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An enantioselective method for the determination of fluoxetine (a selective serotonin reuptake inhibitor)
and its pharmacologically active metabolite norfluoxetine has been developed for raw and treated
wastewater samples. The stable isotope-labeled fluoxetine and norfluoxetine were used in an extended
way for extraction recovery calculations at trace level concentrations in wastewater. Wastewater sam-
ples were enriched by solid phase extraction (SPE) with Evolute CX-50 extraction cartridges. The obtained
extraction recoveries ranged between 65 and 82% in raw and treated wastewater at a trace level con-

{fzzzgw;er centration of 50 pM (15-16ngL-'). The target compounds were identified by the use of chiral liquid
Solid phase extraction chromatography tandem mass spectrometry (LC-MS/MS) in selected reaction monitoring (SRM) mode.
Fluoxetine The enantiomers were successfully resolved on a chiral a;-acid glycoprotein column (chiral AGP) with
Norfluoxetine acetonitrile and 10 mM ammonium acetate buffer at pH 4.4 (3/97, v/v) as the mobile phase. The effects

of pH, amount of organic modifier and buffer concentration in the mobile phase were investigated on
the enantiomeric resolution (R;) of the target compounds. Enantiomeric Rs-values above 2.0 (1.03 RSD%,
n=3) were achieved for the enantiomers of fluoxetine and norfluoxetine in all mobile phases investi-
gated. The method was validated by assessing parameters such as cross-contamination and carryover
during SPE and during LC analysis. Cross-talk effects were examined during the detection of the ana-
lytes in SRM mode. In addition, the isotopic purity of fluoxetine-ds and norfluoxetine-ds were assessed
to exclude the possibility of self-contamination. The interassay precision of the chromatographic sep-
aration was excellent, with relative standard deviations (RSD) equal to or lower than 0.56 and 0.81%
in raw and treated wastewaters, respectively. The method detection and quantification limits (respec-
tively, MDL and MQL) were determined by the use of fluoxetine-ds and norfluoxetine-ds. The MQL for
the single enantiomers ranged from 12 to 14 pM (3.6-4.3 ngL~!) in raw wastewater and from 3 to 4 pM
(0.9-1ngL') in treated wastewater. The developed method has been employed for the quantification
of (R)-fluoxetine, (S)-fluoxetine and the enantiomers of norfluoxetine in raw and treated wastewater
samples to be presented in Part II of this study.

Isotope-labeled compounds
Chiral LC-MS/MS

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the last few decades, different active pharmaceutical
ingredients (API) from various therapeutic classes of pharmaceu-
tical compounds have been detected in the aquatic environment.
Many pharmaceuticals and their metabolites are not completely
eliminated during passage through sewage treatment plants and
enter the environment mainly through the sewage systems [1,2].
Consequently, pharmaceuticals and their metabolites have been
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detected in sewage influent and effluent, seawater, rivers, lakes,
groundwater and even in tap water [1,3-6]. Many clinically impor-
tant APIs are chiral compounds, and some drugs are administered
as racemic mixtures whereas others are administered as only one
of the enantiomers [7,8]. The enantiomers of chiral compounds
can interact differently with receptors, enzymes and other chiral
molecules [7]. Pharmacological enantiomers should thus be con-
sidered to be different chemical compounds from one another as
they often mediate different pharmacological activity, potency and
pharmacokinetic profiles [9]. As the pharmacological effect might
be mediated, to a great extent, by only one of the enantiomers there
is a strong need for chiral separation systems in the field of pharma-
ceutical sciences [10]. During the last recent decades, several achiral
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analytical methods have been developed for trace level analysis of
APIsinthe aquatic environment [11-13]. However, only a few chiral
ones have been developed. These types of analyses are challenges
as concentrations of APIs in the aquatic environment are generally
low and often found to be as low as the ngL-'-level [14] and in
extremely complex environmental samples with a high degree of
interference [7].

Fluoxetine, trademarked as Prozac®, is a selective serotonin
reuptake inhibitor (SSRI) used as an antidepressant [8]. Fluoxe-
tine is a chiral compound and the commercially available drug is
marketed as a racemic mixture of (R)- and (S)-fluoxetine, where
the enantiomers exert equipotent antidepressant effects [15].
However, fluoxetine is metabolized in humans to the chiral and
active metabolite, norfluoxetine, where the antidepressant effect is
exerted mainly by the (S)-enantiomer, which is as potent as the par-
ent pharmaceutical [16]. It has recently been found that significant
enantioselectivity in toxicity occurs in the aquatic environment
and that the different enantiomers of fluoxetine exert different
levels of toxicity on aquatic organisms at different trophic levels
[9]. It is therefore highly desirable to consider the enantiomeric
differences when evaluating the ecotoxicological effects of chiral
pharmaceuticals. Furthermore, the environmental fate may differ
for the enantiomers of chiral contaminants as for example the enan-
tiomeric fraction of chiral APIs may be altered during biological
sewage treatment [17-19]. This was demonstrated in a Canadian
treatment plant where it was found that the relative concentra-
tion of (R)-fluoxetine was higher in influent (raw) wastewater than
in effluent (treated) wastewaters [19]. However, most studies on
chiral APIs in the aquatic environment do not determinate the con-
centrations of the different enantiomers. One of the reasons for this
might be the challenge of analyzing the enantiomers at trace level
concentrations in extremely complex matrices, such as wastewater
[7].

The enantiomers of APIs have been separated by different
techniques, such as liquid and gas chromatography and capillary
electrophoresis [20]. In liquid chromatography (LC), the enan-
tiomers can be resolved directly by the use of a chiral stationary
phase (CSP) [20] or by a chiral mobile phase additive [21]. One
of the most used CSPs is silica bound aq-acid glycoprotein (AGP).
Chiral AGP binds drugs with hydrophobic and electrostatic inter-
actions [22] and has been used to separate basic [23], neutral [24],
and acidic [25] drug enantiomers. The enantiomers of fluoxetine
have previously been resolved by chiral AGP [26]. In addition, a
vancomycin-based CSP has been used to determinate the enan-
tiomeric fractions and concentrations of fluoxetine in raw and
treated wastewater samples in a Canadian wastewater treatment
plant[19].

The aim of this study was to develop a chiral method for trace-
level analysis of fluoxetine and norfluoxetine in raw and treated
wastewater samples by the use of solid phase extraction (SPE) and
chiral HPLC-MS/MS. The scope of the present study was further-
more to investigate if the isotope-labeled standards, fluoxetine-ds
and norfluoxetine-ds, could be used to validate key parameters,
such as extraction recoveries, at trace-level concentrations in the
actual matrix in which the target analytes were present.

