAIDs from fish muscle with a supramolecular liquid
made up of inverted hexagonal aggregates of decanoic acid,
their enantiomeric separation by liquid chromatography onto a
(R)-1-naphthylglycine and 3,5-dinitrobenzoic acid stationary
phase and quantification by tandemmass spectrometry. Limits
of quantitation (LOQs) for NSAID enantiomers were in the
range 1.7–3.3 ng g−1. Absolute recoveries were from 97 to
104 %, which indicated the high extraction efficiency of the
supramolecular solvent. Extraction equilibrium conditions
were reached after 10 min which permitted fast sample treat-
ment. Relative standard deviations for enantiomers in fish
muscle were always below 6 %. Isotopically labelled internal
standards were used to compensate for matrix interferences.
The method in-house validation was carried out with the On-
corhynchus mykiss species, and it was applied to the determi-
nation of NSAID enantiomers in different fortified freshwater
fish species (Alburnus alburnus, Lepomis gibbosus,
Micropterus salmoides, O. mykiss and Cyprinus carpio).

Keywords Chiral analysis . Supramolecular solvent-based
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Introduction

Information on the toxicity of pharmaceuticals to biota is still
scarce [1] and mostly inaccurate [2]. Lack of toxicological
data is partly due to the still unresolved analytical challenges
associated with the complexity of quantifying pharmaceuti-
cals in biological matrices, which demand exhaustive sample
treatments and highly sensitive and selective detection tech-
niques [1]. Inaccuracy of toxicological data mainly arises from
the fact that enantioselective analysis of chiral drugs, which
represent around 56% of the pharmaceuticals currently in use,
has been overlooked, which leads to under- or overestimation
of environmental risk [2].

Exposure of biota to pharmaceuticals mainly occurs in riv-
ers, lakes and coastal waters that receive discharge from
wastewater treatment plants (WWTPs). The concentration of
pharmaceuticals in such surface waters is usually in the range
from nanograms per litre to micrograms per litre [3], and an
increasing body of literature indicates their accumulation in
the wild-caught fish population at the concentration of nano-
grams per gram [4–10]. There is growing concern about the
effects of pharmaceuticals to aquatic organisms because of
both their inherent biological activity and pseudo-persistence
(i.e. environmental dissipation rates are exceeded by introduc-
tion rates from effluent loadings).

Non-steroidal anti-inflammatory drugs (NSAIDs) are chi-
ral pharmaceuticals prescribed in high quantities over the
world. Human and veterinary consumption rates for NSAI
Ds follow the order ibuprofen, naproxen and ketoprofen, the
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former being one of the top-ten drugs sold worldwide http://
www.fiercepharma.com/special-reports/top-20-generic-
molecules-worldwide. Ibuprofen and ketoprofen are marketed
as racemic mixtures, although their therapeutic effect resides
almost exclusively in the S-enantiomers, whereas naproxen is
only distributed as an S-enantiomer since R-naproxen is hep-
atotoxic. These NSAIDs are present in WWTP influents at
concentrations from the nanogram-per-litre to the
microgram-per-litre level, ibuprofen reaching the highest con-
centrations (up to 603 μg L−1) [11]. Treatments used in
WWTPs are inefficient to remove them, and accordingly, ibu-
profen, ketoprofen and naproxen are also present in WWTP
effluents with concentration values up to 55, 3.92 and 5.
09μg L−1, respectively [11]. The concentrations of these phar-
maceuticals in surface waters, including both sea- and fresh-
waters, usually are in the nanogram-per-litre range [11, 12]
and those present in fishes living in contaminated waters in
the nanogram-per-gram one [13–15]. The enantiomeric distri-
bution of NSAIDs in the aquatic environment depends on the
extent of both the chiral inversion of (R)-enantiomers during
human metabolism and the preferential biodegradation of (S)-
enantiomers during wastewater treatment. Their enantiomeric
fractions, defined as [S-enantiomer]/[S-enantiomer]+[R-en-
antiomer], are around 0.6–0.7 for ibuprofen and ketoprofen
and close to 1 for naproxen [2], which indicates the preferen-
tial occurrence of S-enantiomers in the aquatic environment.
Previous research has shown that chronic exposure to ibupro-
fen may alter reproduction [16] and development [17] in fish;
however, to the best of our knowledge, no research on the
stereoselective toxicity of NSAIDs to aquatic organisms has
been undertaken, nor methods for their enantioselective anal-
ysis in biota have been reported so far. In fact, animal [18, 19]
and human [20, 21] body fluids have been the only biological
samples for which methods of determining NSAID enantio-
mers have been proposed so far. In order to fill this gap, this
paper deals with the development of a simple and reliable
method for the enantioselective determination of NSAIDs in
fish tissues with the aim of fostering research able to improve
our understanding on the environmental toxicity of chiral
drugs.

