Anal Bioanal Chem (2014) 406:3801-3814
DOI 10.1007/s00216-014-7805-9

PAPER IN FOREFRONT

Occurrence of cytostatic compounds in hospital effluents
and wastewaters, determined by liquid chromatography coupled
to high-resolution mass spectrometry

Cristian Gomez-Canela - Francesc Ventura -
Josep Caixach - Silvia Lacorte

Received: 23 January 2014 /Revised: 25 March 2014 / Accepted: 1 April 2014 /Published online: 14 May 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract The occurrence of 26 commonly used cytostatic
compounds in wastewaters was evaluated using an automated
solid-phase extraction (SPE) method with liquid chromatog-
raphy—high-resolution mass spectrometry (LC-HRMS). De-
tection was optimized using Oasis HLB SPE cartridges at
pH 2. Two hospital effluents and their two receiving waste-
water treatment plants were sampled over five days. In hospi-
tal effluents, eight cytostatics were detected at levels up to
86.2 ug L' for ifosfamide, 4.72 ug L™" for cyclophospha-
mide, and 0.73 pg L! for irinotecan, the three most relevant
compounds identified. Cyclophosphamide and megestrol ac-
etate were found in wastewaters at concentrations up to
0.22 ug L™ for the latter. The predicted environmental con-
centrations (PEC) in sewage effluents of ifosfamide (2.4—
4.3 ng L"), capecitabine (11.5-14.2 ng L"), and irinotecan
(0.4-0.6 ng L"), calculated from consumption data in each
hospital, published excretion values for the target compounds,
and wastewater elimination rates, were in agreement with
experimental values.
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Introduction

Pharmaceuticals designed for hospital use are suspected to
have more risks than other pharmaceuticals regarding their
effect on the aquatic environment. Among these pharmaceu-
ticals, drugs used for cancer treatment have received the most
attention because of their potential cytotoxicity, genotoxicity,
mutagenicity, and teratogenicity [1]. These compounds are
classified in the anatomical therapeutical classification
(ATC) scheme by the WHO (www.whocc.no/atcddd) under
class L, which covers antineoplastic and immunomodulating
agents. Two main subgroups are currently used: antineoplastic
drugs (class LO1) and endocrine therapy (class L02). The LO1
subgroup is subdivided into alkylating agents (LO1A), anti-
metabolites (LO1B), plant alkaloids and natural products
(LO1C), cytotoxic antibiotics and related substances (LO1D),
and other antineoplastic agents (L01X), and class L02 has the
two subdivisions LO2A and L02B, for hormones and hormone
antagonists, respectively. Hospital effluents, which are rarely
subject to any treatment, are regarded as one of the sources of
pharmaceuticals in the sewage networks. In this context, the
contribution to wastewaters of pharmaceuticals [2—6] and
cytostatics [7—11] originating from hospitals has been inves-
tigated. Recent work has revealed a limited contribution of
hospitals to the load of pharmaceuticals. Ort et al. and
Verlicchi et al. studied 59 and 73 pharmaceuticals, respective-
ly, and proved that the contribution of hospitals to the waste-
water load was usually below 15 % [2, 12]. Le Corre et al.
found the same percentage (15 %) for 63 to 84 % of pharma-
ceuticals investigated in six Australian hospitals [13], and
Langford and Thomas revealed that the contribution of stud-
ied pharmaceuticals to the wastewater load was for the most
part only 1-2 % [5].

European hospitals typically use 50 different active sub-
stances to treat oncology patients [14]. When studying the
contribution of cytostatics, it must be taken into account that
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approximately 75 % of oncology patients are outpatients,
receiving treatment at oncology wards and leaving for home
after the infusion or injection has been administered [10, 15,
16]. These patients may excrete part of the cytostatics in the
hospital, because the treatment takes up to two hours, and the
pharmacokinetics of some cytostatics is relatively fast. In an
exhaustive study, Besse et al. calculated the theoretical input
pathways for anticancer drugs in the aquatic environment
from both French national data consumption and a specialized
cancer center. The study reports that 86.2 % of delivered drugs
enter WWTP from the sewer system, whereas 13.8 % come
from hospital effluents, noting that 80 % of cancer drugs
delivered to outpatients are consumed and excreted outside
hospital premises [17]. A shift in consumption patterns was
observed for almost all classes of anticancer drug, and notably
for antimetabolites, in France between 2004-2008: during this
time, the amount of anticancer drugs delivered in hospitals
dropped from 82 % to 35 % [17]. The concentrations of
cytostatics measured at hospitals can account for a moderate
percentage of total consumption [7] because, most often,
oncological treatments are administered at the hospital and
patients then leave for home, meaning their household dis-
charges are another way in which cytostatics enter the aquatic
environment [ 14, 18]. Thus, Weissbrodt et al. proved that only
5.5 % of cytostatics were excreted within the hospital [7].
Cytostatics which are excreted as both parent compounds and
metabolites have been reported to have low biodegradability
and poor removal with both conventional and advanced
wastewater treatments [10, 19, 20], leading to their identifica-
tion in surface waters [14, 15, 17, 21-24].

Since the studies of Steger-Hartmann et al., who deter-
mined cyclophosphamide and ifosfamide in hospital effluents
by use of solid-phase extraction (SPE) as the preconcentration
step followed by gas chromatography coupled to mass spec-
trometry (GC-MS) [25], other compounds including tamoxi-
fen and 5-fluorouracil have also been analyzed by GC-MS
[26, 27]. More recently, analysis of cytostatics has used liquid
chromatography coupled to tandem mass spectrometry (LC—
MS-MS) [8, 11, 14, 15, 20-22, 28-33] and, lately, LC-high
resolution mass spectrometry (HRMS) using Orbitrap instru-
ments [29, 30].