2. Materials and methods
2.1. Chemicals and stock solutions

(R,S)-Fluoxetine (Fig. 1) hydrochloride (analytical standard,
Riedel-de Haén), (R,S)-norfluoxetine (Fig. 1) hydrochloride (>=97%,
Sigma), (S)-(+)-fluoxetine hydrochloride (>98%, Sigma) and (R,S)-
[2Hs]-fluoxetine (fluoxetine-ds ) in methanol (drug standard grade,
isotopic purity; 98%, Isotec stable isotopes) were all obtained

F,C
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H

Fig. 1. Fluoxetine and norfluoxetine. The molecular structure of fluoxetine (R=CHs)
and its chiral metabolite norfluoxetine (R=H).

from Sigma-Aldrich (St Louis, MO, USA). (R,S)-[2Hs]-Norfluoxetine-
ds hydrochloride (norfluoxetine-ds) (98%, isotopic purity; 99%)
was bought from Toronto Research Chemicals Inc. (North York,
Canada). Ammonia solution (25%, pro analysi) and glacial acetic
acid (pro analysi) were obtained from Merck (Darmstadt, Germany).
Ammonium acetate (analytical reagent grade) and isopropanol
(HPLC grade) were purchased from Fisher Scientific UK Limited
(Loughborough, UK). Methanol (isocratic grade) came from BDH,
Prolabo (VWR International LLC, West Chester, PA, USA), ace-
tonitrile (for HPLC) was obtained from Sigma-Aldrich (Chemie
GmbH, Steinheim, Germany) and formic acid (pro analysi) was sup-
plied by Acros Organics (Springfield, NJ, USA). Stock solutions of
(R,S)-fluoxetine hydrochloride, (R,S)-norfluoxetine hydrochloride,
(R,S)-fluoxetine-ds and (R,S)-norfluoxetine-ds were prepared in
methanol. A stock solution of (S)-fluoxetine hydrochloride was pre-
pared in ethanol (Etax Aa, 99.7%, v/v, Altia Corporation, Rajamaki,
Finland). All stock solutions were stored at —18 °C. Working stan-
dards were stored in the dark at 8 °C and prepared by the dilution
of stock solutions.

2.2. Experimental

2.2.1. Sample preparation

Grab samples of influent (raw) wastewater and effluent
(treated) wastewater were collected from the municipal wastew-
ater treatment system Kungsdngsverket in Uppsala, Sweden, in
2.5L clean amber glass bottles. All glassware used in this study
was washed with detergent (Neodisher FLA, Chemische Fabrik Dr.
Weigert GmbH & Co. KG, Hamburg, Germany) in a Miele G7783 lab-
oratory glassware washer (Miele Inc., Gutersloh, Germany) before
usage. The washing procedure consisted of two prewashing cycles,
one washing cycle (with a maximum temperature of 85 °C), four
rinse cycles (including three steps with deionized water) and one
drying step. The sample bottles were transported for about 20 min
and upon arrival at the laboratory, the water was immediately fil-
tered through glass fiber filters (pore size 0.7 wm from Millipore,
Billerica, MA, USA) and stored at 2 °C until sample extraction.

Aliquots of 200mL of raw wastewater and 500mL of
treated wastewater were spiked with (R,S)-fluoxetine-ds and
(R,S)-norfluoxetine-ds and the pH was adjusted to 4 with 100 or
150 L of 50.0% formic acid in Millipore water. The water sam-
ples were extracted with the use of a 12-port vacuum manifold by
solid phase extraction (SPE) with Evolute CX-50 cartridges (200 mg,
6.0mL, and a mean particle size of 50 wm) obtained from Bio-
tage (Uppsala, Sweden). Initially, Oasis MCX extraction cartridges
(150 mg, 6.0 mL, and mean a particle size of 30 wm) from Waters
Corporation (Milford, MA, USA), were also tested. Each Evolute CX-
50 cartridge was conditioned with methanol (6.0 mL) and Millipore
water (6.0 mL) and then equilibrated with 2.0% formic acid in Mil-
lipore water (6.0 mL). The water samples were transferred using
pieces of polytetrafluoroethylene (PTFE) tubing (Biotage, Uppsala,
Sweden) which were placed in the sample containers and con-
nected to the cartridges with column adaptors (Biotage, Uppsala,
Sweden). The application of the samples to the SPE cartridges
was performed under vacuum, with a flow rate of approximately
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5mLmin~!. The cartridges were washed with 2.0% formic acid in
Millipore water (6.0 mL) followed by methanol (4.0 mL), and were
allowed to dry for 10 min. Methanol/25% ammonium hydroxide
(95/5, v/v, 8.0 mL) was used to elute the analytes and the extracts
were evaporated at 40 °C until dry under a gentle steam of nitrogen.
The dry residues were reconstituted in 250.0 L mobile phase and
filtered through 4 mm disposable polyvinylidene fluoride (PVDF)
syringe filters with a pore size of 0.45 pm (Whatman Inc., Piscat-
away, NJ, USA).

The extraction recoveries with Oasis MCX and Evolute
CX-50 cartridges were determined for fluoxetine-ds and
norfluoxetine-ds. The cartridges were conditioned with methanol
(6.0mL) and Millipore water (6.0mL), and then equilibrated
with 2.0% formic acid in Millipore water (6.0 mL) whereupon the
water samples were applied. The cartridges were washed with
2.0% formic acid in Millipore water (6.0mL) and the analytes
were eluted with methanol/25% ammonium hydroxide (95/5, v/v,
8.0 mL). This extraction procedure is referred to as Method A. In
Method B, the cartridges were conditioned and equilibrated as in
Method A, where after the samples were applied to the extraction
cartridges. The cartridges were then washed with 2.0% formic acid
in Millipore water (6.0 mL), followed by an additional wash with
methanol (6.0 mL). The analytes were eluted with methanol/25%
ammonium hydroxide (95/5, v/v, 8.0 mL) as in Method A.

Abreakthrough study of fluoxetine-ds and norfluoxetine-ds was
performed to ensure that the analytes did not pre-elute during
the washing step with methanol in Method B. Duplicates of raw
(200 mL) and treated (500 mL) wastewater samples were spiked
with the isotope-labeled compounds to a concentration of 1.0 nM.
The wastewater samples were extracted with Evolute CX-50 and
fractions of 1 or 2 mL of methanol from the washing step were col-
lected. The fractions were evaporated, reconstituted and analyzed
by the LC-ESI-MS/MS system as described in Sections 2.2.2 and
2.2.3.