Analytical methods for the non-enantioselective determina-
tion of NSAIDs in fish tissue involve the use of rather aggres-
sive sample treatments combined with GC–MS or LC–MS
[5–8, 14, 22]. Common sample treatments require the extrac-
tion of 0.1–2 g of fish fillet in around 10 mL of solvent, often
using repetitive microwave-assisted extraction [6, 22] or son-
ication [6], followed by solvent evaporation to dryness [7, 8,
13] and SPE cleanup in Oasis HLB [6, 11] or Florisil [14]
cartridges. Both GC–MS [14] and LC–MS [5, 7, 8, 22] have
been used in studies related to fish exposure to NSAIDs, the
latter being preferred because of the need of NSAID derivati-
zation in GC. Method quantification limits (LODs) for NSAI
Ds are in the range 14–46 ng g−1 using GC–MS or LC–triple

quadrupole (QQQ) MS [7, 8, 14], these values increasing for
LC–(TOF) MS (e.g. 138–644 ng g−1 [5]) or LC–UV (e.g.
100–410 ng g−1 [6]). Concentrations of NSAIDs in fish de-
pend on the exposure level (e.g. 21.14 and 18.74 ng g−1 after
exposure to 250 μg L−1 of ibuprofen for 1 and 7 days, respec-
tively [14]), which demands for techniques giving the lower
LODs (e.g. LC–(QQQ) MS) in order to cover a wide range of
lab and/or field exposure studies.

Regarding the enantioselective determination of NSAIDs,
the above-described sample treatments should be also appli-
cable to their chiral analysis; however, the ability of these
approaches to keep unaltered the enantiomeric fraction of
NSAIDs throughout the whole process should be proved.
So, sample treatments should be simple and using mild con-
ditions in order to avoid enantiomer conversion or degradation
[23]. On the other hand, stationary phases for enantiomeric
resolution of individual NSAIDs have become commercially
available (http://www.sascorp.jp/english/public_html/
sumichiral/d0107.pdf, http://www.sascorp.jp/english/public_
html/sumichiral/d0814.pdf), so their suitability for the
simultaneous analysis of these chiral drugs in fish tissue can
be assessed. A key point in chiral chromatography is to prove
that detection is not stereoselective (i.e. there is no
enantioselective signal suppression or enhancement) which
could cause deviations in the measurement of the respective
enantiomeric fractions.

This paper presents the development of a method for the
determination of the enantiomeric composition of ibuprofen,
ketoprofen and naproxen in fish tissue based on supramolec-
ular solvent (SUPRAS) microextraction and chiral LC–MS/
MS on a (R)-1-naphthylglycine 3,5-dinitrobenzoic acid sta-
tionary phase (http://www.sascorp.jp/english/public_html/
sumichiral/d0107.pdf, http://www.sascorp.jp/english/public_
html/sumichiral/d0814.pdf). Selection of these NSAIDs was
based on their occurrence in surface waters as well as their
high human consumption. To the authors’ knowledge, this is
the first reported method for the determination of enantiomers
of NSAIDs in fish, which constitutes one of the most studied
organisms regarding the effect of pharmaceuticals on the
environment [1].

The SUPRAS selected consisted of inverted hexagonal ag-
gregates of decanoic acid [24], synthesized by a spontaneous
self-assembly process from ternary mixtures of decanoic acid,
tetrahydrofuran (THF) and water at the proportions shown in
the phase diagram depicted in Fig. 1. The hexagonal nano-
structures making up the SUPRAS (viz. aqueous cavities
surrounded by the carboxylic groups with the hydrocarbon
chains dissolved in THF) are also displayed in that figure.
Selection of this SUPRAS was based on its high extraction
potential derived from both the possibility to act as a mixed
mode extractant (viz. it provides hydrogen bonding and dis-
persion interactions) and the huge concentration of binding
sites it offers (viz. decanoic concentration in the SUPRAS is

4722 C. Caballo et al.

http://www.fiercepharma.com/special-reports/top-20-generic-molecules-worldwide
http://www.fiercepharma.com/special-reports/top-20-generic-molecules-worldwide
http://www.fiercepharma.com/special-reports/top-20-generic-molecules-worldwide
http://www.sascorp.jp/english/public_html/sumichiral/d0107.pdf
http://www.sascorp.jp/english/public_html/sumichiral/d0107.pdf
http://www.sascorp.jp/english/public_html/sumichiral/d0814.pdf
http://www.sascorp.jp/english/public_html/sumichiral/d0814.pdf
http://www.sascorp.jp/english/public_html/sumichiral/d0107.pdf
http://www.sascorp.jp/english/public_html/sumichiral/d0107.pdf
http://www.sascorp.jp/english/public_html/sumichiral/d0814.pdf
http://www.sascorp.jp/english/public_html/sumichiral/d0814.pdf


around 0.8 mg μL−1). On the other hand, the size of the aque-
ous cavities can be tailored by controlling the THF-to-water
ratio in the solution where decanoic acid self-assembles and,
consequently, this solvent has the potential to exclude the
extraction of macromolecules present in the fish. So this SU-
PRAS can simplify sample treatment by combining both iso-
lation of NSAIDs and sample cleanup. In the following para-
graphs, the main results of this study are described and
discussed.