Spain, after the USA, has produced the second-highest
number of studies on the presence of pharmaceuticals in the
aquatic environment, determined on the basis of data collected
from river systems around the world [34]. However, there are
very few papers dealing with the presence of cytostatics in
Spanish water samples. Table 1 summarizes the levels found
in these studies, using the ATC classification scheme as a
framework to organize the data, as suggested by Daughton
[35]. Sixteen cytostatics have been reported, mainly from
hospital effluents and wastewaters and less frequently from
Spanish river waters [8, 21, 22, 30, 36-39]. Of these, Martin
et al. identified six out of 14 compounds in wastewater [22];
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Ferrando-Climent et al. determined nine compounds in hos-
pital effluents and wastewater influents [8]; and Negreira et al.
identified five cytostatics out of 17 investigated in wastewa-
ters [21]. These are among the few worldwide studies dealing
with multiresidue methods for investigating these compounds
[11, 14, 31]. Tamoxifen, cyclophosphamide, and ifosfamide
are the most studied cytostatics in Spain, and global reviews of
their presence in the aquatic environment have also been
recently published [14, 17, 24]. Tamoxifen seemed to be the
most ubiquitous of the compounds studied, with values rang-
ing from 12.4- 20.1 ng L™ in the Ebro river [37], 11.2—
223 ng L' in groundwater underlying Barcelona [36], and
upto 17.2ng L™" in raw WWTP [28, 38]. Cyclophosphamide
and ifosfamide were not found in river waters [22] but were
present in influent and effluent wastewaters at ng L™ '—ug L™
levels [8, 21, 28, 30], with a maximum concentration of
13.1 pg L' [30]. Predicted environmental concentrations
(PEC) for cyclophosphamide, carboplatin, 5-fluorouracil,
and capecitabine in sewage effluents and surface waters from
a variety of European countries have been recently reported
[23], and PEC for 13 cytostatics in drinking waters of the
Thames catchment in the UK [40]. An estimated risk as-
sessment and prediction of cytostatics concentrations for
surface and drinking waters has also been reported [16, 23,
40-43].

In view of the scarce data on the occurrence of cytostatics
in the aquatic environment of our country, the objective of this
work was to determine the occurrence of 23 commonly used
cytostatic drugs, belonging to six different ATC classes (LO1
and L.02), and of three miscellanecous compounds (ATC codes
GO03 and HO02) in two hospital effluents and in wastewaters
receiving these hospital effluents. Nine of them (chlorambucil,
melphalan, fludarabine, vinblastine, vincristine, leuprolide,
goserelin, aminoglutethimide, and cyproterone) have not been
previously studied in the aquatic environment. The data ob-
tained were used, with publicly available consumption data,
published excretion values for the target compounds, and
wastewater elimination rates, to predict the range of concen-
trations in influent and effluent wastewaters.

Experimental
Chemicals and materials

Twenty-six pure analytical standards of 98-99 % purity were
acquired from Sigma-Aldrich (St. Louis, USA) and from
Toronto Research Chemicals, TRC (Ontario, Canada).
Cyclophosphamide-d4 (Santa Cruz Biotechnology, USA)
was used as internal standard (IS). All the target compounds,
molecular formulae, and relevant physicochemical properties
are shown in Table 2. Their chemical structures are displayed
in Fig. S1 (Electronic Supplementary Material). Stock
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Table 1 Cytostatic compounds in Spain
ATC code Cytostatic Water Range (mean) (ng L") Ref.
LO1AAOL Cyclophosphamide River, wastewater (infl and eff) <MDL [22]
River <3 [39]
Wastewater (infl and eff) <3.1-13,100<3.1 [30]
Wastewater (infl) n.d. [21]
Hospital eff, wastewater (infl) <MQL-200.7 n.d. -25.5 [8]
LO1AA06 Ifosfamide River, wastewater (infl and eff) n.d.; (3.5); (1.2) [22]
River <1-41 [39]
Wastewater (infl) n.q—43.3 [21]
Hospital eff; wastewater (infl). n.d.—227.9 n.d.130.1 [8]
LO1BAO1 Methotrexate River, wastewater (infl and eff) n.d. [22]
Wastewater (infl) 2.1-20.1 [21]
Hospital eff, wastewater (infl) n.d—<MQL n.d-23.0 [8]
LO1BCO1 Cytarabine River, wastewater (infl and eff) (13); (9.2); (14) [22]
LO1BCO05 Gemcitabine River, wastewater (infl and eff) (2.4); (9.3); (7.0) [22]
LO1BC06 Capecitabine Wastewater (infl) n.q—27.0 [21]
LO1CA02 Vincristine Hospital eff, wastewater (infl) n.d—49.1 n.d.-22.9 [8]
LO1CA04 Vinorelbine River wastewater (infl and eff) <MDL<MDL; (9.1) [22]
LO1CBO1 Etoposide River wastewater (infl and eff) <MDL; (15); (3.4) [22]
Wastewater (infl) n.d. [21]
Hospital eff, wastewater (infl) n.d—406 n.d—83.0 [8]
L01CDO1 Paclitaxel River wastewater (infl and eff) (2.4); (9.3); (7.0) [22]
Hospital eff, wastewater (infl) n.d.—99.7 n.d. [8]
Wastewater (infl) n.d. [21]
Paclitaxel-OH Wastewater (infl) nd—44 [21]
L01CD02 Docetaxel River, wastewater (infl and eff) n.d. [22]
Hospital eff wastewater (infl) n.d-97.7n.d-175.1 [8]
LO1DBO1 Doxorubicin River, wastewater (infl and eff) <MDL; (4.5); <MDL [22]
Wastewater (infl) n.d. [21]
L01DBO03 Epirubicin River, wastewater (infl and eff) <MDL [22]
Wastewater (eff) <MDL-24,800 [30]
LO1XX19 Irinotecan River, wastewater (infl and eff) <MDL [22]
Wastewater (infl) n.d. [21]
L02BAO1 Tamoxifen Wastewater n.d. [38]
River 12.4-20.1 (18.9) [36]
Groundwater 11.2-223 (26.9-72.7) [36]
Wastewater (infl) n.q—17.2 [21]
Hospital eff, wastewater (infl) 26.3-133.4 30.0-58.3 [8]
L04AXO01 Azathioprine Hospital eff, wastewater (infl) 14.5-187.9 18.2-19.1 [8]