2.2.2. Enantiomeric separation of fluoxetine and norfluoxetine

The chromatographic system used was an Agilent 1100 Series
HPLC system equipped with degasser, binary pump and autosam-
pler from Agilent Technologies Inc. (Palo Alto, CA, USA). The method
development of the chromatographic separation was performed
on a chiral a1-acid glycoprotein column. The AGP column dimen-
sions used were 100 mm x 2.0 mm (AGP100.2) with a particle size
of 5 um (ChromTech Ltd., Congleton, UK). AGP columns prepared
fromdifferent batches of chiral AGP gave slightly different retention
for the enantiomers even though preparation conditions of mobile
phases were uniform. However, results given in a certain figure or
table have been obtained from the same stationary phase and batch
number. The flow rate was set to 0.22 mLmin~!. The analytes were
monitored either by UV at 226 nm or by MS/MS. The MS/MS condi-
tions are described in Section 2.2.3. Data acquisition and the peak
integration were performed with Agilent ChemStation Rev.A.10.02
(Agilent Technologies, Santa Clara, CA, USA) and with MassLynx
software, v. 4.1 (Waters Corporation, Milford, MA, USA).

The AGP 100.2 column was coupled to a UV detector during the
development of the enantiomeric separation method. The retention
factors (k), peak resolution (Rs), plate numbers (N) and separation
factors (o), were evaluated by the injection of (R,S)-fluoxetine, (R,S)-
norfluoxetine and/or (S)-fluoxetine. All samples were injected as
triplicates. The chromatographic conditions were studied using a
mobile phase consisting of ammonium acetate buffer and acetoni-
trile. The ammonium acetate buffers were prepared using stock
solutions of 1.0 M ammonium acetate and 1.0 M acetic acid. A ‘pH
Meter 744’ from Metrohm (Herisau, Switzerland) was used to mea-
sure pH. To study the enantiomeric separation, the pH and the total
concentration of added ammonium acetate (Cyy,ac) in the buffer

Table 1
MS/MS conditions. SRM transitions for fluoxetine, norfluoxetine and the isotope-
labeled compounds.

Compound SRM transition Cone voltage Collision
(m[z) V) energy (V)
Fluoxetine 31044 15 11
Fluoxetine-ds 315—44 18 11
Norfluoxetine 296 — 134 15 7
Norfluoxetine-ds 301 — 139 15 6

were varied. The effect of pH on separation was studied from pH 4.0
to 5.4 in the buffers (Cyp,ac = 10 mM). Moreover, the effect of the
buffer concentration on enantiomeric separation was studied in the
range from 10 to 100 mM ammonium acetate. Buffers containing
10, 20 and 50 mM ammonium acetate were prepared by the dilu-
tion of a 100 mM ammonium acetate buffer with Millipore water.
The pH was 4.38 +0.02 in these different buffers and the compo-
sition acetonitrile/ammonium acetate buffer was 3/97 (v/v). The
amount of organic modifier (acetonitrile) in the mobile phase was
also studied in the range from 2.0% (v/v) to 4.0% (v/v) in ammonium
acetate buffer (pH 4.4, Cypyyac = 10 mM).

MS/MS detection was used during the analysis of wastewater
samples (during extraction recovery determinations and method
validation). For the MS/MS system, a direct in-line high-pressure
filter with a replaceable cap frit (4mm, 0.5 um, Restek, Belle-
fonte, PA, USA) and a 10 mm x 2.0 mm Chiral-AGP guard column
(ChromTech Ltd., Congleton, UK), were connected to the analyti-
cal column in order to protect it from unsolved and high affinity
impurities. The separation was performed under isocratic condi-
tions with acetonitrile/10 mM ammonium acetate buffer (3/97, v/v)
as the mobile phase at a flow rate of 0.22mLmin~!. The separa-
tion was performed under ambient temperature and the injected
sample volume was set to 10 L.

2.2.3. Mass spectrometry

The LC system was coupled to a Quattro Micro Mass Spectrome-
ter (Waters Corporation, Milford, MA, USA) equipped with Z spray
and an electrospray ionization (ESI) interface operating in positive
ion mode. The analytes were detected in selected reaction moni-
toring (SRM) mode and the system was tuned for each compound.
The MS parameters were optimized by direct infusion of working
standards of each compound separately. The most abundant prod-
uct ion produced for each precursor ion was recorded. The SRM
conditions for fluoxetine, norfluoxetine and the isotope-labeled
compounds are listed in Table 1. The dwell time was 0.25 s and the
capillary voltage was set to 3.0kV. To ensure efficient desolvation
of the formed droplets with the high water content (the amount of
organic modifier were ranging from 2.0 to 4.0% in the mobile phase),
the desolvation temperature was set to 450 °C and the desolvation
flow rate to 13 x 103 mLmin~'. The cone gas was supplied at a flow
rate of 1.7 x 103 mLmin~! and the source temperature was 100 °C.
Nitrogen was used as the nebulizer, desolvation and cone gas and
argon was used as the collision gas.

2.2.4. Method validation

The following validation parameters were determined: the
extraction recoveries, accuracy, interassay precision (i.e. repeata-
bility) of the chromatographic system (with respect to the
retention), method detection limit (MDL), method quantifica-
tion limit (MQL), cross-contamination, carryover, cross-talk and
isotopic purity of fluoxetine-ds and norfluoxetine-ds. Since the
isotope-labeled compounds were not found in the wastewater
samples, the extraction recoveries, MDL, MQL and the interassay
precision were determined for the isotope-labeled compounds in
raw and treated wastewater.
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The accuracy and precision of the developed method were deter-
mined by performing recovery experiments [27,28] at two different
spiking levels (50.0 and 500.0 pM) in raw and treated wastewater.
For the extraction recovery determinations, wastewater samples
were filtered and one set of samples (Set 1) was spiked with
(R,S)-fluoxetine-ds and (R,S)-norfluoxetine-ds to a concentration
of 1.0nM (310 and 300ngL-!, respectively) or to a concentra-
tion of 0.10nM (31 and 30ngL-!, respectively) in raw (200 mL)
and treated (500 mL) wastewaters. The samples were extracted
according to the analytical procedure given in Method A or Method
B. The signals were monitored by LC-ESI-MS/MS. The second set
(Set 2) was spiked after extraction. Set 2 was prepared as fol-
lows: the wastewater samples were filtered whereupon 200 mL of
raw wastewater, or 500 mL of treated wastewater were extracted
by SPE. The eluates from the SPE procedure were spiked with
(R,S)-fluoxetine-ds and (R,S)-norfluoxetine-ds and the signals were
monitored the same way as for Set 1. The recoveries were calculated
by comparing the peak areas from Sets 1 and 2 and are presented
as percentages [29].

Six replicates of raw and treated wastewater samples, with
respective volumes of 200 and 500ml, were spiked with
fluoxetine-ds and norfluoxetine-ds and the interassay precision of
the retention times was determined for the isotope-labeled com-
pounds in the different matrices.