Experimental

Chemicals

All chemicals were of analytical reagent grade and were used
as supplied. Decanoic acid (DeA) and ammonium acetate
were purchased from Fluka (Buchs, Switzerland), (R)/(S)-ibu-
profen (≥98 % purity) and (R)/(S)-ketoprofen (≥98 % purity)
were supplied by Sigma (St. Louis, MO, USA) whereas (R)/

(S)-naproxen (≤100 % purity) was obtained from European
Pharmacopoeia Reference Standard (Strasbourg, France).
The isotopically labelled compounds (R)/(S)-ibuprofen (U-
Ring-13C6, 99 % purity), (R)/(S)-ketoprofen (13C6, 99 % puri-
ty) and (R)/(S)-naproxen (13C, 2H3, 98 % purity), acquired
from ALSACHIM (Strasbourg, France), were used as internal
standards (ISs). All NSAID standards contained R- and S-
enantiomers in a 50:50 ratio, which was confirmed by LC–
UV. Both individual stock standard (1 g L−1) and isotopically
labelled internal standard (40 mg L−1) solutions of racemic
NSAIDs were prepared on a weight basis in methanol and
stored under dark conditions at 4 °C. They were stable for at
least 2 months. Working solutions containing mixtures of
NSAIDs (5 mg L−1 of each enantiomer) or ISs (4.2 mg L−1

of each enantiomer of (R)/(S)-ibuprofen and 0.84 mg L−1 of
each enantiomer of (R)/(S)-ketoprofen and (R)/(S)-naproxen)
were prepared in methanol and stored at 4 °C. Tetrahydrofuran
(THF) and hydrochloric acid were purchased from Panreac
(Barcelona, Spain) and LC-grade methanol and acetonitrile
from HiPerSolv Chromanorm (Fontenay-Sous-Bois, France).

Hexagonal aggregates 
making up the SUPRAS

THF
H2O

Flocculation Phase separationCoacervate droplets

Aqueous
10 mM HCl

SUPRAS

Diagram of phase boundaries for ternary 
mixtures of DeA-THF-water (pH=2)

DeA in THF

(A)

(B)

(C)

Fig. 1 Scheme of theA synthesis, B phase diagram (reproduced with permission from Lara AB et al. [28]. Copyright © 2012 Elsevier) andC structure
of the supramolecular solvent used for microextraction (reproduced with permission from López-Jiménez FJ et al. [29]. Copyright © 2013 Elsevier)

Enantioselective analysis of non-steroidal anti-inflammatory drug 4723



Ultra-high-quality water was obtained from a Milli-Q water
purification system (Millipore, Madrid, Spain).

Apparatus

The LC–MS system used was a hybrid triple quadrupole/
linear ion trap Applied Biosystems MSD Sciex 4000QTRAP
(Applied Biosystems, Foster City, CA, USA) coupled to a
liquid chromatograph Agilent HP 1200 Series (Agilent Tech-
nologies, Palo Alto, CA, USA) with a TurboIonSpray (TIS)
interface. All data were acquired and processed using Analyst
1.5.1 Software. The analytical column used for separation of
NSAID enantiomers was a Sumichiral OA-2500 (stationary
phase: (R)-1-naphthylglycine and 3.5-dinitrobenzoic acid,
particle size 5 μm, i.d. 4.6 mm, length 250 mm) from Sumika
Chemical Analysis Service (Osaka, Japan). It was preceded by
a guard column (Chirex 3005 from Phenomenex, Torrance,
CA, 30 mm length) with the same chiral selector, particle size
and internal diameter as those of the analytical column. A
magnetic stirrer BasicMagMix from Ovan (Barcelona, Spain)
and a digitally regulated centrifugeMixtasel equipped with an
angle rotor 4×100 mL from J.P. Selecta (Abrera, Spain) were
used for SUPRAS production. A homogenizer–disperser
Ultra-Turrax T25 Basic from Ika (Werke, Germany), a
vortex-shaker REAX Top equipped with an attachment for
ten microtubes from Heidolph (Schwabach, Germany) and a
high-speed brushless centrifuge MPW-350 R equipped with
an angle rotor 36×2.2/1.5 mL from MPW Med-Instruments
(Warsaw, Poland), were used for sample treatment.

