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Abstract The results of an inter-laboratory comparison exer-
cise to determine cytostatic anticancer drug residues in surface
water, hospital wastewater and wastewater treatment plant ef-
fluent are reported. To obtain a critical number of participants,
an invitation was sent out to potential laboratories identified to
have the necessary knowledge and instrumentation. Nine lab-
oratories worldwide confirmed their participation in the exer-
cise. The compounds selected (based on the extent of use and
laboratories capabilities) included cyclophosphamide,
ifosfamide, 5-fluorouracil, gemcitabine, etoposide, methotrex-
ate and cisplatinum. Samples of spiked waste (hospital and
wastewater treatment plant effluent) and surface water, and
additional non-spiked hospital wastewater, were prepared by
the organising laboratory (Jozef Stefan Institute) and sent out
to each participant partner for analysis. All analytical methods
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included solid phase extraction (SPE) and the use of surrogate/
internal standards for quantification. Chemical analysis was
performed using either liquid or gas chromatography mass
(MS) or tandem mass (MS/MS) spectrometry. Cisplatinum
was determined using inductively coupled plasma mass spec-
trometry (ICP-MS). A required minimum contribution of five
laboratories meant that only cyclophosphamide, ifosfamide,
methotrexate and etoposide could be included in the statistical
evaluation. z-score and Q test revealed 3 and 4 outliers using
classical and robust approach, respectively. The smallest ab-
solute differences between the spiked values and the measured
values were observed in the surface water matrix. The highest
within-laboratory repeatability was observed for methotrexate
in all three matrices (CV<12 %). Overall, inter-laboratory
reproducibility was poor for all compounds and matrices
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(CV 27-143 %) with the only exception being methotrexate
measured in the spiked hospital wastewater (CV=8 %).
Random and total errors were identified by means of
Youden plots.

Keywords Inter-laboratory study - Cytostatic -
Pharmaceutical - Surface water - Wastewater - Hospital
effluent

Introduction

The World Cancer Report (2014) published by the
World Health Organization (WHO) states that cancer
cases are expected to surge 57 % worldwide over the
next 20 years, a statistic that is, in the main, attributable
to aging global populations (World Cancer Report 2014,
IARC, WHO). This is also leading to an increase in the
use of chemotherapeutic medicines (CytoThreat Project
2014), which now represents the third largest source of
revenue within the pharma industry (Reuters 2008 and
Chemoth 2013). These drugs are typically administered
to outpatients in oncological units (75 %) using ambu-
latory infusion, albeit a more recent trend is towards
oral administration at home (Kosjek and Heath 2011).
After receiving therapy, patients excrete anticancer drugs
in both the parent and metabolised forms (Cytotoxic
Safety 2013a, b). Excretion rates are drug dependent
but, in some cases, can take more than a week, and
the compounds can remain in an active stable form for
significant periods of time. Illustrative examples are cy-
clophosphamide and ifosfamide, common anticancer
drugs classified as alkylating agents. These two agents
under ideal laboratory conditions can remain intact for
up to 800 days in the case of cyclophosphamide and 10
to 12 years for ifosfamide, implying that these
chemicals could survive under environmental conditions
for long periods (Kosjek and Heath 2011). Once excret-
ed from the body, they end up in the sewerage system
eventually to arrive at a municipal wastewater treatment
plant (WWTP), where studies have demonstrated that
they are not completely removed (Kosjek and Heath
2011). Instead, they pass through the treatment process
into surface water raising concerns over their presence
in the environment and in potable water supplies (Cytotoxic
Safety 2013a, b; Crauste-Manciet et al. 2005). This means that
although beneficial for the cancer patient, as a consequence of
their cytotoxic, genotoxic, mutagenic and/or teratogenic prop-
erties cytostatic drug residues may pose a threat to non-target
organisms and human health (Cytotoxic Safety 2013a, b).
Until recently, scientists did not have the technology nor
the know-how to measure environmental levels of anticancer
drugs and only a limited number of laboratories worldwide are

analysing them in environmental and wastewater samples
(Cesen et al. 2015; Ferrando-Climent et al. 2014, 2013;
Kosjek and Heath 2011; Kosjek et al. 2015, 2013; Llewellyn
et al. 2011; Negreira et al. 2014a, 2013a, b; Parrella et al.
2014). One reason is their low environmental levels (<
ng L"), which require the very latest in modern analytical
instrumentation, and possibly their toxicity makes laboratories
reluctant to analyse these compounds since additional safety
protocols and waste collection must be in place. Fortunately,
studies are now investigating their presence in environmental
and wastewater samples (Cesen et al. 2015; Kosjek and Heath
2011; Kosjek et al. 2015, 2013; Negreira et al. 2014a, 2013a,
b), and the risks they pose to humans and aquatic organisms
have been recently addressed within the EU FP7 CytoThreat
project (2014).