All sample handling was performed in such way that the risk of
sample contamination was minimized. Stock solutions and work-
ing standards were not prepared in the same fume hood as the
one in which the wastewater samples were extracted. Cross-
contamination during solid phase extraction, as well as carryover
and cross-talk effects during LC-MS/MS analysis were studied to
make sure that the analytes truly originated from the wastewa-
ter treatment plant and not from the standards in the laboratory.
Cross-contamination during sample handling was assessed by the
integration of procedural blanks of 200 mL or 500 mL of Milli-
pore water in parallel with extraction of all wastewater samples
and standards. The extracts were analyzed in the same way as
the wastewater and standard samples. Carryover in the analyti-
cal system was assessed by the injection of Millipore water into
the LC-MS/MS system at regular intervals in-between the samples.
Possible cross-talk effects in the MS/MS system were analyzed by
the separate injection of the racemic standards at the highest enan-
tiomeric concentration used in the study (1.0 uM). Cross-talk were
studied by monitoring the three other SRM channels than the SRM
channel for the injected compound for peaks with signal-to-noise
ratios above the MDL for respective compound. The isotopic purity
of the isotope-labeled compounds was examined by spiking 200 or
500 mL of Millipore water with fluoxetine-ds and norfluoxetine-ds
to a concentration of 0.50nM (160 and 150ngL-!, respectively).
The extracted water samples were analyzed and the SRM channels
for fluoxetine and norfluoxetine were monitored to identify peaks
above the MDL.

The MDL and MQL were evaluated according to the guidelines
produced by the International Conference on Harmonization (ICH)
for the validation of analytical procedures [30] and the American
Food and Drug Administration’s guide to bioanalytical method val-
idation [31]. The MDL was defined as the concentration of the
analyte in the sample resulting in a peak height that was three
times as high as the average peak to peak amplitude of the back-
ground noise. The MQL can be defined as the concentration of the
analyte in the sample resulting in a peak height five or ten times
as high as the average peak to peak amplitude of the background
noise. In addition, the analyte peak of MQL was defined as a repro-
ducible and defined peak with a precision of 20%. The MDL and
MQL for fluoxetine and norfluoxetine were determined by spiking
raw and treated wastewater with the enantiomers of fluoxetine-ds
and norfluoxetine-ds to an enantiomeric concentration of 250.0 pM

(78.6 and 75.1 ng L1, respectively). The reconstituted eluates from
the extracted wastewater samples were diluted with the mobile
phase and analyzed. The response-concentration relationships
were plotted to estimate the MDL and MQL for the four analytes.
Another extracted sample was diluted to the concentrations corre-
sponding to those of the MDL and MQL and analyzed. The precision
of the MQL was also determined, n=3. The peak heights from the
isotope-labeled compounds were thus used for the direct determi-
nation of the MDL and MQL for fluoxetine and norfluoxetine.

3. Results and discussion
3.1. Solid phase extraction

Some of the analytical challenges with emerging contaminants
in the aquatic environment arise because of the trace level con-
centrations and the complex matrix in which the APIs tend to
be detected and quantified in. Solid phase extraction and solid
phase microextraction are the most commonly used extraction
techniques for the enrichment and cleaning of environmental sam-
ples [12]. However, different approaches have been employed to
determine the extraction recoveries for the analytes of interest
in environmental matrices. Recovery experiments have been per-
formed during method development through the use of blank
matrices (i.e. in matrices in which the analytes have not been
detected), e.g. in well water [32] and surface water [33]. One con-
cern with this approach is that the extraction recoveries are not
always the same in different types of water matrices [34,35], hence,
the extraction efficiency might be under- or overestimated in com-
parison with the true matrix. Another approach taken to obtain
extraction recoveries has been to spike the water samples with
higher amounts of the analytes than the naturally occurring con-
centrations become negligible [36]. However, extraction recoveries
are not necessarily the same in different concentrations ranges.
A further approach has been to compensate for the “naturally”
occurring quantities of substances by subtracting the un-spiked
measured concentrations from the spiked ones before performing
recovery calculations [34,36]. In addition, the more time consum-
ing standard addition method has been used for extraction recovery
determinations in the true matrix [27]. However, if stable isotope-
labeled compounds are commercially available, determination of
validation parameters, such as the extraction recovery, can be sim-
plified by using these compounds. As isotope-labeled compounds
have almost the same physical and chemical properties as the
non-labeled compounds, and as they are not found in wastewa-
ter samples, the deuterated compounds can be used for recovery
calculations. In this study fluoxetine-ds; and norfluoxetine-ds were
used to determinate the extraction recoveries for fluoxetine and
norfluoxetine at trace level concentrations in raw and treated
wastewater.

3.1.1. Extraction recovery determinations for the enantiomers of
fluoxetine-ds and norfluoxetine-ds in raw and treated wastewater

During extraction recovery determinations, the isotope-labeled
compounds were either added to raw water or to treated water
before or after extraction (Sets 1 and 2, respectively) and the recov-
eries were determined as described in Section 2.2.4. This approach
was developed by Matuszewski et al. [29] for the determination of
extraction recoveries in biological fluids. The procedure was sub-
sequently applied in recovery calculations in blank surface waters
during development of a method for the determination of basic
pharmaceuticals in wastewater and surface water samples [37].
The methodology was, in this study used for the determination of
extraction recoveries in raw or treated wastewater.
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Table 2A

Extraction recoveries in raw and treated wastewater. Extraction recoveries and relative standard deviations, RSD%, for fluoxetine-ds and norfluoxetine-ds in raw or treated
wastewater extracted with Evolute CX-50 according to Method B. Extraction recoveries determined at an enantiomeric concentration of 500 pM. Experimental details are

given in Section 2.2.1.

Compound Treated Raw
wastewater wastewater
Oasis MCX Evolute CX-50 Evolute CX-50 Evolute CX-50
Method A? Method A? Method BP Method B?
Recovery + RSD (%) Recovery +RSD (%) Recovery +RSD (%) Recovery + RSD (%)
(S)-Fluoxetine-ds 70 + 13 85+9 96 + 11 87 +8
(R)-Fluoxetine-ds 73 £ 11 80+7 99 + 12 89 + 13
Norfluoxetine-ds E1 74 +7 77 £ 10 66 + 20 87 £ 10
Norfluoxetine-ds E2 79 +£9 70 £ 14 73 £ 17 83 +£ 17
A n=4.
b pn=3,
Table 2B One of the benefits with ion exchange interactions in the

Extraction recoveries in raw and treated wastewater. Extraction recoveries and
relative standard deviations, RSD%, for fluoxetine-ds and norfluoxetine-ds in raw
or treated wastewater extracted with Oasis MCX and Evolute CX-50 according to
Method A or Method B. Extraction recoveries determined at an enantiomeric con-
centration of 50 pM. Experimental details are given in Section 2.2.1.

