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ABSTRACT

Antineoplastic drugs are carcinogens, mutagens, or teratogenic substances, which can pose serious risks to
professionals. Concerns about chronic exposure to these hazardous medicinal products (HMPs) have led to their
prominence in the EU strategic framework on health and safety at work 2021-2027. To estimate and mitigate
human exposure to HMPs, regular monitoring programs and, consequently, reliable, sensitive, multicomponent
methods are crucial. In this study, an unconventional liquid-liquid extraction coupled with liquid chromatog-
raphy-tandem mass spectrometry analysis is proposed to simultaneously identify and quantify seven HMPs of
high concern in urine: cyclophosphamide, etoposide, ifosfamide, paclitaxel, megestrol, mycophenolate mofetil,
and tamoxifen, the last three for the first time. Recoveries of all drugs from urine samples were close to 100 %,
and method detection limits (0.6-4.1 ng/L) were noticeably lower than most previously reported. This novel,
non-invasive method for biomonitoring is thus suitable to unequivocally identify the target drugs at the expected
trace levels in urine and to infer about workers’ exposure. The method contributes to the conception of regular
monitoring programs for antineoplastic drugs, in line with recommendations under EU Directive 2004/37/EC.
This is especially relevant in Portugal, where neither analytical methods nor exposure data exist due to lack of
formal surveillance.

1. Introduction

workers, family members or caregivers of patients) may also be at risk
when in contact with contaminated objects, air, or biological excreta.

Antineoplastic drugs (ADs) have been used for cancer treatment for
decades and their prescription is expected to rise due to the increase of
new cancer cases (47 % between 2020 and 2040) (IARC, 2020). They are
considered hazardous medicinal products (HMPs), whose genotoxicity,
carcinogenicity and mutagenicity has been demonstrated
(Gonzalez-Roman et al., 2021; Suspiro and Prista, 2011). Concerns
associated to long-term exposure, even at low doses, have been rising,
but both acute and chronic effects have been reported, mainly in phar-
macy professionals and nurses (ISOPP Standards Committee, 2022;
Sessink et al., 2016; Suspiro and Prista, 2011). Still, anyone (other

Despite the numerous guidelines and good occupational hygiene prac-
tices published worldwide (ISOPP Standards Committee, 2022; Mathias
et al., 2019; Sessink et al., 2016), no occupational exposure limit values
(OELs), biological limit values (BLVs) nor biological guidance values
(BGVs) have been set for these drugs. Nevertheless, employing moni-
toring programs of carcinogenic, mutagenic and/or reprotoxic (CMR)
substances is mandatory in the European Union under Directive
2004/37/EC, in which ADs are included since an amendment in 2022. In
fact, regular monitoring programs are crucial, as they have been shown
to improve the effectiveness of control measures and to increase
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workers’ awareness. Thus, they contribute to reducing contamination
levels (Korczowska et al., 2020), which, nowadays, are still recom-
mended to be “as low as reasonably achievable” (ALARA).

It is known that human absorption of ADs is a reality in occupational
contexts due to their reported measurable traces in urine of healthcare
workers (Leso et al., 2022). For example, 55 % of 201 urine samples of
healthcare workers from six Canadian facilities tested positive for
cyclophosphamide (CYC; 75th percentile was 129 ng/L) in 2010/2011,
and all eight job categories evaluated were at exposure risk (Hon et al.,
2015). On the other hand, Sottani et al. (2010) reported a reduction in
positive urine samples, which were around 30 % in the 1990s, 2 % in the
2000s and null in 2006/2007, after implementation of ADs’ safe
handling procedures. Other studies have reported no positive urine
samples for the ADs monitored (Leso et al., 2022), but an absence of risk
should not be presumed in such cases since factors such as the fast
metabolization or poor sensitivity/selectivity of the analytical methods
might have hampered drug detection. Therefore, reliable and validated
analytical methods for biological monitoring of ADs and other HMPs are
crucial. Indeed, the European Commission (2023) has recently high-
lighted (in their “Guidance for the safe management of hazardous me-
dicinal products at work”) that advances in analytical chemistry would
be crucial to expand the implementation of regular biomonitoring of
HMPs, thus advising for the development of new techniques and
methods. Under this context, multianalyte detection is essential to
correctly estimate exposure risk due to the wide variety of drugs in use,
their different impacts on health and their different chromatographic
behaviors (due to their different physical-chemical properties).