In the absence of certified reference materials, inter-
laboratory comparisons are necessary to verify analytical re-
sults, if laboratories are to have confidence in their analytical
abilities. A number of inter-laboratory studies addressing
emerging contaminants in environmental samples have been
carried out (Farré et al. 2008; Heath et al. 2010a, b; Hund
et al. 2000; Jones et al. 1994; Van den Bossche et al. 2010;
Vander Heyden and Smeyers-Verbeke 2007), of which only a
few address veterinary drug residues (Vander Vander Heyden
et al. 1999), nonsteroidal anti-inflammatory drugs and
hormones (Farré et al. 2008; Heath et al. 2010a, b)
and antibiotics (Dehouck et al. 2003; Van den Bossche
et al. 2010). To our knowledge, none included cytostatic
drugs. This study was set out to find those laboratories
analysing cytostatic drug residues at trace levels in environ-
mental and wastewater samples and to include them in the first
inter-laboratory exercise on cytostatic drugs in water to facil-
itate and promote knowledge exchange between them, evalu-
ate their performance in the analysis of these compounds
when using their own in-house analytical methods, and eluci-
date potential bias and sources of error.

Experimental
Experimental design, sample collection and handling

An invitation to participate in the exercise was offered to those
laboratories identified as having the necessary knowledge and
instrumentation to determine anticancer residues in environ-
mental and wastewater samples. Participating laboratories were
from the following countries: Australia, Czech Republic,
Germany, The Netherlands, Singapore, Slovenia, Spain and
UK. Each participating laboratory was assigned its own inter-
laboratory code (L1 to L9).

Four different samples were included in the exercise: a
surface river water spiked with the analytes at a predefined
concentration (A), a hospital wastewater (B), the same
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hospital wastewater spiked with the target compounds at a
known concentration (C) and a spiked municipal WWTP ef-
fluent (D). Prior to the exercise, the river water and the WWTP
effluent samples had been analysed in the laboratory and
found not to contain tested drug residues. These samples were
used in the study after spiking them with appropriate environ-
mentally and wastewater relevant concentrations of the target
analytes. Analysis of hospital wastewater revealed the pres-
ence of several cytostatic residues including CP, IF, 5-FU,
GEM, ETO and MTX, but not all those included in this study
(cis-Pt). Both samples as collected from the hospital and
spiked with the target compounds were included in the trial.

All three matrix samples (the surface water, the WWTP ef-
fluent and the hospital effluent) were collected by grab sampling
and are actually interrelated since the surface water sample was
collected from one of the largest rivers in Slovenia approximate-
ly 100 m downstream from the WWTP effluent outflow, and the
WWTP receives the effluent wastewater from the hospital. All
samples were collected in clean polyethylene containers and
transferred on ice immediately to the laboratory, where they
were filtered (0.5-pm glass fibre filters) and homogenised.

All the samples, with the exception of sample B, were
spiked (Table 1) with the target compounds: cyclophospha-
mide (CP), ifosfamide (IF), 5-fluorouracil (5-FU),
gemcitabine (GEM), etoposide (ETO), methotrexate (MTX)
and cisplatinum (Cis-Pt) at environmental and wastewater
levels (Kosjek and Heath 2011).

Samples were stored in polyethylene containers at —80 °C.
Frozen samples (0.8 L) were shipped on dry ice to each of the
participating laboratories. On receipt, the time of arrival and
sample condition were recorded. Each laboratory was also
asked to process their samples, i.e. filtration and extraction,
within 1 week. Finally, the participating laboratories were
asked to perform at least two independent analyses per sam-
ple. The stability of the compounds CP, IF, 5-FU, GEM, ETO
and MTX in HPLC water and in wastewater samples had been
studied previously and found to be acceptable under the inter-
laboratory study conditions (Ferrando-Climent et al. 2013;
Negreira et al. 2014b).