Supramolecular solvent production

The following procedure, which permits to obtain a SU-
PRAS volume (~8.5 mL) able to treat 25 fish samples,
was routinely followed. DeA (6.5 g) was dissolved in
THF (4.2 mL) at room temperature in a 100-mL glass
centrifuge tube. Then, 80 mL of a 10-mM hydrochloric
acid aqueous solution was added. After sealing the tube
with parafilm to avoid THF evaporation, the mixture was
magnetically stirred for 5 min at 900 rpm, time in which
the SUPRAS spontaneously formed into the bulk solution.
Then, the suspension was centrifuged at 3.500 rpm for
10 min to accelerate the separation of two liquid phases,
namely the SUPRAS and a DeA-poor hydro-organic so-
lution. Next, the SUPRAS, which is less dense than the
hydro-organic solution, was withdrawn using a 20-mL
glass syringe, transferred to a hermetically closed storage
glass vial to avoid THF losses and stored at 4 °C. Under
these conditions, the solvent produced was stable for at
least 1 month. This procedure is similar to that followed
for the synthesis of SUPRAS obtained from other alkyl
carboxylic acids (e.g. dodecanoic acid [25]). A scheme of
the synthesis procedure is shown in Fig. 1. The volume of

solvent obtained can be adjusted at will by varying the
amount of DeA, THF and water while keeping constant
their above-specified proportion.

Determination of NSAID enantiomers in fish tissue

Sample collection and pretreatment

Different species of freshwater fish, namely rainbow trout
(Oncorhynchus mykiss), common bleak (Alburnus alburnus),
pumpkinseed sunfish (Lepomis gibbosus), largemouth bass
(Micropterus salmoides) and common carp (Cyprinus carpio),
were analysed. Rainbow trout were acquired from local mar-
kets in Córdoba (south of Spain) while the rest of the fishes
were captured in Breña dam,which is not impacted by effluent
discharges and has a capability to house water of
100.131 hm3. The Breña dam is located in the centre-west of
the province of Córdoba (Spain). The head, fishbone and
backbones of fishes were removed and the muscles were
filleted. Cleaned fish muscles were stored at −20 °C until
analysis. After thawing, about 200 g of sample was chopped
and homogenized using a homogenizer–disperser.

SUPRAS-based microextraction

About 200 mg of chopped sample and 340 μL of SUPRAS
were mixed in a 2-mL microtube Safe-Lock from Eppendorf
Ibérica (Madrid, Spain). A micro Teflon-coated bar (3×
10 mm) was introduced in the microtube to favour sample
dispersion during extraction, which was made by vortex shak-
ing at 2.500 rpm for 10 min. Then, the mixture, thermostated
at 20 °C, was centrifuged at 15.000 rpm for 5 min and the
extract separated from the sample residue. A volume of
100 μL of the extract was spiked with 5 μL of the IS working
solution containing 8.4 mg L−1 of racemic (R)/(S)-ibuprofen
and 1.7 mg L−1 of racemic (R)/(S)-ketoprofen and (R)/(S)-
naproxen and directly analysed by chiral LC–MS. Figure 2
shows a scheme of the sample treatment and microextraction
procedure.

LC–MS/MS analysis

Enantiomers of NSAIDs were separated and quantified by
using chiral LC coupled with a turbo ion spray (TIS) source
operating in the negative ion mode and a hybrid triple
quadrupole/linear ion trap analyser operating in the selected
reactionmonitoring (SRM)mode. Themobile phase consisted
of 90 % tetrahydrofuran and 10 % ammonium acetate
(50 mM) in methanol working at a variable flow:
0.5 mL min−1 from 0 to 18 min and then 1.2 mL min−1. The
injection volume used was 10 μL. The temperature of the
analytical and guard column was kept at 25 °C. The eluates
from the analytical column were diverted by the switching
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valve to waste from 0 to 14 min in order to protect the mass
spectrometer from the entrance of matrix components or
decanoic acid. The TIS source and analyser conditions were
as follows: curtain gas 30 psi; nebulizer gas 65 psi; turbo gas
30 psi; temperature of the turbo gas 425 °C; ion spray voltage
−4.500 V; entrance potential −5 V; and collision gas 3.0×
10−5 Torr. Unit resolution was used for both first and third
quadrupoles. Figure 3 shows typical mass spectra for the tar-
get analytes and Table 1 the quantifier and qualifier ions used
for each native NSAID and ISs. Only one SRM transition
could be recorded for ibuprofen because of its poor fragmen-
tation. Declustering potential, collision energy and collision
cell exit potential parameters were optimized for each analyte
(Table 1). Calibration curves were constructed from standard
solutions in methanol containing the target enantiomers in the
ranges 0.4–4.000, 1.0–4.000 and 1.2–4.000 μg L−1 for (R)/
(S)-ibuprofen, (R)/(S)-ketoprofen and (R)/(S)-naproxen, re-
spectively, and constant concentrations of ISs [200 μg L−1

of each enantiomer of (R)/(S)-ibuprofen and 40μg L−1 of each
enantiomer of (R)/(S)-ketoprofen and (R)/(S)-naproxen]. The
concentration of the target analytes in the extract was calcu-
lated from calibration curves obtained by plotting peak area
ratios (A/AIS; A=peak area of individual enantiomers and
AIS=peak area of the corresponding IS) versus the concentra-
tion of analytes injected.