Compound Raw Treated
wastewater wastewater
Evolute CX-50 Evolute CX-50
Method B? Method B?
Recovery £ RSD (%) Recovery £ RSD (%)
(S)-Fluoxetine-ds 65 + 25 76 £ 11
(R)-Fluoxetine-ds 66 + 24 77 £ 14
Norfluoxetine-ds E1 77 + 24 72 + 10
Norfluoxetine-ds E2 76 + 30 82 + 11

4 n=5.

Two types of polymer based solid phase extraction cartridges
were evaluated for their usefulness in the extraction of fluoxe-
tine and norfluoxetine from wastewater, Oasis MCX and Evolute
CX-50. Oasis MCX is a mixed mode cartridge with reversed phase
and strong cation exchange properties. This sorbent was previ-
ously used by Batt et al. for the extraction of fluoxetine and
norfluoxetine from wastewater samples [38]. Evolute CX-50 is a
water-wettable, resin-based sorbent with mixed-mode function-
alities, with retention mechanisms arising from a combination
of hydrophobic, hydrophilic and cation change interactions. Ini-
tially, extraction recovery experiments were conducted with Oasis
MCX (150 mg, 6.0 mL) following the analytical procedure given in
Method A (described in Section 2.2.1). The mean extraction recov-
eries for the sum of the enantiomers were determined to be 71%
for fluoxetine-ds and 77% for norfluoxetine-ds in 500 mL treated
wastewater. The extraction recoveries and relative standard devi-
ations (RSD%) for the single enantiomers are given in Table 2A.
The calculated recoveries for fluoxetine-ds were lower than for
fluoxetine (101 44%), as previously reported by Batt et al. [38].
Furthermore, the RSD values in this study were higher for treated
wastewaters than the RSD values obtained earlier with Oasis MCX
[38]. This was probably due to slightly different extraction pro-
cedures and because the extraction recoveries were studied at
lower concentrations in the study presented here. However, in this
study the extraction recoveries for norfluoxetine-ds were slightly
higher and the RSD values lower than those previously reported for
norfluoxetine (66 4+ 11%) by Batt et al. [38]. Recovery studies con-
ducted with Evolute CX-50 cartridges (200 mg, 6.0 mL) and Method
A resulted in an increase in the extraction recovery to 83% for
fluoxetine-ds (this value being the mean value for the sum of the
enantiomers) and a slight decrease for norfluoxetine-ds, to 74%
(mean value for the sum of the enantiomers) in 500 mL treated
wastewater (Table 2A). The extraction method using Oasis MCX was
therefore not selected. Thus, the Evolute CX-50 extraction cartridge
was chosen for further optimization of the extraction method.

solid phase extraction sorbent is that the cartridge can often be
washed efficiently with organic solvents such as methanol to
remove interfering compounds from the matrix. To ensure that
cleaner extracts were obtained, the Evolute CX-50 cartridges were
washed with 6.0 mL of 2.0% formic acid followed by 6.0 mL of
methanol before elution of the analytes. The extraction recoveries
for fluoxetine-ds and norfluoxetine-ds obtained with the Evo-
lute CX-50 cartridges following the analytical procedure given in
Method B (Section 2.2.1) are shown in Table 2A. The recoveries
were generally higher for fluoxetine-ds than for the more polar
compound norfluoxetine-ds. In addition, higher extraction recov-
eries were obtained in treated wastewater for fluoxetine-ds than in
the raw wastewaters. Surprisingly, the opposite was observed for
norfluoxetine-ds.

The addition of the washing step with methanol resulted in
visibly cleaner extracts and, more importantly, enhanced the sen-
sitivity for the substances (experiments performed in treated
wastewater). The methanol wash was shown to be crucial for the
detection of the “naturally” occurring enantiomers of norfluoxe-
tine (Fig. 2). Samples of treated wastewater, collected at the same
date and time, were extracted with Evolute CX-50 according to
the analytical procedures given in either Method A or Method B.
No peaks of the enantiomers of norfluoxetine in treated wastewa-
ters were detected in the chromatograms when the washing step
was excluded (Fig. 2A). The enantiomers of norfluoxetine were,
however, detectable when the methanol step was included in the
procedure (Fig. 2B). The peaks were detected with signal-to-noise
(S/N) ratios of 10 for the first eluted enantiomer of norfluoxetine
and 4 for the second eluted enantiomer of norfluoxetine. Another
noteworthy result was that the unidentified impurities in the SRM
channel of norfluoxetine, which were detected at a retention time
of about 3.8 min, were eliminated with the additional methanol
step. The improved detectability of norfluoxetine was probably a
result of that cleaner extracts being achieved when the methanol
wash was included, which resulted in less ion suppression and
hence improved the signal to noise ratios for the enantiomers of
norfluoxetine. Washing with methanol did not result in any break-
throughs for the isotope-labeled compounds when up to 6.0 mL of
methanol was used. In addition, Method B yielded visibly clearer
eluates than Method A; an additional washing step using 4.0 mL
methanol was therefore incorporated in the method. A schematic
overview of Method B and the used analytical method for the anal-
ysis is given in Fig. 3.

To determine the accuracy and precision of the developed
method (Method B), recovery experiments were also conducted at
a lower spiking level of 50 pM for the enantiomers of fluoxetine-ds
and norfluoxetine-ds in both raw and treated wastewater, Table 2B.
The observed recoveries were in the range of 65-82% at 50 pM. The
recoveries obtained at the concentration of 500 pM (Table 2A) were
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Fig. 2. The impact of methanol in SPE on the detection of norfluoxetine. Analysis of the enantiomers of norfluoxetine and norfluoxetine-ds in 500 mL of treated wastewater
with LC-ESI-MS/MS using two different solid phase extraction methods. The conditions used in the LC-MS/MS analysis are described in Sections 2.2.2 and 2.2.3. (A) SRM
channel for norfluoxetine. Extraction performed with Evolute CX-50 according to Method A (Section 2.2.1). (B) SRM channel for norfluoxetine. Extraction performed with
Evolute CX-50 and with an additional step incorporated in the washing procedures involving 6 mL methanol (Method B, described in Section 2.2.1). (C) SRM channel for

norfluoxetine-ds and the same experimental conditions as in (B).

higher, except for the enantiomers of norfluoxetine-ds in treated
wastewater. The RSD% values were, as expected, also higher at the
low spiking level, except for norfluoxetine-ds in treated wastewa-
ter.

3.2. Chiral LC-MS/MS analysis

During the method development, fluoxetine and norfluoxetine
co-eluted under all investigated conditions and the compounds
were separated in accordance with their mass-to-charge ratios

Filtrate: 0.7 ym
pH: adjust to 4
Condition: methanol, Millipore water, 2% formic acid
Load: 200 mL raw wastewater or 500 mL treated wastewater
Wash: 2 % formic acid, methanol

y

(OS'XDQ"‘IO’\E ‘

y

Elute: methanol/ 25% NH4OH (95/5)
Evaporate and reconstitute in mobile phase
Filtrate: 0.45 pym

\

Chiral separation: high pressure filter, AGP guard and analytical column
Mobile phase: acetonitrile/10 mM ammonium acetate buffer pH 4.4 (3/97, viv)

y

ESI (+)
MS/MS

Fig. 3. Schematic overview of the analytical method. The analytical protocol of
the developed SPE-LC-MS/MS method. Experimental details are given in Sections
2.2.1-2.2.3.