Concentration ranges expressed in ng L' . n.d.: not detected; n.q.: not quantified; eff: effluent; infl: influent; MDL: method detection limit; MQL:

method quantification limit

standard solutions were prepared at a concentration of
1000 ng uL ™" in methanol (MeOH), except for: cyclophos-
phamide, aminoglutethimide, irinotecan, megestrol acetate
and prednisone, which were prepared in chloroform; cyprot-
erone, which was prepared in dichloromethane (DCM); and
chlorambucil, which was prepared in acetone. Working solu-
tions were prepared at 10 and 100 ng pL™'. MeOH, DCM,

acetonitrile (ACN), ethyl acetate (EtOAC), acetone
(SupraSolv grade), and HPLC water (LiChrosolv grade) were
supplied by Merck (Darmstadt, Germany). Formic acid
(HCOOH), ammonium hydroxide (NH4OH), and ammonium
acetate (NH4OAc) were supplied by Sigma-Aldrich (St. Lou-
is, MO USA). When preparing standards, an exhaustive con-
trol on handling procedures, storage conditions, and safety
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rules was followed, as specified by manufacturers. SPE car-
tridges, Oasis HLB, and Oasis MCX (6 cc, 200 mg) were
purchased from Waters (Mildford, MA, USA). Isolute C18
and ENV+(3 cc, 100 mg) were supplied by Biotage (Uppsala,
Sweden).

Sampling procedure and sample preparation

Sampling was performed in July 2013 and comprised waste-
waters from two hospitals and from the two WWTP that
receive the untreated wastewaters from each hospital. Hospital
A is the largest hospital complex in Catalonia and one of the
largest in Spain. It is located in the north of Barcelona, has
over 1100 beds (60 beds for oncology patients) and performs
chemotherapy and radiotherapy treatments every day. The
effluent from this hospital is discharged untreated to the Bar-
celona sewage grid and directed to WWTP A, situated 10 km
away. This WWTP treats a flow of 525,000 m® day ', corre-
sponding to 2,843,750 inhabitants-equivalent (inhab-eq), and
treated waters are finally discharged to the Mediterranean Sea.
It treats 65 % of wastewaters from Barcelona city and different
municipalities around the capital, and performs biological
treatment without nitrogen and phosphorous removal. Hospi-
tal B, located in the south of Barcelona, specializes in oncol-
ogy and has over 450 beds (~80 beds for oncology patients).
Wastewaters generated in this hospital are also discharged
untreated to the municipal sewage grid and are directed to
WWTP B, which is located in the south of Barcelona and,
similarly to WWTP A, performs biological treatment without
nitrogen and phosphorous removal. It treats a flow of
420,000 m* dayfl, corresponding to 2,275,000 inhab-eq,
and effluents are discharged to the Mediterranean Sea. Hospi-
tal wastewater samples were collected at different times of day
(9am., 11 am., | p.m., and 3 p.m. for hospital A, and 11 a.m.
and 3 p.m. for hospital B), according to the chemotherapy and
radiology treatment schedules of each hospital (Table SI,
Electronic Supplementary Material). Sampling was repeated
on five different days to evaluate the intra-day variability.
During the same days, the 24 h composite influent and effluent
of both WWTP receiving hospital waters were sampled. Once
in the laboratory, samples were kept at 4°C and processed
within 2448 h, following previous studies that reported low
stability of this class of compounds in water [28, 44]. Samples
were centrifuged at 4,000 rpm for 10 min and filtered with
1 pm nylon membrane filters (Whatmann, Sigma-Aldrich, St.
Louis, MO USA), and then further filtered with 0.45 pum
nylon membrane filters (Whatmann, Sigma-Aldrich, St. Lou-
is, MO USA). Next, samples were acidified at pH 2 with HCI
0.1 N and then extracted using an automated solid-phase
extraction apparatus (Dionex Autotrace 280, Thermo Scien-
tific). Because of the high toxicity risk of the samples and of
this class of pharmaceuticals, strict safety precautions were
undertaken. Standard solution preparation and sampling were

performed under a hood, and lab coat, gloves, goggles, and
masks of 3rd-level safety were used by all people in contact
with the samples.