Results and discussion

Enantioselective separation/detection of NSAIDs in fish

LC–MS was the preferred choice for the enantioselective
separation/detection of NSAIDs in fish because it far sur-
passes the sensitivity and selectivity of LC/UVand the sam-
ple throughput and experimental convenience of GC–MS.

The chiral stationary phase (R)-1-naphthylglycine and 3.5-
dinitrobenzoic acid and the mobile phase 30–80 mM am-
monium acetate in methanol, which provide good resolu-
tion for the enantiomeric separation of individual NSAIDs
in chiral LC–UV (http://www.sascorp.jp/english/public_
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Fig. 2 Scheme of the procedure used for sample treatment
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html/sumichiral/d0107.pdf, http://www.sascorp.jp/english/
public_html/sumichiral/d0814.pdf), were used for this
purpose. Ammonium acetate was required for the
enantioselective separation of NSAIDs and highly
influenced retention times. Unfortunately, this additive
caused suppression of NSAID ionization in LC–(ESI) MS
so the concentration of ammonium acetate in the mobile
phase should be kept as low as possible (e.g. 5 mM) in
order to overcome signal suppression. At such low
concentration, retention times became unacceptably long
and, consequently, a stronger mobile phase had to be used
(e.g. mixtures of THF and methanol). Figure 4A shows a
representative chromatogram obtained from a standard
solut ion of NSAIDs run under the experimental
conditions proposed for their determination in fish muscle
(i.e. 90 % THF and 10 % methanolic 50 mM ammonium
acetate). Resolution values for the R/S-enantiomers were in
the range 1.4–2.8.

Selection of SUPRAS composition

Figure 1 shows a scheme of the self-assembly process that
leads to SUPRAS formation. Addition of aqueous 10 mM
hydrochloric acid to a solution of decanoic acid (DeA) in
THF causes the spontaneous self-assembly of the amphiphiles
in oily droplets, named coacervate droplets, which associate
and finally flocculate as a new liquid phase (i.e. coacervate or
supramolecular solvent). Acidification of the coacervating
agent (i.e. water) is required to ensure protonation of DeA
(pKa=4.8±0.1).

One of the major properties of SUPRASs is that they are
environment responsive. This means that tailoring of the en-
vironment or dynamically changing it provides an important
means of controlling the self-assembling system. In the case of
the SUPRAS here selected, the THF-to-water ratio in
the bulk solution determines the relative proportion of
DeA, THF and water in the solvent [24, 26]. Thus,
there is a gradual incorporation of both THF and water

into the SUPRAS, and consequently, it becomes increas-
ingly diluted with respect to DeA, by increasing the
THF/water percent ra t io in the bulk solut ion.

Table 1 Quantifier and qualifier ion transitions and MS parameters used to determine non-steroidal anti-inflammatory drugs in fish muscle

Non-steroidal anti-inflammatory drug MS parameters

Quantifier transition Qualifier transition Declustering
potential (V)

Collision energy (V) Collision cell exit
potential (V)

(R)/(S)-Ibuprofen 205>161 205>161 −55 −10 −3
(R)/(S)-Ketoprofen 253>209 253>197 −35 −10 −11
(R)/(S)-Naproxen 229>185 229>170 −50 −10 −5
(R)/(S)-13C6 Ibuprofen 211>167 211>167 −40 −10 −13
(R)/(S)-13C6 Ketoprofen 259>215 259>199 −20 −12 −37
(R)/(S)-13C6,

2H3Naproxen 233>189 233>170 −35 −10 −9

Profen precursor ion [M–H]− , quantifier product ion [M–H–CO2]
−

Time (min)
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Fig. 4 LC–MS/MS selected ion chromatograms obtained from A a
standard solution containing 250 μg L−1 of each enantiomer of (R)/(S)-
ibuprofen (IBP), (R)/(S)-ketoprofen (KTP) and (R)/(S)-naproxen (NPX)
and B, C a rainbow trout sample spiked with B 400 ng g−1 and C
15 ng g−1 of each enantiomer
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Interestingly, once formed, the composition of the SU-
PRAS can be reversed by modifying the THF-to-water
ratio in the solution, so SUPRASs are highly adaptive.