Chemicals

The target compounds CP (CAS 50-18-0), IF (CAS 3778-73-
2), 5-FU (CAS 51-21-8) and GEM (CAS 95058-81-4) were

obtained from Sigma-Aldrich (Steinhem, Germany), MTX
(CAS 59-05-2) was obtained from TOCRIS Biosciences
(Ellisville, USA) and ETO (CAS 33419-42-0) was obtained
from Santa Cruz Biotechnology (Heidelberg, Germany).
Dimethylsulfoxide (DMSO) was obtained from Sigma-
Aldrich (St. Luis, USA). Fresh standard solutions of a mixture
of the cytostatic compounds were prepared on a weight basis
in DMSO.

Analytical methods

Chemical analysis was performed using previously developed
analytical methods based on either liquid or gas chromatography
(LC or GC) coupled to mass (MS) and most frequently tandem
mass (MS/MS) spectrometry (Table 2) (Cesen et al. 2015;
Ferrando-Climent et al. 2013; Kosjek et al. 2013; Llewellyn
et al. 2011; Negreira et al. 2013a, b, 2014b; Odraska et al.
2013; Yin et al. 2010). All analytical methods, with the exception
of that based on ICP-MS for Pt determination, included a solid
phase extraction (SPE) step, performed either on-line or off-line
for sample preconcentration. Internal standards (IS) were used
for quantification (Table 2). Laboratory 9, which analysed sam-
ples by GC-MS and GC-MS/MS, also included a derivatization
step, using trifluoroacetic acid to derivatise CP and IF and
N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide
(MTBSTFA) to derivatise 5-FU.

Statistical parameters

Sample homogeneity was tested for each batch of samples
using the chi-square test (Eq. 1):

5 (0i —Ei)?
X = Z TR (1)

where Oi represents the mean concentration of two paral-
lels of each sample and Ei is the mean concentration of each
batch containing 10 samples (Heath et al. 2010b). The null
hypothesis (H) states that homogeneity of samples is
achieved, while the alternative hypothesis (H;) says that ho-
mogeneity of samples is not achieved. If x%u, (@=0.05) is
greater than Xzexp’ then the Hj is not rejected. To perform
the chi-square test, ten random subsamples of each sample
(A, C and D) were collected and each sample analysed in
duplicate.

Table 1  Spiked matrices and concentrations

Matrix/compound CP(ngL™") TF@mgL" 5FUMmgL") GEM(@mgL') ETOmgL"') MTX@mgL') CisPt(ngL™")
A: Surface river water 53 33 43 21 52 31 17

C: Hospital wastewater 5239 394 454 397 3420 1141 403

D: WWTP effluent 23 55 66 786 127 432 35

CP cyclophosphamide, /F ifosfamide, 5FU 5-fluorouracil, GEM gemcitabine, ETO etoposide, MTX methotrexate, Cis-Pt cisplatinum
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Table 2 General information on the applied analytical methods
including analytical technique, sample volume, sample pre-treatment
and the internal standards used, detection conditions and limits of

detection (LOD). A detailed description of the method is in the supple-
mentary material (SM)—Tables S1-S6 and S8—S9 (L7 could not analyse
the samples due to their destruction at customs)