Extraction method

Method performance was tested first, using Milli-Q water
spiked at 0.1 pg L™ with the target compounds to evaluate
the efficiency of the different SPE cartridges: Oasis HLB
(6 cc, 200 mg) polymeric reversed-phase sorbent; Oasis
MCX (6 cc, 200 mg) mixed-mode cation-exchange sorbent;
Isolute ENV+(3 cc, 100 mg) hydroxylated polystyrene—
divinylbenzene copolymer; and Isolute C18 (3 cc, 100 mg).
100 mL water was spiked with 10 ng internal standard (IS),
which was used as sample control. All cartridges were condi-
tioned following the same procedure: 6 mL MeOH and 6 mL
H,O with 100 mmol L' NH4OAc was loaded at 2 mL min ",
and the sample was then loaded at a flow of 1 mL min '. Once
preconcentrated, Oasis HLB and ENV+cartridges were
washed with 6 mL 100 mmol L™ NH,OAc in H,O, dried
over 3045 min and eluted with 6 mL MeOH and 6 mL
HCOOH:MeOH (5:95). Oasis MCX and C18 cartridges were
washed with 6 mL HCOOH:MeOH (5:95), dried over 30—
45 min, and eluted using 6 mL MeOH and 6 mL
HCOOH:MeOH (5:95). The different SPE procedures are
summarized in Table S2, Electronic Supplementary Material.
Samples were then evaporated to almost-dryness in a
TurboVap under a current of N, at 25°C, and transferred to a
2 mL chromatographic vial with 1 mL ACN as washing
solvent. Finally, samples were evaporated to dryness and
reconstituted to 500 pL using a 50:50 mixture (0.1 %
HCOOH in ACN and 0.1 % HCOOH in HPLC water). Oasis
HLB provided better performance and, consequently, was
chosen for the analysis of hospital effluents and wastewaters.
The suitability of the method was further evaluated with
filtered wastewater spiked with all the cytostatic compounds
at 0.1 g L', using Oasis HLB. Three different pHs (2, 3.5,
and 7) were then tested to refine the extraction conditions of
these compounds in wastewater.

LC-Orbitrap-MS analysis

Cytostatic compounds were measured using liquid chroma-
tography coupled to high-resolution mass spectrometry (LC—
Orbitrap-MS). An Orbitrap/Exactive mass spectrometer
equipped with a heated electrospray ionization (H-ESI) source
was used, from Thermo Fischer Scientific (Bremen, Germa-
ny). The system was equipped with an HTC PAL autosampler
and a Surveyor MS Plus pump. A Luna C18 column
(150 mmx2 mm ID, particle size 5 pwm, Phenomenex, Tor-
rance, USA) was chosen on the basis of a previous optimiza-
tion study [29]. The mobile phase composition consisted of
binary mixtures of 0.1 % HCOOH in water (A) and 0.1 %
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HCOOH in acetonitrile (B). Gradient elution started at 95 % A
and 5 % B, increased to 70 % B in 30 min, then increased to
100 % B in 1 min, and then held for 10 min. Initial conditions
were attained in 4 min and the system was stabilized for 5 min.
The flow was set at 200 pL min ' and 10 pL was injected.
Cytostatics were measured under positive electrospray ionization
(ESI+). Full scan acquisition was performed over a mass range of
50-1000 Da at 50,000 full width at half maximum (FWHM),
with the spray voltage at 3.5 kV, capillary voltage at 30 V,
skimmer voltage at 28 V, and tube lens voltage at 130 V. Mass
spectral characterization of cytostatic compounds is indicated in
Table S3, Electronic Supplementary Material. Different confir-
mation criteria were established to ensure unequivocal identifica-
tion of target compounds, preventing false positives. On the basis
of Directive 2002/657/EC, the criteria used were:

1. the retention time shift between the standards and the
samples should be lower than 2 %;

2. the accurate mass measurements of the molecular and the
product ions should have an error <5 ppm, with a high
resolving power of 50,000 FWHM, m/z 200;

3. the four decimal numbers should be used to identify
precursor and fragment ions; and

4. when possible, the isotopic pattern should have a better
than 90 % fit to be accepted as a positive sample [45].

Quality assurance

Calibration was performed over a concentration range from
0.001 to 2 ng uL™', using 13 calibration points.

_ consumption(gday™") x %excretion x (1-%WWTP removal)

Cyclophosphamide-d, was used as IS at 0.1 ng pL™'
as extraction and analytical control. External standard
quantification was performed. The instrumental detection
limit (IDL) was calculated as the concentration giving a
signal intensity of 1x10°, and afterwards calculated
experimentally by injecting a standard concentration that
gave this signal intensity. The method detection limit
(MDL) was calculated following the same procedure,
using spiked wastewater samples at a concentration of
0.1 pg L. Intra-assay variation was assessed using
five consecutive injections of 1 ng uL™' standard solu-
tion, and inter-assay variation was determined by mea-
suring the same standard solution on four different days.
Solvent blanks did not contain any of the investigated
analytes, indicating no carry-over effect during LC-
Orbitrap runs. Recovery studies were performed in trip-
licate, using a water sample which consisted of a mix-
ture of influent and effluent wastewater (1:1) spiked at
0.1 pg L' with the cytostatic mixture and the IS.
Wastewater was previously analyzed and no traces of
target compounds were detected. Table S4 (Electronic
Supplementary Material) displays the quality character-
istics obtained by LC—Orbitrap-MS.