In order to select a suitable solvent for extraction of enan-
tiomers of NSAIDs from fish, SUPRASs of different compo-
sitions were prepared from a constant amount of DeA (6.5 g)
and variable THF/water ratios (5/95–30/60, v/v, total volume=
85mL) according to the procedure specified in ‘Experimental’.
The concentration of DeA in the SUPRAS produced in this
range of THF/water ratios varied from 0.76 to 0.21 mg μL−1,
respectively. The volume of SUPRAS produced in each of
these syntheses can be accurately predicted from the following,
previously derived, equation [26]:

y ¼ 1:04� 0:02ð Þa e 0:0473�0:0009ð Þb

where y is the volume (mL) of SUPRAS, a the amount (g)
of DeA and b the THF percentage (v/v).

The influence of SUPRAS composition on the extrac-
tion efficiency of NSAID enantiomers from fish was in-
vestigated by extracting around 300 mg of muscle fillet of
rainbow trout spiked with 10 μL of a standard solution
containing 6 mg L−1 of each native racemic (R)/(S)-ibu-
profen, (R)/(S)-ketoprofen and (R)/(S)-naproxen. So, forti-
fication for each enantiomer was 100 ng g−1. They were
allowed to stand at room temperature between 0.5 and
24 h before analysis, which was made in triplicate. Ex-
tractions were carried out according to the procedure de-
scribed in ‘Experimental’. The volume of SUPRAS used
was 500 μL. Isotopically labelled internal standards
(200 μg L−1 of each enantiomer of (R)/(S)-ibuprofen and
40 μg L−1 of each enantiomer of (R)/(S)-ketoprofen and

(R)/(S)-naproxen) were added just prior to injection in
LC–MS in order to correct any potential matrix effects
and ensure accurate quantitation during optimization.

The recoveries found for the target enantiomers were
in the range 97–102 % for all the SUPRAS composi-
tions investigated, which indicated their suitability for
the intended purpose. A SUPRAS synthesized from a
solution containing the minimum percentage of THF
(5 %) was selected for the extraction of the enantiomers
of NSAIDs in order to consume the minimal volume of
organic solvent in the treatment process (i.e. 170 μL per
sample). The time of contact between NSAIDs and the
matrix in fortified samples had no effect on recoveries
in the interval investigated (0.5–24 h), so further opti-
mization studies involving fortified samples were carried
out by extracting them after 30 min of adding the
analytes.

Optimization of SUPRAS-based microextraction

The influence of variables such as the volume of SUPRAS
required per unit of sample, pH used in the synthesis of the
SUPRAS and vortex-shaking and centrifugation time, on the
extraction of NSAIDs, was investigated. Optimization was
carried out by extracting a muscle fillet of rainbow trout, for-
tified with native NSAIDs (100 ng g−1 of each enantiomer),
under the same conditions above described for the choice of
SUPRAS composition. Selection of optimal extraction condi-
tions was based on recoveries.

Table 2 shows the results obtained for SUPRAS volume/
sample amount ratios within the range 0.7–2 μL mg−1. Results
were given for (R)/(S) NSAIDs instead of individual

Table 2 Mean recoveries obtained for ibuprofen, ketoprofen and naproxen as a function of the volume of SUPRAS and the amount of sample used for
analysis

Sample amount
(mg)

SUPRAS
volume (μL)

SUPRAS volume/sample
amount (μL/mg)

Recovery±SD (%)

(R)/(S)-Ibuprofen (R)/(S)-Ketoprofen (R)/(S)-Naproxen

600 400 0.7 83±7 81±4 78±5

600 1.0 90±4 89±5 89±5

800 1.3 100±2 96.5±0.5 97±1

1000 1.7 100±2 101±2 104±4

300 300 1.0 90±4 92±5 89±8

400 1.3 96±1 96±3 97±2

500 1.7 99±6 102±5 97±5

600 2.0 107±5 107±6 102±4

200 260 1.3 98±5 95±3 94±5

340 1.7 99±3 102±3 98±4

400 2.0 99±2 98±3 100±1

SD standard deviation, n=6
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enantiomers because of their equal behaviour regarding both
recoveries and standard deviations. Quantitative recoveries
were obtained for SUPRAS volume/sample amount ratios
equal to or above 1.7 μL mg−1, independently of the amount
of sample used. All the subsamples analysed in the interval
tested (200–600 mg) were representative, so the minimum
amount (i.e. 200 mg) was selected for further studies. Standard
deviations below 6 % were obtained at the SUPRAS volume/
sample amount ratio chosen (i.e. 1.7 μL mg−1).

The pH of the aqueous solution used for the synthesis of the
SUPRAS did not influence recoveries of NSAIDs in the in-
terval 1–4. Self-assembly was carried out at pH 2 in order to
ensure maximal production of SUPRAS, since, as it has been
previously mentioned, only the protonated form of DeA
(pKa=4.8±0.1) is able to coacervate.