Lab  Instrumentation  Sample volume SPE Internal standard (addition ~ Detection LOD*
code before or after extraction)
1 LC-MS/MS SmL On-line SPE with IF-d4 (before) QTRAP (QqLIT) IF02ngL™"
PLRP-s (10x2 mm) CP-d, (before) MS/MS ESI+ CP 0.1 ng Lt
ETO-d; (before) ETO3.0ng L™’
GEM-"3C,"°N, (before) GEM 03 ng L™
MTX-methyl-d; (before) MTX 0.1 ng L™
2 LC-MS/MS 300 mL Strata X (200 mg/6 mL) CP-d, (before) QqQ; MS/MS CP0.233ng L™
mode EST+
3 LC-MS/MS 250 mL Double SPE on WAX Caffeine dy (before) QTRAP ESI+ CP15ngL™
(6 cc, 150 mg, 30 um) NP (after) ETO 2ng L
and HLB (6 cc, 200 7]
mg, 30 pm) IF1.5ngL
GEM 1.5ng L™
4 UPLC-MS/MS 50 mL HLB (200 mg/6 mL) CP-g44 (after) QTRAP (QqLIT) CP1.1ngL’’
ETO-d; (after) MSMSESF grpgangL!
MTX-ds (after) IF1.7ngL”"
MTX 1.8ng L™
HPLC-ICP-MS 15 mL - External calibration ICP-MS cis-Pt 300 ng L'
6 LC-MS/MS 4 mL on-line SPE with HySphere  Isoproturon-d6 (before) QqQ; MS/MS 5-FU 100 ng L'
Resin GP (10%2 mm) Tribromophenol (after) mode (ESI+) CP 12 ng !
ETO 3 ng L™
IF13ngL™
MTX 50 ng L™
8 LC-MS/MS 500 mL Strata X (500 mg/6 mL) CP-d, (before) QqQ; MS/MS CP 0.03 ng L™
Florisil (200 mg/3 mL) mode (ESI+) IF0.05ng L'
9 GC-MS/MS 100 mL (5-FU) Isolute ENV+ (500 mg SFU-dg and 5-chlorouracil ~ Q; MS-mode SFU 0.16 ng L!
sample A and 1 g for (before) (ED: SIM
samples B, C, D/6 mL)
GC-MS 100/200/400 mL  Oasis HLB (60 mg/3 mL) CP-d¢ (for CP and IF, IT; MS-MS CP0.6ng L™
(CP, IF) before) mode (EI) IF03ng L
ICP-MS 100 mL (cis-Pt)  — - ID-ICP-MS Cis-Pt 0.6 ug Pt L™

El electron impact, ESI electrospray, /7ion trap, NP nonylphenol, QgLIT quadrupole linear ion trap, QgQ triple quadrupole, SIM selected ion monitoring,

1D isotope dilution
* Lowest LOD determined (see Supplementary material Table S1-S9)

Outlier detection was performed by calculating z-score
(Heath et al. 2010a, b) values according to Eq. 2,

Xlab~ X0
= — 2
ao ( )

where 14, 1S the laboratory mean (classical approach) or me-
dian (robust approach), x, is the known spiked concentration
or, if unknown, as in sample B, is the average concentration
measured by the participating laboratories and oy is the stan-
dard deviation. Samples with z-values higher than 3 were ex-
cluded from further statistical analysis. For suspected outliers,
i.c. those whose z-score values were between 2.0< | z | <3.0,a

further Dixon test or Q test was applied («=0.05) (Heath et al.
2010b). The equation for the QO test (Heath et al. 2010b) is as

follows (Eq. 3):

_ &P
range

(3)

Gap is the absolute difference between the suspected out-

lier and its closest value when arranged in increasing order of
concentration, and the range is the difference between highest
and lowest value. When Qy,, is greater than Oy, (a reference
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value corresponding to the sample size and confidence level or
«=0.05), then this value is referred as an outlier.

The following statistical parameters were calculated
for each series of samples (A, B, C and D) and each
compound:

e Mean and median values;

* 95 9% confidence intervals;

«  Variances (¢°);

» Standard deviations (0);

» Relative standard deviation (RSD);

» Standard errors of mean (SEM);

¢ Minimum and maximum values and first and third quar-
tiles (25P and 75P);

*  Number of outliers, upper and lower warning limits (UWL
and LWL); and

* Repeatability (r) and reproducibility (R), where both » and
R were determined in terms of relative standard deviation
or coefficient of variation (CV) and expressed as percent-
ages (%).

The equations used to calculate the UWLs and LWLs are as
follows (Egs. 4 and 5):

UWL = (y + 2a) (4)
LWL = (y—za) (5)

The repeatability for each sample (A, B, C and D) and
selected compound was individually determined for each par-
ticipating laboratory as the CV corresponding to the ratio be-
tween the standard deviation of the laboratory’s measurement
and its mean concentration value (ISO TC 69/SC 6 N 2011;
Eq. 6):

S (6)

CV(%) =100 x
Xlab

The reproducibility was determined as the CV, where the
ratio between the standard deviation of all laboratories and the
average value of all laboratories were calculated for each com-
pound and sample (ISO TC 69/SC 6 N 2011). All statistical
evaluation was performed using MedCalc Software and Excel
2010.