Model used for calculated predicted environmental
concentration

A preliminary exposure assessment was implemented by cal-
culating predicted environmental concentrations (PEC),
adapting the equation described by Besse et al. [46] to our
study. Eq. (1):

PEC(ngL™")

WWTP effluent flow(m? day™")

x 10°

PEC are calculated inng L', using the following variables:

consumption is the amount (g day ') of an active drug
consumed by the population over one day in a defined area,
in our case in two different hospitals. The Catalan Health
Service (CatSalut) provided data as defined daily dose
(DDD) of three cytostatic drugs administered during the week
of sampling.

% excretion is the excreted fraction of the original drug.

% WWTP removal is the fraction of emission of the drug
from WWTP directed to surface water, which can be
defined as (1-WWTP removal fraction). In most cases,
WWTP removal fractions were not available and there-
fore we assume a % WWTP removal value of 0, which
corresponds to a worst-case scenario (i.e. no removal by
WWTP).

@ Springer

WWTP effluent flow (m® day ') is the mean volume of
wastewater that each WWTP generates per day.

Results and discussion
Quality characteristics and identification criteria

Quality characteristics of the method are shown in
Table 3. Internal standard calibration was used to cor-
rect for MS responses and to ensure quantification per-
formance. Good correlation coefficients (R*>0.99) were
obtained for 25 compounds. Ten cytostatic compounds
were linear from 0.001 to 2 ng uL™'; for the other 10
target compounds, linearity ranged from 0.005 to
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Table 3 Quality characteristics obtained for LC-MS-MS and LC—Orbitrap-MS

Target compounds ~ Linearity ~Regression equation R>

IDL (ng) Intra-day precision Inter-day precision %R+RSD wastewater MDL

(ng pL™") (ng uL™) (ng pL™") (Oasis HLB,pH 2,)  (ngL™")

Cyclophosphamide  0.001-2  y=27008x—776630 0.9931 0.005 13 17 7943 44
Chlorambucil 0.05-1.5 Y=55850x+13212 09951 025 49 9.6 109+7 15
Melphalan 0.005-2  Y=14322x-8425 09991 0.025 8.9 6.0 78+4 11
Ifosphamide 0.001-2  Y=27046x—468860 09942 0.005 15 18 76+10 5.7
Fludarabine 0.005-2  Y=1905x-9751 09911 0025 4.0 17 76415 164
Cytarabine 0012 Y=3502x-23125 09951 0.05 12 12 6+1 nd.
Gemcitabine 0022 Y=10624x—337665 0.9905 0.1 9 10 1442 262
Capecitabine 00052  Y=10051x+29761 0.9975 0025 14 21 9243 15
Vinblastine 00012 Y=32409x—669439 09927 0.005 6.7 6.6 11043 49
Vincristine 0012 y=28444x—261617 0.9949 0.05 10 1 6945 52
Etoposide 0012  1=2079x—16634  0.9947 0.05 10 19 - -

Paclitaxel 0.005-2  y=3792x-28636  0.9980 0.025 20 15 3245° nd.
Docetaxel 0.005-2  y=1078x—16567 09962 0.025 11 12 2343 356
Doxorubicin 0.005-2  y=9558x—182804  0.9951 0.025 10 6.7 10011 54
Daunorubicin 0.005-2  y=8451x-95758  0.9980 0025 7.3 8.9 73%10 61
Epirubicin 0.005-2  y=10271x-56505  0.9932 0.025 7.5 7.7 104+13 45
Imatinib 0052  y=7134x-344e6 09901 025 11 13 - -

Etlotinib 00012  y=55850x+1.86e6 09926 0.005 10 26 704 1.8
Irinotecan 00012  y=35769x—12614  0.9959 0005 10 19 443 45
Leuprolide 0052  y=17321x—841990 09926 025 5.1 0.6 83+6 14
Goserelin 0022 y=12551x—604953 0.9908 0.1 75 13 9842 16
Tamoxifen 0.001-2  y=140302x+4e6 09996 0.005 15 55 431 0.7
Aminoglutethimide 0.005-2  y=32290x+31579  0.9935 0.025 5.2 25 1941 16
Megestrol 00012 y=21366x—19671 09975 0.005 8.6 28 814 35
Cyproterone 0.001-2  y=18798x+25600  0.9957 0.005 0.9 15 9242 4.1
Prednisone 0.001-2  y=14744x+101810 09967 0.005 8.1 20 5944 12

# Calculated at pH 7

IDL, instrumental detection limit; n.d., not determined; MDL, method detection limit

2 ng uL™'; cytarabine and etoposide were linear in the
range 0.01 to 2 ng uL™'; goserelin and gemtabicyne
from 0.02 to 2 ng uL™'; and leuprolide and imatinib
in the range 0.05 to 2 ng uL™'. The IDL ranged from
0.005 to 0.25 ng, and intra and inter-day precisions
ranged from 0.9 to 20 % and from 0.6 to 21 %,
respectively (Table 3).

Using Milli-Q water (pH 2) spiked at 0.1 pug L' and
C18 SPE-cartridges, 13 cytostatic compounds were recov-
ered within the range 60+4 % to 119+15 %; whereas
when Isolute ENV+was used, only nine target compounds
were recovered in the range 60+5 % to 121+£9 %. Similar
results were obtained using Oasis MCX, with only 10
cytostatic compounds recovered, in the range 62+2 % to
108+2 % (Table 3). The best performance was obtained
when Oasis HLB was used, with 24 cytostatic compounds
recovered in the range 40+1 % to 133+6 %.