The time for vortex shaking (vibration motion=
2500 rpm) was investigated in the interval 2–30 min.
Extraction equilibrium conditions were reached from
10 min, which was selected as optimal. Recoveries at
2 and 5 min were in the interval 85–88 and 91–94 %
for the three NSAIDs. Effective separation of the SU-
PRAS extract from the sample residue was reached after
centrifugation at 15.000 rpm for 5 min.

Analytical performance

Recoveries and matrix effects

Method recoveries (R), absence or presence of matrix effects
(ME) and overall process efficiency (PE) were evaluated from
three sets of calibration [27]. The first set (A) consisted of eight
standards in methanol at concentrations of each enantiomer in
the ranges 0.4–4.000, 1.0–4.000 and 1.2–4.000 μg L−1 for
(R)/(S)-ibuprofen, (R)/(S)-ketoprofen and (R)/(S)-naproxen,
respectively. The second set (B) was prepared by spiking the
NSAID enantiomers (same concentration range as used for set
1) in SUPRAS aliquots obtained after rainbow trout extraction
according to the procedure described in the section ‘SUPRAS-
based microextraction’ in ‘Experimental’. In set 3 (C), rain-
bow trout samples were fortified and subjected to the whole
procedure. Matrix effects, absolute recoveries and process ef-
ficiency were evaluated by comparing the slopes of the cali-
bration curves obtained by sets 1 and 2, sets 2 and 3 and sets 1
and 3, respectively, according to

ME %ð Þ ¼ B=A� 100
R %ð Þ ¼ C=B � 100
PE %ð Þ ¼ ME� Rð Þ=100 ¼ C=A� 100

The ME calculated in this manner may be referred to as an
absolute matrix effect; percentages higher than 100 indicate
ion enhancement, while percentages lower than 100 are indic-
ative of ion suppression.

Table 3 shows the results obtained for the different
enantiomers investigated. Absolute recoveries varied in
the range 97–103 %, which confirmed both the similar
behaviour of enantiomers regarding extraction and the
independence of recoveries of enantiomer concentration
in the range evaluated.

Matrix effects were observed for all the NSAIDs
(Table 3), although signal suppression progressively de-
creased with increasing retention time that indicated that
most of the matrix components were eluted in the first
minutes due to the strength of the mobile phase re-
quired for enantiomeric separation. The overall process
efficiency (PE) was in the range 43–93 %.

The use of isotopically labelled standards to compen-
sate for matrix effects was investigated by comparing the
slopes of calibration curves obtained from standards (n=
8) of native NSAID enantiomers (0.4–4.000, 1.0–4.000
and 1.2–4.000 μg L−1 for (R)/(S)-ibuprofen, (R)/(S)-
ketoprofen and (R)/(S)-naproxen) in methanol and forti-
fied SUPRAS extracts obtained from a rainbow trout sam-
ple. Both methanol and extracts were also spiked with a
constant concentration of IS (200 μg L−1 of each enantio-
mer of (R)/(S)-ibuprofen and 40 μg L−1of each enantio-
mer of (R)/(S)-ketoprofen and (R)/(S)-naproxen). Calibra-
tion curves were obtained by plotting peak area ratios (A/
AIS; A=peak area of individual enantiomers and AIS=peak
area of the corresponding IS) versus the concentration of
enantiomers injected.

No statistically significant difference between both slopes
was found by applying Student’s test. The experimental t
values obtained for R-ibuprofen, S-ibuprofen, R-ketoprofen,
S-ketoprofen, R-naproxen and S-naproxen were 0.61, 0.40,
0.78, 0.48, 0.85 and 0.88, respectively. These values were
below the critical t value (3.05, significant level=0.01). So,
the isotopically labelled standards used were able to compen-
sate for effects produced by matrix components in fish
samples.

Table 3 Matrix effect (ME), recovery (R) and process efficiency (PE)
data for non-steroidal anti-inflammatory drug enantiomers in a rainbow
trout sample

Non-steroidal anti-inflammatory
drug enantiomer

ME±SD
(%)

R±SD
(%)

PE±SD
(%)

(R)-Ibuprofen 44±1 97±3 43±1

(S)-Ibuprofen 47±2 99±4 47±1

(R)-Ketoprofen 71±2 103±5 74±3

(S)-Ketoprofen 73±2 102±3 75±2

(R)-Naproxen 83±2 100±3 82±2

(S)-Naproxen 95±3 98±3 93±3

SD standard deviation
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Sensitivity and linearity

Limits of detection (LODs) were calculated from six indepen-
dent complete analyses of blank rainbow trout samples, ac-
cording to the procedure detailed in ‘Experimental’, by using
a signal-to-noise ratio of 3. They were 0.6, 0.5, 0.7, 0.8, 1.0
and 0.9 ng g−1 for R-ibuprofen, S-ibuprofen, R-ketoprofen, S-
ketoprofen, R-naproxen and S-naproxen, respectively. Limits
of quantitation (LOQs) were calculated alike with a signal-to-
noise ratio of 10. They were in the range 1.7–3.3 ng g−1. Both
LODs and LOQs were practically independent of the type of
rainbow trout analysed.