(m/z) by the mass spectrometer. To compensate for ion suppression
owing to co-elution of fluoxetine and norfluoxetine, and owing to
interfering matrices, the isotope-labeled compounds, fluoxetine-ds
and norfluoxetine-ds, were selected as internal standards in Part I
of this study. With the intention of selecting the appropriate chro-
matographic conditions for the enantiomeric separation, studies
were made of the pH in the sample solution and of the pH, amount
of organic modifier and total concentration of ammonium acetate
in the mobile phase.

3.2.1. The enantiomeric elution order of fluoxetine and
norfluoxetine

The enantiomers of fluoxetine and norfluoxetine were baseline-
resolved under all investigated chromatographic conditions and
(S)-fluoxetine was found to elute before (R)-fluoxetine (Fig. 4).
The elution order of the enantiomers of norfluoxetine could not
be determined as the enantiomerically pure forms of norfluoxe-
tine were not available. The first and second eluted enantiomers
of norfluoxetine are therefore referred to as norfluoxetine E1 and
norfluoxetine E2, respectively.

3.2.2. The effect of the mobile phase pH on the enantiomeric
separation

The effect on the enantiomeric separation of fluoxetine and
norfluoxetine when increasing the pH in the ammonium acetate
buffer from 4.0 to 5.4 is demonstrated in Table 3. A significant
effect on retention was observed for fluoxetine and norfluoxetine
when increasing the pH; the retention factors increased from 1.21
(0.41 RSD%) to 14.4 (0.18 RSD%) for (S)-fluoxetine and from 1.13
(0.30 RSD%) to 14.3 (0.16 RSD%) for norfluoxetine E1. This change
in retention is probably caused by an increased coulombic attrac-
tion between the positively charged analytes and the negatively
charged protein. In the literature, the isoelectric point of unbound,
native aq-acid glycoprotein is 2.7 [39,40] and the recommended
pH range for the column is 4-7. Raising pH within this interval
might affect the overall conformation of the protein and, more-
over, increase the negative net charge of the protein and, therefore,
augment the cationic exchange capacity. The charges of fluoxetine
(pK; 10.05) and norfluoxetine (pK; 9.05) are also affected by the pH,
however the charge of the analytes is positive within the pH range
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Fig. 4. Elution order of the enantiomers of fluoxetine and norfluoxetine. SRM chro-
matograms of (S)-fluoxetine and racemic standards of fluoxetine and norfluoxetine.
E1 and E2 are the first and second eluted enantiomers of norfluoxetine, respectively
(the chromatographic conditions are described in Section 2.2.2).

investigated. Furthermore, the retention factor was increased more
rapidly for (R)-fluoxetine than for (S)-fluoxetine at pH values above
4.0, and therefore, the selectivity factor went up as the pH rose,
too. This indicates that the cationic-exchange sites on the CSP have
stereoselective binding properties, which has been demonstrated
with other amines in earlier studies [39,41]. A similar pattern was
observed for norfluoxetine. In addition to this, small improvements
in efficiency were observed for the enantiomers of fluoxetine and
norfluoxetine by altering the pH from 4.0 to 5.4. The plate numbers
increased from 910 (7.8 RSD%) to 1130 (15 RSD%) for (R)-fluoxetine
and from 1000 (2.4 RSD%) to 1250 (5.9 RSD%) for norfluoxetine E2.
The overall effect of increasing the pH in the mobile phase was,
therefore, an increase in the enantiomeric resolution. The resolu-
tion between the enantiomers was greater than 2.2 (2.4 RSD%) in
all mobile phases investigated and spanned the range from that
value up to 5.6 (5.9 RSD¥%) for the enantiomers of fluoxetine, and
between 2.4 (1.8 RSD%) and 6.1 (1.3 RSD%) for the enantiomers of
norfluoxetine.

Table 3

5593

3.2.3. The effect of the sample solution pH on zone broadening

In order to improve the efficiency of the chromatographic sys-
tem it is possible to inject the sample, dissolved in a solvent in
which the retention factor of the analyte is higher than the reten-
tion factor obtained in the mobile phase [42]. The plate number
was studied by varying the pH of the sample solution between 3.9
and 6.6 to improve the column performance. The buffer pH of the
sample solution was found to affect the zone broadening of fluoxe-
tine and the most effective peaks were found when the sample was
dissolved in the same buffer as the mobile phase, i.e. 10 mM ammo-
nium acetate buffer at pH 4.4. As anticipated, a small decrease in
plate numbers for (S)-fluoxetine, from 940 (1.4 RSD%) to 870 (0.30
RSD%), was observed when the injected sample was changed from
10 mM ammonium acetate buffer at pH 4.4 into the mobile phase,
i.e. acetonitrile in 10 mM ammonium acetate buffer at pH 4.4 (3/97,
v/v).

3.2.4. The impact of amount of organic modifier in the mobile
phase on the enantiomeric separation

Acetonitrile was used as organic modifier for the regulation
of retention and resolution of the enantiomers of fluoxetine and
norfluoxetine. An advantage with chiral AGP is that this type of
stationary phase can be used with different type and content of
organic modifier to optimize chiral separations. The content of
organic modifier is a compromise between the analyte retention,
chiral selectivity and the stability of the protein. In general, a con-
centration of up to 15% of organic modifier is recommended [43].
An increase in the proportion of acetonitrile from 2.0% (v/v) to
4.0% (v/v) in the mobile phase was shown to decrease the reten-
tion factor for the second eluted enantiomer of fluoxetine and
norfluoxetine by 42 and 37%, respectively. It has been demon-
strated in previous studies that hydrophobic interactions play an
important role in the binding of basic drug enantiomers with
the AGP [41]. Moreover, small amounts of organic modifiers, e.g.
acetonitrile, in the mobile phase are known to modify the chro-
matography of the solutes owing to a decrease in the hydrophobic
interactions of the analytes with the protein based CSP [40,41]. The
observed reduction in retention, brought about by the increasing
the amounts of organic modifier, is in accordance with previous
studies on enantiomeric separation of amines with AGP [40,41,44].
The hydrophobic interactions were most probably stereoselective
as the increased quantity of organic modifier decreased the enan-
tiomeric separation factors and resolution. The separation factors
were decreased from 1.65 (0.058 RSD%) to 1.42 (0.10 RSD%) and

The impact of the mobile phase pH on the enantiomeric separation of fluoxetine and norfluoxetine. The retention factors (k), separation factors (o), plate numbers (N) and
the enantiomeric resolution (Rs) are shown, with the precision in brackets (RSD%), for the fluoxetine and norfluoxetine enantiomers, n=3. The mobile phase was acetonitrile
and 10 mM ammonium acetate buffer at pH 4.0, 4.4, 4.9 or 5.4 (97:3, v/v). The enantiomers were separated on an AGP column and detected at 226 nm by UV detection.