Results and discussion

The stability of CP, IF, 5-FU, GEM, ETO and MTX in HPLC
grade water and wastewater samples has been studied by both
Ferrando-Climent et al. (2013) and Negreira et al. (2014b)).
Their results reveal that these compounds are stable for at least
1 month at —20 °C even in wastewater. Furthermore, the authors

@ Springer

(2013) found that CP, IF and MTX were stable for 3 months
when stored at —20 °C on SPE Oasis HLB cartridges. Despite
this, we requested that the participating laboratories extract their
samples within 1 week. Eight laboratories managed to extract
the samples within 1-3 days, while laboratory 9 reported a 5-
month delay when analysing 5-FU. Unfortunately, samples
shipped overseas were destroyed at customs. Sample homoge-
neity was evaluated using the chi-square test (Eq. 1). The ex-
perimental values of Xzexp were lower than y?g, (=0.05) for
each sample type and selected compounds (CP, IF and MTX,
(Hund et al. 2000); ISO 13528 2009) proving that the samples
were homogeneous (data not shown).

In total, 266 data were received of which 219 were used for
statistical evaluation. The low number of laboratories analysing
certain compounds (e.g. only two laboratories submitted results
for 5-FU and GEM, while for cis-Pt, only one laboratory sub-
mitted results that were above the LOD in all matrices) meant
that it was not possible to use all the data. Table 3 lists the
concentrations reported and the average and standard deviation
values for GEM and 5-FU, while the results for CP, IF, MTX
and ETO together with their corresponding statistical evaluation
by classical and robust approaches are presented in SM
Table S10 and Table S11, respectively. To take into account
the most probable scenario, when the concentrations of analytes
of interest were reported to be below LOQ, a value equivalent to
half the reported LOQ was used for the evaluation (European
Food Safety Authority 2010).

Laboratory performance regarding GEM (L1 and L3) and 5-
FU (L6 and L9) are based on two submitted data sets (Table 3).
In the case of GEM, the results showed a fairly good perfor-
mance by L1 for all 4 samples analysed and by L3 for the
surface water sample. However, in the case of the wastewater
samples (B, C, D), the values reported by L3 were lower and
inconsistent with the spiked values indicating that matrix effects
were not sufficiently taken into account with the IS used. In the
case of 5-FU, the low number of laboratories providing data
(only L6 and L9) may be due to the complex nature (number
of steps) of the analytical procedure necessary for determining
this compound at trace levels, and because this compound, in
contrast to most cytostatics, is more easily ionised in the nega-
tive than that in the positive ion mode (Kosjek et al. 2013). This
is also the most likely reason behind the high LOD obtained by
L6 for 5-FU (100 ng L™, in the ESI+ mode), which prevented it
from being detected at the levels spiked in the surface water
(sample A, 43 ng L") and in the WWTP effluent (sample D,
66 ng L™"). For L6, the value reported for the spiked hospital
wastewater (583 ng L") was higher than the spiked concentra-
tion (454 ng L"), but not consistent with the value measured in
the non-spiked sample (420 ng L™") to account for the sum of
both concentrations (420 ng L™'+454 ng L™'=874 ng L ™).
Interpretation of the possible reasons in this case is difficult. In
the case of L9, however, the values measured in the four samples
analysed by GC-MS/MS were half to three quarters of the
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Table 3 Data reported for GEM

and 5-FU by two participating Laboratory code Sample

laboratories: raw data from three
independent replicate analyses, GEM
calculated average and standard L1
deviation and spiked concentra-

tion in each sample type
ple typ 402

704
17

231
191
170

L3

g aQw» TOw

5-FU
L6

440
610
L9 19
15
315
39

oQw» U w >

19.4
13.6

150*

150°

Average SD Spiked conc. (ng L")

23.4 29.1 24.0 4.9 21
13.1 - 134 0.4 0
434 416 417 16 397
698 600 667 58 786
19 23 19.7 3.1 21
294 293 273 36 0
256 295 247 53 397
280 348 266 90 786
Average SD Spiked conc. (ng L")

150* 150* 150* - 43
400 420 420 20 0
560 580 583 25 454
150* 150* 150* - 66
19 19 19 0 43
11 8.3 12 3 0
364 247 309 59 454
41 38 39 5 66

#Values reported below LOQ; therefore, half LOQ taken into account for evaluation

spiked value, a discrepancy explained on the basis of the stabil-
ity results reported by Negreira et al. (2014b)), who found that
for wastewater samples stored for 3 months at —20 °C, 25 % of
the spiked 5-FU was degraded. In the case of L9, storage time
was 5 months.