Aminoglutethimide had poor recovery (29+8 %), and ima-
tinib was not recovered.

The suitability of Oasis HLB was further tested for analysis
of wastewater spiked at 1 pg L™ at three different pHs. At
pH 7, 17 cytostatic compounds were detected with recovery
values >40 %, whereas at pH 2 and pH 3.5, 19 compounds
were effectively recovered (Fig. S2, Electronic Supplementary
Material). Because of the higher number of target compounds
recovered, pH 2 was chosen for the analysis of hospital
effluents and wastewaters. However, cytarabine, gemcitabine,
etoposide, paclitaxel, docetaxel, imatinib, and
aminoglutethimide either were not recovered or had a recov-
ery below 25 %, and therefore were not included in the
analytical method (Table 3). The MDL ranged from 0.7
(tamoxifen) to 61 ng L™ (daunorubicin) with the exception
of that of fludarabine, for which sensitivity was very low
(MDL: 164 ng L.
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Occurrence of cytostatic compounds in hospital effluents § % §
58 %
Out of 19 cytostatic compounds, seven were detected in
hospital effluents at the low or sub-pg L™ range: cyclophos- §
phamide, ifosfamide, epirubicin, capecitabine, irinotecan and ‘§ o T80 gL é S
megestrol acetate, and prednisone. For the last four com- £ 5 % % % % % % % %
pounds, this is the first time they have been detected in
Spanish hospital effluents. Table 4 summarizes the levels of 2 8 —
the cytostatics found in the two hospital effluents, with [E N %
ifosfamide and irinotecan being present in the highest number =1 zs Lo e
of samples. Figure 1 displays, as an example, the LC-HRMS “
chromatograms of two hospital A samples with the detected § §
cytostatic compounds. EER 3 &
For hospital A ifosfamide, with an established elimination = = pd
half-life of 68 h [24], was present in 17 out of 20 samples, e Y v
at levels ranging from 0.006 to 86.2 pug L' (mean = s
12.3 pg L7'; median 0.85 pg L™"). The concentration of = . . T
86.2 pug L™ is the highest reported in the literature [24]. On g gﬂ g § E g % é § g
the basis of a daily effluent flow of 3.61 m® and this E AR AR AR A A A A
maximum effluent concentration, 0.31 g day ' of ifosfamide < | o
were released from hospital A. On the basis of consumption = Sea
values and percentage excreted, 1.26 g day ' was calculated, § 5 L':/ — 0 e
25 % of which was from hospital cancer patients and the
rest from outpatients. The maximum reported level has been g =
found in China (10.64 ug L™") [11]. High daily variations of = Lrr S
ifosfamide were measured during the 9 a.m.—3 p.m. period,; o o 3 -
this is when the oncological treatments are performed and S S 2 2
thus when the greatest amount of the parent compounds is = o ér uola 0 g'u T © é S|
: : ] S S oS3
expected to be excreted. In contrast, ifosfamide was detected = 5 ScoceooS S
only in one sample in hospital B, at 2.69 ug L™'. This can ~ E
be explained by the fact that this hospital has mainly outpa- ‘:10 & 8 =
tients, whereas hospital A has a substantial number of hos- % '% N
pitalized patients. Recently, Ferrando-Climent et al. analyzed g T ZE | == = e
10 cytostatic drugs in three hospitals from Spain and Portu- E = - -
gal. In this study, ifosfamide levels ranged from 0.031+ § S xa2 2,98
0.075 pug L' to 0.23+0.013 pg L' and cyclophosphamide 3
from 0.035+0.055 pg L' to 0.043+0.045 pug L' [8]. In @ N A a8 a
our study, cyclophosphamide was present in eight out of 20 °§’ = B jr @ j “ j: E i\ E
. . ] o= = ) S S = F QD = D =
samples, with concentrations up to 4.72 pg L™ (mean and s 2 g 222222:2¢2
median 0.33 and 0.17 ug L™, respectively), from hospital £ 5 A VvV VeV vy
A, but only detected in one sample (0.01 pg L") from g ;: o
hospital B. The administered dose of both alkylating agents 8 s S]
(www.rxlist.com) is usually much higher than that for other g = Q \% o = 2= g2
cytostatics, and their wide range of use in chemotherapy for é .
a variety of cancer led to their relatively high presence in 8 'g
hospital wastewaters. 2 £ o g
Irinotecan was detected in 16 out of 20 samples in hospital 2|2 25§53 g 3
A, at levels up to 0.73 pg L' (mean 0.08 pg L™'; median E ‘% & g 3 g % § ?D _é) ] !§
0.02 ug L"), 10 to 100 times lower than levels of ifosfamide 2 5’ Q% é § SESSE O‘E, %
(Table 4). Irinotecan not was detected in hospital B. A study E Q §
performed in Norway [47] reported the occurrence and fate of - 2 s 3 § % :—; é é [‘é :/) g
irinotecan in a hospital effluent (0.015-0.035 ug L") and 210 é é Raxs3IS 2o
sewage treatment plant (STP) effluents (0.015-0.03 pug L™"); gl < SS3I3I3I3ICE £ 3
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Fig. 1 LC-HRMS ion chromatogram for (a—e) hospital A effluent (VH1 sample) and (f) hospital A effluent (VH8 sample). Codes are shown in

Table ST1

this is the only precedent study indicating the presence of
irinotecan in environmental samples.