Up to date, CYC and ifosfamide (IFO) are the ADs most frequently
investigated in urine samples of professionals, but others such as 5-fluo-
rouracil, platinum compounds, methotrexate, irinotecan, daunorubicin,
doxorubicin and epirubicin have also been reported (Leso et al., 2022).
All of these drugs are of high concern, according to their inclusion in
“The European Trade Union Institute’s list of HMPs” for meeting the
criteria for classification as category 1A or 1B of the EU Classification,
Labelling and Packaging (CLP) system of CMR substances (Lindsley and
Musu, 2022). Particularly, CYC is carcinogenic 1B, mutagenic 1B and
reprotoxic 1A, and IFO is carcinogenic 1A, mutagenic 1A and reprotoxic
1A (Lindsley and Musu, 2022). Other ADs that also meet these criteria
but have been investigated to a lesser extent include etoposide (ETO;
carcinogenic 1B) and paclitaxel (PAC; carcinogenic 2, mutagenic 1B,
reprotoxic 1B), particularly ETO for which only one method exists
(Fabrizi et al., 2016). Still, other drugs of relevant concern have never
been monitored due to the lack of analytical methodologies, such as
megestrol (MEG; carcinogenic 1B, reprotoxic 1A), tamoxifen (TAM;
carcinogenic 1A, reprotoxic 1A), and the immunosuppressant myco-
phenolate mofetil (MMF; reprotoxic 1B). Hence, CYC, ETO, IFO, MEG,
MMF, PAC, and TAM were chosen as target drugs based on: their CMR
classifications as category 1A or 1B; their frequent use in current
chemotherapy preparations by the partner hospital; and/or their con-
sumption in Portugal (Santos et al., 2017). The rationale for including all
seven target drugs lies in the need for a robust method that covers a
broad spectrum of drugs commonly used in chemotherapy and with the
potential to be hazardous, in various scenarios where healthcare
workers might come into contact with them, to ensure that no occupa-
tional exposure risk associated with handling HMPs is overlooked.

It is further valuable to note that the renal excretion of the target
drugs is an important consideration, but such values should be consid-
ered with some caution, given the expected variability due to differences
in exposure, and in individual metabolism and health status. For the
seven drugs included in the method, it has been reported that the per-
centage of the parent drug excreted unchanged in the urine is: 10-40 %
for CYC (FDA, 2024; IARC, 1981); 7-61 % for IFO (FDA, 2018a; IARC,
1981; Kerbusch et al., 2001); 45-55 % for ETO [Drugs.com, 2024; FDA,
2019; TARC, 2000); 4-14 % for PAC (FDA, 2011; FDA, 2023); 57-78 %
for MEG (Canetta et al., 1983; FDA, 2018b); negligible for MMF, despite
93 % of the administered dose being recovered in urine (87 % as
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mycophenolic glucuronide and < 1 % as mycophenolic acid)
(Bullingham et al., 1998; FDA, 2022); and very little for TAM (IARC,
1996; de Vos et al., 1998), although one study reported 27 % (Kisanga
et al., 2005). Nevertheless, similar occupational exposure studies have
detected parent drugs in workers’ urine despite the expectedly low
excretion rates (Leso et al., 2022; Turci et al., 2003). Furthermore,
although renal excretion of the parent compounds might be minimal,
even small amounts of these drugs are of interest, since low levels of a
drug with residual excretion as unchanged compound may suggest a
high level of exposure.

Given that HMPs are often metabolized, it would also be relevant to
biomonitor some metabolites of these drugs in combination with their
parent compounds to better understand the exposure of an individual.
However, unstable metabolites would not be the best choices as possible
biomarkers for exposure assessment of workers, thus limiting the pos-
sibilities. For example, many of the metabolites of CYC and IFO are not
stable in urine according to B'Hymer and Cheever (2010). Also, to
properly develop an analytical method for the unequivocal identifica-
tion and quantification of a given compound, it is necessary to first
obtain an analytical standard of that compound; currently, almost no
standards for metabolites of these drugs exist. Therefore, the inclusion of
metabolites in the present method was not considered at this point.