Sample A
3
2
—— CP
I CIIF
! rssEE ET0
E — MTX
o (LRI, 1 | S,
1 2 3 4 6 8 9 7=3
laboratory code
Sample C
3
2
i CP
EESsY
L Ll I ] ¥
BEEEm ETO
| I I ﬂ — MTX
0 1 -———7=2
1 2 3 4 6 8 9

laboratory code

Classical and robust statistical approaches applied to the
data reported for CP, IF, MTX and ETO did not show relevant
differences in the number of outliers, which occur only in
sample B (non-spiked hospital wastewater): three outliers
(for CP) using the classical approach and four outliers (three

Sample B
3 L7 L)
o9
2
[ CP
E===IF
! 1R maRR ETO
Jl ﬂ — MTX
0 lll 1 J ﬂ_ﬂﬂlﬂﬂﬂl_ﬂ -—-7=2
1 2 3 4 6 8 9 723
laboratory code
Sample D
3
2 : — CP
_l CIF
1 HH BERR ETO
— MTX
o .. | E HallE 1

1 2 3 4 6 8 9
laboratory code

Fig. 1 Graphical presentation of z-score values for each compound in the various samples using a robust approach
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for CP and one for IF) using the robust approach (SM—
Table S12). In total, out of the nine laboratories, L3 and L4
together produced four identified outliers using the robust ap-
proach (Fig. 1), while L3 produced three outliers determined
using the classical approach (SM—Figure S1). The group L3
experienced difficulties in determining CP, while L4 found
determining IF problematic when analysing hospital wastewa-
ter. L4, despite extracting only 50 mL of sample, reported
acceptable LOD for all tested compounds (low ng L',
Table 2). The poor analytical performance in determining IF
is thought to be a result of not using a deuterated analogue of
IF as the internal standard. Similarly, L3 who extracted a larg-
er sample volume (250 mL) compared to L4 (50 mL), also
applied structurally different compounds as internal standards
and could have improved their method performance by using
isotopically labelled analogues as internal standards.

The identification of outliers only in sample B can be at-
tributed to the complexity of the matrix (hospital wastewater)
and the comparatively lower concentrations of the analytes

when compared to sample C (spiked hospital wastewater),
which produced no outliers.

Tables S10 and S11 (SM) show the statistical data deter-
mined once the outliers have been removed using both classi-
cal and robust approaches, respectively. Again, the only dif-
ference between the two data sets occurs in the case of IF in
sample B. The data also show an agreement between the
values for CP, IF and ETO in samples B and C, where
[C]=[B]+[spiked]. In all cases, the values obtained in sample
C are slightly lower than those calculated on the basis of the
concentration determined in sample B. In the case of MTX,
the data values differed significantly from the spiked values in
all three matrices, especially in the hospital wastewater, where
the measured concentration of MTX was higher in the non-
spiked (Sample B; 5832 ng L") than that in the spiked sample
(sample C; 2271 ng L™").

Figures 2, 3, 4 and 5 show the concentrations of CP, IF,
ETO and MTX, respectively, reported by the various labora-
tories for all four analysed samples (different characters