Megestrol (12 out of 20 samples) and prednisone (10 out of
20 samples) were frequently detected in samples from hospital
A, in the range 0.04 and 1.26 pg L' and 0.01 and
0.21 pg L', respectively. Mean and median values of, re-
spectively, 0.21 pg L' and 0.22 pg L™ for megestrol and
0.03 ug L ™" and 0.02 ug L™ for prednisone were obtained. In
contrast, megestrol was detected in only one sample from
hospital B (0.03 ug L") and prednisone was not detected
(Table 4). These concentration levels are lower than those
detected by other authors who analyzed several glucocorti-
coids in different hospitals of the Netherlands and detected
prednisone in the range 0.117+0.012 pg L' to 0.545+
0.058 ug L™ (Schriks et al., 2010).

Capecitabine, the oral form of 5-fluorouracil [48], is usually
administered to outpatients, and this may partially explain its
low presence in the hospital effluents despite its relatively high
consumption per day in both hospitals (Table 5). However,
because capecitabine has an elimination half-life of 45 min
[24] it is also to be expected that partial excretion takes place

in hospitals. Capecitabine was only detected in two samples
from hospital A, at 0.28 pg L' and 0.49 pg L.

Epirubicin was detected only in one sample from hospital
B, at 0.06 pg L', Little information is available about the
presence of this compound in hospital effluent and only
Mahnik et al., in 2006, reported levels of this compound in
the range 0.1 to 1.4 ug L' in a Vienna hospital [9], whereas it
was not detected in a hospital effluent in Girona (Spain) [30].

The last compound, goserelin, was identified for the first
time in one sample, at 0.35 ug L', in hospital A effluent.

Expected emission of cytostatic compounds

The predicted environmental concentrations (PEC) of
ifosfamide, capecitabine, and irinotecan in wastewater efflu-
ents were calculated from daily consumption data provided by
the two hospitals studied (CatSalut). Table 5 summarizes the
results obtained. For megestrol and prednisone, no data was
available. Calculations were also made taking into account the
amount of drugs administered to patients receiving treatment,
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Predicted effluent

WWTP effluent

Sewage treatment Predicted effluent

Predicted influent

Excretion of

Therapeutic

Maximum

Table 5 Predicted cytostatic agents likely to be present in sewage effluent in Catalonia on the basis of maximum drug consumption values in the dates of sampling provided by CatSalut. Predictions assume
Hospital

maximum excretion of unchanged drug and minimum sewage treatment plant removal

Drug

@ Springer

(ngL™)

daily use (g) dose (mg m ) original drug (%) hospital load (g day ') plant removal (%) WWTP load (g day ') flow (m® day ') WWTP concentration

525,000 420,000 2.4 4.3

1.26 1.80
7.48 4.84
0.23 0.27

0[15]

1.26 1.80

13-15 [15]

3'd

1,200
2,000
350

Hospital A Hospital B 8.4 12

Capecitabine Hospital A Hospital B 294 189

Ifosfamide

525,000 420,000 14.2 11.5

15 [17, 50]

Ob

8.80 5.70

525,000 420,000 0.4 0.6

0.23 0.27

11-20 [24]

Hospital A Hospital B 1.50 1.80

Irinotecan

 http://www.roche-australia.com/fmfiles/re7229005/downloads/oncology/xeloda-pi.pdf

®No data available, worst-case scenario

the removal rate of the drugs, and the effluent volume of each
WWTP.

Data from excretion has been obtained from different
sources, as described below. It has been reported that
ifosfamide is excreted unchanged in the range 13—15 %
[15]. For capecitabine the figure ranges from 2.6 % to
3.4 %, with a mean of 3.1 % [23, 49], and for irinotecan the
excretion of unchanged product was in the range 11-20 %
[24]. There are few reports on the removal of cytostatics in
WWTP. Buerge et al. found no elimination of ifosfamide by
STP [15]; for capecitabine, removal of 15 % was reported
[50]; and for irinotecan no data was available and a worst-case
scenario (0 % removal) was assumed.

PEC of ifosfamide in the wastewater effluents from hospi-
tal A and hospital B were 2.4 and 4.3 ng L™, respectively.
These values agree relatively well with different PEC reported
in the literature for ifosfamide. An average value of
~1.4 ng L' (considering 13—15 % excretion and 0 % remov-
al) was predicted in treated water [15], in good agreement with
the PEC wastewater effluent range from 2 to 14 ng L™ (12—
90 % excretion and 0 % removal) reported by Tauxe-Wersch
etal. [27] (both studies performed in Switzerland). Besse et al.
reported a refined PEC (considering 50 % excretion and no
removal) of 1.18 ng L™! in France [17], whereas Kiimmerer
et al. reported German nationwide PEC in surface waters to
range from 0.6 to 1.0 ng L', and PEC in surface waters
receiving local STP effluent to range from 10.9 to
206 ng L' [42].