In the past decades, several methods have been reported in the
literature for analysis of ADs in urine (Mathias et al., 2017; Nussbaumer
et al., 2011; Sabourian et al., 2020; Stokvis et al., 2005; Turci et al.,
2003), but most were developed/applied for therapeutic drug moni-
toring in patients, where ADs’ concentrations in the urine are signifi-
cantly higher than those expected in potentially exposed professionals.
In this sense, detection and quantification of very low levels of con-
taminants (trace analysis) with a high degree of specificity and sensi-
tivity is fundamental for a better understanding of the exposure of
healthcare workers. To do so, sample preparation is crucial to concen-
trate the analytes and to remove interfering components (since urine
samples include proteins, metabolites, and salts, among others), which
may also significantly reduce column lifetime and cause contamination
of the ionization source of the instrumental equipment. For the extrac-
tion procedure, either solid-phase extraction (SPE) or liquid-liquid
extraction (LLE) is usually employed, often depending on the target
drugs (Mathias et al., 2017; Palamini et al., 2020; Villa et al., 2020). SPE
tends to use lower organic solvents’ volumes, but it is a complex pro-
cedure comprising several sequential steps and different sorbents are
needed to extract drugs with dissimilar physical-chemical properties. On
the other hand, LLE needs simpler operations and apparatus, avoiding
the use of expensive cartridges, and provides good repeatability and
high recoveries. Nevertheless, it typically applies to a reduced number of
compounds because of the low polarity solvents used (such as ethyl
acetate and diethyl ether) and it is preferred for lipophilic drugs (such as
CYC, IFO and PAC), which migrate from the aqueous biologic sample to
the organic solvent (Sabourian et al., 2020). Therefore, a step forward is
envisaged in this work by proposing an LLE extraction procedure that
replaces the typically nonpolar solvents by a polar solvent (acetonitrile
(ACN)), allowing the simultaneous extraction of lipophilic and hydro-
philic compounds. Regarding the instrumental analysis, liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) has been
preferred for simultaneous determination of multiple, dissimilar ADs in
urine of exposed workers (Mathias et al., 2017; Sabourian et al., 2020) —
since early LC methods using ultraviolet, fluorescent and electro-
chemical detection lacked specificity, whereas gas chromatography is
unsuitable because most ADs are non-volatile and thermolabile com-
pounds (Nussbaumer et al., 2011; Stokvis et al., 2005; Turci et al., 2003).
Still, it is important to develop methods that further lower the detection
limits reported nowadays (mostly at ug/L sensitivity in urine samples
(Mathias et al., 2017)), since no safe value can be defined for CMR
compounds. Moreover, most studies report only some validation pa-
rameters (Mathias et al., 2017), despite full validation of analytical
methods (linearity, specificity, sensitivity, precision, accuracy,
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uncertainty) being always recommended. This is a relevant gap in this
research field, which limits the possible comparisons among methods
and the accurate quantification and exposure risk assessment.

The objective of the present study was to develop and fully validate a
multicompound analytical methodology to detect trace amounts of
HMPs in urine, with high specificity and sensitivity, aiming for lower
detection limits than those previously reported in the literature. The
unconventional LLE procedure with ACN coupled to LC-MS/MS analysis
allows the simultaneous identification and quantification of seven HMPs
in urine: CYC, ETO, IFO, MEG, PAC, and TAM, as well as the immuno-
suppressant MMF. Method validation, including the estimation of global
uncertainty, was performed, and a preliminary evaluation of the pres-
ence of the target drugs in the urine of a few exposed healthcare workers
from a Portuguese tertiary hospital was conducted. To the authors’ best
knowledge, this is the first method to biomonitor MEG, MMF and TAM
in occupational contexts. Another novelty is the replacement of the
typically nonpolar solvents by a polar solvent that allows extraction of
lipophilic and hydrophilic compounds, avoiding multiple extraction
procedures of the same urine sample.

2. Materials and methods
2.1. Chemicals and reagents

CYC, ETO, IFO, MEG, MMF, PAC, and TAM analytical standards of
98-99 % purity, as well as cyclophosphamide-d4 (CYC-d4) were sup-
plied by either Sigma-Aldrich (St. Louis, MO, USA) or Cayman Chemical
Company (Ann Arbor, MI, USA). Stock standard solutions were prepared
at a concentration of 100 mg/L in ACN and working solutions were
prepared at 10 mg/L in ACN. LC-MS grade ACN, methanol and Milli-Q
water were acquired from VWR (Radnor, PA, USA), as were isopropanol,
dichloromethane, ethyl acetate and diethyl ether. Formic acid was
purchased from Merck (Darmstadt, Germany).

2.2. Safety considerations on AD’s handling

Exhaustive controls on handling procedures, storage conditions, and
safety rules were followed, as recommended by the manufacturers, for
standards’ preparation. All AD’s handling procedures were accom-
plished in a safety hood with vertical laminar airflow and work surfaces
were protected by absorbent paper. Materials that contacted with ADs
were cleaned with isopropanol and all dischargeable materials were
treated as hazardous waste.