Calibration curves were run from standards of NSAID en-
antiomers in methanol (n=8) using the internal standard ap-
proach. The range of linearity was confirmed by visual inspec-
tion of the plot residuals versus analyte concentration; the
residuals were randomly scattered within a horizontal band,
and a random sequence of positive and negative residuals was
obtained. Correlation between peak areas and enantiomer con-
centrations was determined by linear regression and 1/x
weighted calibration. Correlation coefficients were in the
range 0.9995–0.99998 for all enantiomers indicating good
fits.

Precision

Precision was studied in terms of repeatability and expressed
as relative standard deviation (RSD). For this purpose, 12
independent blank rainbow trout samples, spiked with (R)/
(S)-ibuprofen, (R)/(S)-ketoprofen and (R)/(S)-naproxen at
two concentrations (i.e. 15 and 400 ng g−1 of each enantio-
mer), were subjected to the whole analytical process. The
values obtained for RSD (n=6) were 4.8/4.2 % for (R)/(S)-
ibuprofen, 4.4/4.6 % for (R)/(S)-ketoprofen and 4.6/5.3 % for
(R)/(S)-naproxen for samples spiked with 15 ng g−1 of enan-
tiomers, and they decreased at 1.4/1.7 % for (R)/(S)-ibuprofen,
1.4/1.6 % for (R)/(S)-ketoprofen and 1.3/1.7 % for (R)/(S)-
naproxen as the concentration of enantiomers was
400 ng g−1. The precision was satisfactory at both low and
high levels of enantiomer concentrations.

Analysis of freshwater fish

The suitability of the method for application in studies involv-
ing exposure of freshwater fish to NSAIDs was investigated.
Fish individuals belonging to five different species, namely
O. mykiss, A. alburnus, L. gibbosus, M. salmoides and
C. carpio, were selected for this purpose. Unfortified and for-
tified samples were analysed according to the procedure spec-
ified in ‘Experimental’. Fortification of fish fillets for each
NSAID enantiomer was performed at two concentrations
(i.e. 15 and 400 ng g−1) in order to prove the suitability of
the method for both low- and high-exposure studies. Samples T
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were analysed in triplicate and both recoveries and enantio-
meric fractions were measured.

Table 4 shows the results obtained. No NSAIDs were
found in any of the fish analysed. Absolute recoveries were
in the range 97–104 %, with relative standard deviations from
0.2 to 6 %. Recoveries were independent of the fish species
analysed. Calculated enantiomeric fractions were near 0.5,
which indicated the suitability of the isotopically labelled in-
ternal standard to correct for any sample matrix interferences
and consequently to allow for accurate quantification of NSAI
D enantiomers. Figure 4 depicts, as an example, the chromato-
grams obtained from the analysis of a rainbow trout sample
fortified with 400 ng g−1 (Fig. 4B) and 15 ng g−1 (Fig. 4C) of
each NSAID enantiomer.

Conclusion

The need for research on the enantioselective toxicity of
chiral drugs to aquatic biota is essential for a correct
risk assessment of the presence of such contaminants
in the environment. The lack of studies in this area is
partly due to the lack of reported analytical methods for
this purpose. Because of the difficulty to undertake
multiresidue analysis with chiral stationary phases,
which are relatively exclusive regarding their binding
potential [23], the need for developing methods for the
determination of the major groups of chiral drugs (e.g.
non-steroidal anti-inflammatory drugs, analgesics, central
nervous system drugs, etc.) has been highlighted [2].

The method here developed meets the analytical and oper-
ational features required to evaluate the enantioselective ex-
posure of aquatic biota to NSAIDs. Major analytical features
include (a) quantitative absolute recoveries (97–104 %) for all
the enantiomers investigated, (b) method quantification limits
that are 5- to 9-fold lower than those previously reported for
the non-stereoselective determination of NSAIDs in biota by
using GC–MS or LC–(QQQ) MS [7, 8, 14] and (c) accurate
quantification of enantiomers and, consequently, accurate cal-
culation of their enantiomeric fractions.

From an operational point of view, the proposed sample
treatment is fast (e.g. sample extraction takes about 15 min
and several samples can be treated simultaneously), simple (it
uses conventional lab equipment such as vortex shakers or
centrifuges) and cheap (340 μL of SUPRAS per sample is
only required) and has high sample throughput (no evapora-
tion or further cleanup steps are necessary).

LC–(QQQ) MS is necessary to achieve detection limits
low enough to evaluate fish exposure to low concentra-
tions of NSAIDs. The use of isotopically labelled internal
standards is encouraged in order to correct for matrix ion-
ization suppression.
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