Compound pH 4.0 pH 4.4 pH 4.9 pH5.4
(S)-Fluoxetine

k 1.21(0.41) 2.29(1.8) 6.34 (0.30) 14.4 (0.18)

N 1060(2.3) 710(1.8) 1170(0.94) 1410(6.2)
(R)-Fluoxetine

k 1.92 (0.24) 4.14(1.5) 12.1 (0.20) 29.0(0.22)

N 910(7.8) 750 (11) 940(7.3) 1130 (15)
Fluoxetine

o 1.59 (0.17) 1.81(0.27) 1.90 (0.12) 2.01(0.052)

Rs 22(2.4) 3.0(3.0) 4.5(2.4) 5.6 (5.9)
Norfluoxetine E1

k 1.13 (0.30) 2.39(4.1) 6.25(0.15) 14.3 (0.16)

N 1160(3.6) 1100 (17) 1310(4.9) 1610(8.2)
Norfluoxetine E2

k 1.87 (0.39) 431(24) 12.3(0.18) 29.5(0.071)

N 1000(2.4) 950(9.7) 1230(8.7) 1250(5.9)
Norfluoxetine

o 1.65 (0.10) 1.81(1.8) 1.97 (0.16) 2.07 (0.12)

Rs 2.4(1.8) 3.5(4.4) 52(2.7) 6.1(1.3)
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Fig.5. The impact of the amount of organic modifier in the mobile phase on Nand R;.
The enantiomeric resolution (filled triangles) of fluoxetine decreased as the amount
of acetonitrile in the mobile phase increased. During the same chromatographic
conditions, the plate numbers (N) increased for both (S)-fluoxetine (filled squares)
and (R)-fluoxetine (open squares).

from 1.72 (0.10 RSD%) to 1.44 (0.074 RSD%) for the fluoxetine and
norfluoxetine enantiomers, respectively, as the proportion of ace-
tonitrile was increased from 2.0% (v/v) to 4.0% (v/v).Under the same
chromatographic conditions, the plate numbers increased for the
enantiomers of fluoxetine as demonstrated in Fig. 5. The general
effect on the plate numbers was similar for the enantiomers of nor-
fluoxetine. The overall effect on the enantiomeric separation was,
however, a decrease in the enantiomeric resolution from 2.7 (0.29
RSD%) to 2.0 (1.03 RSD%) for fluoxetine (Fig. 5) and from 3.1 (0.47
RSD%) to 2.2 (0.58 RSD%) for norfluoxetine.

3.2.5. The effect of the buffer concentration in the mobile phase
on the enantiomeric separation

Hydrophobic and ionic interactions result in some of the equi-
libria that can exist between the analyte and the complex protein
in the CSP. A general characteristic of hydrophobic interactions is
that the interactions increase with an increase in the ionic strength,
whereas a characteristic of ionic interactions is that the interac-
tions decrease as the ionic strength goes up. Consequently, the ionic
strength of the buffer in the mobile phase can affect the binding
properties of the protein and hence also the retention and reso-
lution of the analytes [40,45,46]. The effect of the ionic strength,
i.e. the total concentration of ammonium acetate in the mobile
phase, on the enantiomeric separation of fluoxetine was studied
by altering the buffer concentration from 10 to 100 mM. The plate
numbers went up from 1040 (1.2 RSD%) to 1410 (1.3 RSD%) with
the increased buffer concentration for the enantiomers of fluoxe-
tine (Fig. 6). The retention factors rose from 2.29 (0.037 RSD%) to
2.61(0.19RSD%) and from 3.57 (0.054 RSD%) to 3.73 (0.15 RSD%) for
(S)-fluoxetine and (R)-fluoxetine, respectively, with buffer concen-
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Fig. 6. The influence of the ammonium acetate buffer concentration on N and Rs.
The plate numbers (N) increased for (S)-fluoxetine (filled squares) and (R)-fluoxetine
(opensquares)with the increased concentration of ammonium acetate in the mobile
phase. As the buffer concentration was raised from 10 to 100 mM, the enantiomeric
resolution (filled triangles) of fluoxetine decreased.

Table 4

The chromatographic precision. Interassay precision, given in terms of the relative
standard deviation, for the retention times of the enantiomers of fluoxetine-ds and
norfluoxetine-ds in raw and treated wastewater, n=6.

Compound Raw Treated
wastewater wastewater
RSD% RSD%
(S)-Fluoxetine-ds 0.38 0.42
(R)-Fluoxetine-ds 0.41 0.73
Norfluoxetine-ds E1 0.31 0.32
Norfluoxetine-ds E2 0.56 0.81

trations up to 50 mM. Above concentrations of 50 mM, the retention
factors for the first and second eluted enantiomers of fluoxetine
slightly decreased to 2.46 (0.092 RSD%) and 3.35 (0.086 RSD%),
respectively. However, the increase in the retention factor for the
first eluting enantiomer of fluoxetine was higher than the second
one, and consequently, the separation factor decreased from 1.56
(0.030 RSD%) to 1.36 (0.0061 RSD%) and the enantiomeric resolu-
tion from 2.67 (0.31 RSD%) to 2.14 (0.48 RSD%). The overall increase
in retention implies that the hydrophobic interactions between
the enantiomers and the AGP protein are more strongly influenced
by the ionic strength than the ionic interactions. Hence, the ionic
strength can be used to control the hydrophobic interactions which
are in agreement with other studies [45]. A low total concentration
of ammonium acetate in the mobile phase was however preferable
to make the mobile phase compatible with MS/MS detection, as this
enables one to obtain a high response in the MS detector. A con-
centration of 10 mM ammonium acetate in the mobile phase was
chosen as this gave satisfactory plate numbers and a high resolution
(Fig. 6).

3.3. Method validation

As yet, no harmonized validation guidelines have been devel-
oped for the trace analysis of APIs in wastewater samples. In this
study, the precision, cross-contamination, carryover, cross-talk,
isotopic purity of the isotope-labeled standards, the method detec-
tion limit and the method quantification limit were determined in
addition to the extraction recovery. This ought to add knowledge
about the validation procedure of methods developed for the trace
level analysis of APIs in complex matrices and thereby facilitating
the development of standardized guidelines.