Fig. 2 Reported CP A D
conc.entration.s (different dots.) in 100 __ 100
relation to spiked concentrations N ™ ¥
(red line) and inter-lab exercise ) ] o ‘
mean (dotted blue line) and me- = L _"i JUPUUPIE SUPFURSURURE = *
dian (dashed green line) values 2 50 s -(% 50 e e e
calculated using robust approach £ & 5 ‘
] . 3 -
e c
8 o 8 o
1 2 3 4 6 8 9 12 3 4 6 8 9
laboratory code laboratory code
B C
6600 14000
T &) z
0 ) ]
£ £
5 5
- 3300 K &
B S 7000
o [ e s e e ¢ et o ¢ s o + ff]
c = - 3
g e g g -
: rxe ¢
e 0 © (]
1 2 3 4 6 8 9 0 —
laboratory code 1 2 3 4 6 8 9
laboratory code
C-B
10000
= *
T 8000
£
é 6000 ﬁ—“ * sample C-
© 4000 * sample B
s
f=
g 2000 = spiked conc.
=
8 0
1 2 4 6 8 9
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A D
100 \ 1404
R E :
il . : §
2 5o £ 70 drsesiiaans A
[] - S W“W —r—
‘5 L______‘___‘___.___ ‘E =i
8 A + = R 8 n
e 1
8 S 8 kS
o 0
1 3 4 6 8 S 1 3 4 6 8 9
laboratory code laboratory code
B C
4600 P e 4000
A
= k.) N * o
o3 —
» =
2 ! - < losessenseossesnensrossrossessocssosscassosseossegy
£ A £ 2000 ; *
Rl s gsd Iepresgpatns pp s et > =2 & [ o
£ = 1 €
8 - g
8 8
8
0 0
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Fig. 3 Reported IF concentrations (different dots) in relation to spiked
concentrations (red line) and inter-lab exercise mean (dotted blue line)

representing analytical replicates), the spiked concentrations
(red line) and the calculated mean (dotted blue line) and me-
dian (dashed green line) values using robust approach. The
data for IF using a classical approach is presented in SM—
Figure S2 showing the only difference between the two data
sets. Outliers (circled) are not included in the calculation of the
mean and median values. The final graph for each figure rep-
resents the difference between spiked hospital wastewater and
non-spiked hospital wastewater (C-B), where the red line rep-
resents the spiked value and dots are the average values cal-
culated for each laboratory. Mean and median values of all the
laboratories were relatively close to the spiked concentrations
in samples A and D for all four compounds. Only in a few
cases were negative values observed in the calculation of the
difference between samples C and B when determining IF (L3

and median (dashed green line) values by calculated using robust
approach

and L4), ETO (L3) and MTX (L4), i.e. compounds spiked in
the hospital water at concentrations comparatively lower than
those naturally present in the sample. Negative values were
not recorded for CP (and also 5-FU and GEM), where spiked
concentrations were higher than naturally occurring levels.

Method repeatability (r), expressed as CV, for each sample
(A, B, C and D) and compound of interest is presented in
SM—Figure S3. The lowest CVs were observed in the case
of MTX (<12 % for L4, sample C) and the highest in the case
of CP (<72 % for L3, sample D). Empty cells correspond to
analyses where at least one of the replicate results was below
the LOD or not reported.

Figure 6 shows a plot of the average CV (average of the
various laboratory method repeatabilies) vs. the calculated
mean concentration (average of the mean concentrations
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Fig. 4 Reported ETO A D
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reported by the various laboratories) for CP, IF, ETO and
MTX, i.e. the compounds determined by most laboratories
for the four tested matrices. The CVs were expected to be
highest for the lowest concentrations, i.e. in surface water
(Heath et al. 2010b), but in reality, the CVs for CP are constant
over the concentration range. This is a likely result of using a
deuterated CP compound as internal standard (Table 2).

The volume of sample extracted varies between laborato-
ries. Laboratories L2, L3, L8 and L9 extracted 100-500 mL of
sample; L4 extracted 50 mL of sample, while L5 extracted
15 mL of sample (Table 2). Both L1 and L6, which perform
on-line SPE, extracted the lowest amount of sample: 5 and
4 mL, respectively. A comparison of laboratory performance
reveals outliers in the case of L3 and L4 indicating that meth-
od performance cannot be directly linked to sample extraction
volume.

A comparison of the CV values obtained for the different
compounds, matrices and laboratories shows similar CVs be-
tween samples B and C, both corresponding to hospital waste-
water, even if the CV values were expected to be lower in the
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laboratory code

spiked sample (C, SM—Figure S4). Likewise, even though
high CVs were expected in the WWTP effluent (sample D)
because of matrix complexity, no relevant difference in the
CVs was observed between the surface water and the treated
wastewater (samples A and D). The only exception in this
case was the distinctly higher CV obtained by L3 when deter-
mining CP in sample D.