The calculated PEC of capecitabine for sewage effluents of
the two studied hospitals ranged from 11.5-14.2 ng L™". Re-
cently, Johnson et al. reported PEC of capecitabine from
different European nations with values between 8.5 ng L™
(Norway) and 87 ng L' (Czech Republic), which were cal-
culated on the basis of 3 % excretion of the parent compound
and a mean of 50 % WWTP removal (range 25-75 %) [23]. A
similar value, 23.1 ng L', was recently reported by Booker
et al. in sewage effluents of NW England [51]. PEC in another
English sewage effluents were studied for 11 cytostatics in-
cluding capecitabine, for which a value of 13.7 ng L™" was
calculated on the basis of excretion of 7-11 % of the un-
changed original drug in urine and a range of 92-99 % sewage
treatment plant removal [40]. In France, the refined nation-
wide PEC of capecitabine in surface water was 3.52 ng L',
calculated on the basis of 3 % excretion and no removal by
WWTP. According to Besse et al., capecitabine is one of three
cytostatics, together with hydroxycarbamide and 5-
fluorouracil, having a conservative PEC (worst-case scenario,
i.e. 100 % excretion and 0 % removal in WWTP) greater than
10 ng L' [17]. Our calculated PEC fairly agrees with those
PEC published despite the very few and different WWTP
removal rates used in the calculations.

For irinotecan, PEC in the two studied sewage effluents
ranged from 0.4 to 0.6 ng L™'. Besse et al. reported a PEC
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value of >0.53 ng L™, in a French national study assuming an
excretion of the parent compound >50 % and 0 % removal in
WWTP. To the best of our knowledge this is the only report
available, and therefore the lack of data prevents any conclu-
sion. On the basis of calculated PEC and of available phar-
macological, metabolism, and biodegradation data, capecita-
bine and ifosfamide are included in the preferential list of
anticancer drugs for the aquatic environment, whereas data
is too scarce to determine whether irinotecan should be
considered [17].

Occurrence of cytostatic compounds in WWTP

There were low levels of the cytostatic compounds in the two
WWTP receiving the hospital effluents. Ifosfamide, the com-
pound most often detected in the hospital effluents, was not
detected in the influents of the two WWTP (<6 ng L™ "). These
results agree with its predicted PEC of 2.4-4.3 ng L™ ".
Ifosfamide was previously reported in Spanish WWTP at
levels ranging from 7.3 to 43 ng L', in raw wastewater from
a WWTP located in Catalonia (NE Spain) [21].

A similar observation can be made for capecitabine, with
levels of <15 ng L ™" in both influents agreeing with the 11.2—
14.2 ng L™ predicted PEC for this compound. Capecitabine
has already been detected in Spain, in a wastewater influent at
a maximum concentration of 27 ng L™" [21].

Irinotecan was not detected in either WWTP effluents
(<4.5 ng L™"). However, improvement of the analytical meth-
od for this compound is required to detect values closer to its
PEC, estimated to be in the 0.4-0.6 ng L ™' range for the two
WWTP studied.

Cyclophosphamide was only detected in one sample out of
10 analyzed from the WWTP A influents. Although non-
removal of cyclophosphamide by WWTP [15, 23, 40] has
been reported, we measured 10 ng L' and 5 ng L™ for the
influent and effluent, respectively (Table 4). Ferrando-Climent
et al. detected cyclophosphamide in Spanish wastewaters, at
25 ng L™ in influent wastewater [8]. Johnson et al. reported a
mean European concentration of cyclophosphamide in sew-
age effluents of 11 ng L™" (maximum 40 ng L™", in Sweden)
[23], and reported 4-5.6 ng L' for a local German WWTP
[42] and 70 ng L™ in the Thames catchment [40], values
which are not far from the maximum concentration level
measured in the WWTP A effluent.

Megestrol acetate, the most common progestogen used in
medicine, was detected in two influents and one effluent from
WWTP A on two different days. Levels detected were
150 ng L™ in the influent and 20 ng L' in the effluent
(Table 4). Megestrol acetate was the only compound detected
in WWTP B, at a maximum concentration of 220 ng L ™" in the
influent. Guedes-Royco et al. studied the presence of
megestrol acetate and other progestogens in wastewaters from
Gran Canaria (Canary Islands, Spain) but none were detected

[52]. In contrast, Chang et al. analyzed several synthetic
progestogens in WWTP of Beijing, China, and detected
megestrol acetate in all the influent wastewaters analyzed at
levels of 4125 ng L', with a removal rate of 96+9.4 % in
the wastewater effluents [53].

Neither goserelin, epirubicin, nor prednisone, which were
identified in several samples from hospital effluents, could be
detected in WWTP influents. This indicates that cytostatic
compounds are either degraded or diluted during passage
through the sewage grid.

Concluding remarks

A comprehensive optimization of an automated SPE followed
by LC—Orbitrap-HRMS was performed for the unequivocal
identification of 19 cytostatic compounds in hospital effluents
and wastewaters. Seven compounds (cyclophosphamide,
ifosfamide, epirubicin, capecitabine, irinotecan, megestrol ac-
etate, and prednisone) were detected in hospital effluents at
levels ranging from 0.02 to 86.2 pg L', with ifosfamide,
irinotecan, and megestrol acetate being the most ubiquitous
compounds. Cyclophosphamide and megestrol acetate were
the only compounds detected in the WWTP. From these
results we can conclude that cytostatic compounds are metab-
olized, degraded by hydrolysis, or diluted during the sewage
passage. To assess the estimated levels of cytostatic com-
pounds in WWTP effluents, predicted environmental concen-
trations (PEC) of ifosfamide, capecitabine, and irinotecan
were calculated. The predicted concentrations were in good
agreement with measured concentrations of these three cyto-
static compounds. Variations in the unchanged excreted
amount of each cytostatic compound and the percentage of
WWTP removal may change the PEC values. So, although
PEC values can be used as a first approximation, measured
environmental concentrations should be preferred for environ-
mental risk assessment.
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