3.3.1. Precision of the enantiomers of fluoxetine-ds and
norfluoxetine-ds

The SRM transitions presented in Table 1 were used, together
with the retention times in the chromatographic systems, for
the identification of the enantiomers of fluoxetine and norflu-
oxetine in raw and treated wastewater samples. The interassay
precision of the method was determined for the retention times
of fluoxetine-ds and norfluoxetine-ds in raw (n=6) and treated
wastewater samples (n=6). The repeatability, expressed in RSD%
was obtained in the range 0.31-0.56% for raw wastewater and in
the range 0.32-0.81% for treated wastewater (Table 4). For positive
identification of fluoxetine and norfluoxetine in the wastewa-
ter samples, the retention times of the analytes were compared
directly with those of the enantiomers of fluoxetine-ds and
norfluoxetine-ds from the same chromatographic run.

3.3.2. Cross-contamination, carryover, cross-talk and isotopic
purity of the isotope labeled standards

The high sensitivity obtained with MS/MS drastically increases
the risk of carryover during analysis affecting precision and
accuracy. Furthermore, cross-contamination during sample han-
dling and solid phase extraction is a major factor that might
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Table 5

The sensitivity of the method. MQL and MDL for the enantiomers of fluoxetine-ds and norfluoxetine-ds in raw and treated wastewater. The concentrations are given in pM.

For the MQL, the S/N values are given as the mean and the precision as the RSD%.

Compound MQL (pM) SIN (n=3) RSD% (n=3) MDL (pM) S/N(n=1)
Raw wastewater
(S)-Fluoxetine-ds 124 141 8.8 3.0 3.0
(R)-Fluoxetine-ds 12.4 16.0 18.0 3.0 34
Norfluoxetine-ds E1 12.1 9.7 49 2.4 3.7
Norfluoxetine-ds E2 14.3 11.7 15.4 2.4 3.1
Treated wastewater
(S)-Fluoxetine-ds 3.0 103 8.9 1.0 33
(R)-Fluoxetine-ds 3.0 9.5 19.6 2.0 3.9
Norfluoxetine-ds E1 4.0 8.0 18.7 2.0 2.8
Norfluoxetine-ds E2 4.0 7.7 22.2 2.0 3.2

decrease the reliability of the method. Thus, investigation of cross-
contamination is a necessity as the risk of it occurring is particularly
high during sample preparation, especially during the elution and
the evaporation steps [29,47]. The above-mentioned contamina-
tion risks were, therefore, assessed during the method validation.

Carryover or memory effects that are caused by trapped residues
in the autosampler or in the column can be mistaken for false pos-
itives or can randomly affect the chromatograms, which might
have a major impact on the accuracy of the method and on its
precision. Carryover can be observed by the injection of blanks at
regular intervals during the LC-MS/MS analysis. Millipore water
samples were analyzed after high calibration standards and, sub-
sequently, at frequent intervals to ensure that carryover from the
auto sampler and/or the separation column did not occur. No car-
ryover or memory effects were observed in the LC-MS/MS system
in this study. Memory effects caused by late eluting interferences
are more difficult to detect when analyzing samples in the SRM
mode but might give rise to matrix effects such as ion enhancement
or suppression. Eventual differences of this kind can, however, be
compensated for by using deuterated internal standards. The pos-
sibility of cross-talk effects was investigated by injecting one of the
analytes at a time and monitoring the other SRM transitions forions.
No cross-talk effects were observed between the SRM channels at
the highest concentration (1.0 wM) used in Part II of this study.
Furthermore, no evidence of cross-contamination during sample
handling or solid phase extraction was found as no peaks were iden-
tified for the target analytes or fluoxetine-ds and norfluoxetine-ds
in the extracted Millipore water. Additionally, the isotopic-labeled
compounds fluoxetine-ds and norfluoxetine-ds did not cause any
detectable peaks for fluoxetine and norfluoxetine in concentrated
Millipore water. The method adopted in this study was therefore
considered to minimize the contamination risk during sample han-
dling as well as during the LC-MS/MS analysis.

3.3.3. Sensitivity of the enantiomers of fluoxetine-ds and
norfluoxetine-ds in raw and treated wastewaters

The method detection and quantification limits were esti-
mated for the enantiomers of the isotope-labeled compounds
in raw and treated wastewater. Samples of raw (200mL) and
treated wastewaters (500 mL) were spiked with fluoxetine-ds and
norfluoxetine-ds to the enantiomeric concentration of 250 pM
before the extraction with Evolute CX-50. The values for the MDL
and MQL, given in Table 5, were first calculated using the def-
inition of the peak given a signal-to-noise ratio of 3 and 5 or
10, for the MDL and MQL, respectively [30,31]. MDL values in
the range 1.0-3.0pM (0.31-0.94ngL-') and MQL values in the
range 3.0-14.2 pM (0.94-4.3 ng L~ 1) were obtained for the analytes.
When extracts containing these concentrations were injected, the
figures for the signal-to-noise ratios given in Table 5 were obtained.
The definition for the MQL in bioanalytical methods may also be
used. Then, the precision at the MQL must not exceed 20%. The

RSD values ranged from 4.9 to 22.2%, and these values illustrate
the uncertainty associated with the analysis of low concentrations
of APIs in a complicated matrix like wastewater. In these obtained
values, the variance in the solid phase extraction, large volumes
(200 mL, 500 mL), low concentrations, evaporation step, and anal-
ysis with LC-MS/MS were all included. These analytical steps are
normally performed without any isotopically labeled internal stan-
dards or sometimes with some general internal standard added
after extraction and before the LC-MS/MS analysis.

It can be noted that the MDL/MQL values decreased when an
additional washing step involving methanol was included in the
sample preparation. A much cleaner extract was then obtained,
probably with less ion suppression taking place in the ionization
step of the compounds when leaving the LC column and entering
the mass spectrometer.

4. Conclusions

It has been demonstrated that the stable isotope-labeled
compounds are suitable for the determination of extraction recov-
eries of environmental contaminants in complex matrices, such
as wastewater, in which the analytes are often detected. The
recoveries were determined at trace-level concentrations in the
actual matrix and by the extended use of stable isotope-labeled
compounds. Fluoxetine and norfluoxetine were extracted from
wastewater samples collected in a sewage treatment plant in Upp-
sala Sweden, by the use of Evolute CX-50 SPE cartridges. It was
demonstrated that the introduction of an additional washing step
involving methanol during the sample extraction was crucial for
the detection of the enantiomers of norfluoxetine. Furthermore, a
direct chiral separation method has been developed for fluoxetine
and its metabolite norfluoxetine by the use of a;-acid glycoprotein
as the chiral stationary phase. This is, to the best of our knowledge,
the first time the enantiomers of norfluoxetine have been resolved
using chiral AGP. The method that has been developed and val-
idated can be employed to provide important information about
the distribution of the enantiomers of fluoxetine and norfluoxetine
in the aquatic environment.
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