The reproducibility (R), i.e. the variability in the results report-
ed by the various laboratories, expressed also as CV, for each
sample (A, B, C and D) and the compounds CP, IF, ETO and
MTX was also calculated (SM—Figure S5). Variability is mostly
within 40 %, with the only exceptions being ETO and MTX in
sample B. Since variability for these compounds is high in sam-
ple B, but not in sample C, it cannot be attributed to distinct
matrix effects, since the matrix is the same for both B and C.
This high variability derives from the high concentrations report-
ed for ETO and MTX by L3 and L4, respectively, in sample B
(>14 pg L"), concentration values that are difficult to interpret
from an analytical perspective, especially considering that L4
used MTX-d; as an IS, unless the difference is down to human
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error. The inter-laboratory data were also analysed graphically
(all laboratories having analysed two samples) using a Youden
plot (MedCalc Software 2015), which visualises within-
laboratory and between-laboratory variability. In the original
Youden plot (Youden 1959), axes are drawn to the same scale
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S ecp
S s0% x
[} X mIF
60%
< ETO
40%
) » o * % X MTX
20%
X
0%
10 100 1000 10000
conc. (ng L?)

Fig. 6 Mean repeatability (CV) vs. concentration (ng L") for various
tested compounds

laboratory code

and the two samples must be similar and close in magnitude.
Results of individual laboratories are defined by the response
variables on the horizontal and vertical axis and are presented
as points in the plot. The two median lines, one parallel to x and
the other parallel to y axe, are drawn dividing results evenly.
Around their intersection, a Manhattan circle is drawn including
95 % of laboratories and a 45° reference line through the
Manhattan median. In the Youden plot, the points that lic near
the 45° reference line but far from the Manhattan median indicate
large systematic error, points far from the 45° line indicate large
random error and points outside the circle indicate a large total
erTor.

Youden plots were calculated for CP and IF in samples A
and D due to similar spiked concentrations although the ma-
trix complexity differs greatly. The plots reveal the nature of
errors for each laboratory. Points outside the circle indicate
large total error, which was observed for L1, L3 and L4 in
case of both compounds. Furthermore, random error was ob-
served in case of L8 and L9 for CP, since the data points on the
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graph lie far from 45° line (Fig. 7). The points belonging to
other participants (L2 and L6 for CP and L6, L8 and L9 for
IF), which lie within the 95 % confidence circle and near the
Manhattan median, can be labelled as acceptable (Fig. 7).
Potential sources of error include the use of large calibration
curve ranges (expanding from ng to ug L") for analysis of
low concentration levels, the existence of matrix interferences
and matrix effects, such as signal enhancement or suppression,
not corrected for with the internal standards used.

Conclusions

In conclusion, cytostatics are the least researched pharmaceu-
ticals, which is exemplified by the low number of laboratories

participating in this study. This is expected to change as
awareness grows about their presence in the environment,
especially given their cytotoxic, genotoxic, mutagenic and
teratogenic properties. Overall, the preparation of the samples
for this inter-laboratory study was satisfactory and, with the
exception of the one set of samples that was destroyed at
customs, all the laboratories received their frozen samples
within days. Despite low participation, a minimum amount
of data were obtained for statistical analysis for the com-
pounds CP, IF, ETO and MTX. The smallest differences be-
tween spiked values and measured values for all compounds
were observed for surface water. The highest within-
laboratory repeatability was observed in the analysis of the
spiked hospital wastewater on account of the higher concen-
tration of the compounds in the sample. Overall, the

Fig. 7 Youden plots for CP and CP
IF in samples A (spiked river
water) and D (spiked WWTP 80
effluent)
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reproducibility of results amongst the laboratories was poor
for all compounds and matrices, with the exception of MTX in
the spiked hospital wastewater. For CP and IF, the Youden test
revealed in the case of surface and WWTP effluent samples
three laboratories with total errors for both compounds and
two laboratories with random errors for CP.

This inter-laboratory study was performed in 2013, when
there were only a few laboratories performing trace analysis of
cytostatics. Since then, the interest in analysing these com-
pounds has increased significantly and we intend to repeat
our inter-laboratory study within the next 2 years with a suf-
ficient number of participant laboratories to obtain a clearer
picture of the quality of analytical data obtained for a higher
number of diverse cytostatic drugs. For better laboratory per-
formance, application of deuterated internal standards for all
tested compounds and MS/MS analysis will be encouraged.
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