2.3. Extraction of target drugs from urine

Urine samples were collected in proper containers and kept cool (~ 4
°C) until being processed (in less than 24 h after collection). For the
extraction of drugs from urine, the final LLE procedure was: (i) 20 mL of
urine was centrifuged at 15,000 g, 4 °C, for 15 min (Centrifuge 5804R;
Eppendorf, Hamburg, Germany) and the supernatant was transferred to
a new Falcon tube; (ii) the supernatant was mixed with 20 mL ACN and
vortexed for 3 min; (iii) the mixture was refrigerated for 1 h at — 20 °C
and the organic phase collected; (iv) the aqueous phase was again mixed
with 20 mL ACN and the mixture vortexed for 3 min; (v) the solution was
refrigerated for 30 min at — 20 °C and the organic phase was collected
and merged with the previous one; (vi) the organic phase was evapo-
rated to a reduced volume and centrifuged at 30,000 g, 4 °C, for 10 min
(Centrifuge 5430R; Eppendorf, Hamburg, Germany); (vii) the superna-
tant was collected and evaporated to dryness; (viii) the dry residue was
reconstituted in 100 pL of ACN, vortexed and transferred to a glass
insert; (ix) the extract was centrifuged at 30,000 g, 4 °C, for 10 min
(Centrifuge 5430R; Eppendorf, Hamburg, Germany); (x) the clean
extract was transferred to a new glass insert and stored at — 20 °C until
analysis.
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2.4. Instrumental analysis

A liquid chromatograph (Shimadzu Corporation; Tokyo, Japan)
equipped with two Pumps LC-30AD, an Autosampler SIL-30 AC, an Oven
CTO-20 AC, a Degasser DGU-20A5, a System Controller CBM-20A, and
an LC solution version 5.41SP1, coupled to a triple quadrupole mass
spectrometer detector (Shimadzu LCMS-8040) was employed for
instrumental analysis (LC-MS/MS). Data were acquired and processed
using the LabSolutions software package. A Luna C18 column (150 x
2.1 mm ID, particle size 5 pm; Phenomenex) was employed for separa-
tion, the flow rate was 0.2 mL/min, and the injection volume was 5 pL.
The mobile phase consisted of a binary mixture of water (A) and
methanol (B), both acidified with 0.1 % formic acid, and an elution
gradient was used: by starting at 5 % B, which was increased to 20 % B in
15 min and to 45 % B in another 15 min, reaching 100 % in 9 min
(39 min); after 2 min, the initial conditions were regained in 4 min, and
the system was stabilized for 5 min (50 min). The electrospray ionization
source was operated in positive mode and the precursor ions [M + H] "
and the two most abundant fragments were used for identification
(transition 2) and quantification (transition 1) of the target analytes —
chromatographic and mass spectrometry information are detailed in
Table 1. As previously optimized, cone voltage was 4.5 V, collision en-
ergy was 10-50 eV, nebulizing gas flow was 3.0 dm®/min, drying gas
flow was 7.5 dm®/min, block temperature was 400 °C, and desolvation
line temperature was 250 °C (Portilha-Cunha et al., 2021).

2.5. Method validation

Calibration was performed over a concentration range from 1 to
1000 ug/L, using nine calibration points. The internal standard quanti-
fication methodology was applied using CYC-d4 as a surrogate for all
target drugs, with a concentration of 100 ug/L. Instrumental detection
limits (IDLs) and instrumental quantification limits (IQLs) for each drug
were obtained from a signal-to-noise ratio of 3 and 10, respectively,
based on the analytical responses obtained for the 50 and 100 pg/L
calibration points.

Validation assays were performed for three concentration levels in
the final extracts: 10, 50 and 100 pg/L. All these assays were replicated
on different days, using the same pooled urine sample of several non-
exposed individuals, thus average values of the assay repetitions were
obtained for the three concentration levels and for each drug. Interday
precision was given by the determination of the coefficient of variation
for the three levels on different days. Recovery tests were performed by

Table 1
Chromatographic and mass spectrometry information obtained for the instru-
mental analysis of the target drugs by LC-MS/MS.

Drug rt Molecular Ion (n/z) Transition 1 Transition 2
(min) (Cone Voltage, V) (CE, eV) (CE, eV)
CYC 31.260  260.90 [M + H]" (4.5)  260.90 — 260.90 —
139.95 (— 23) 106.05 (—19)
ETO 34.601  589.20 [M + H]" (4.5)  589.20 — 589.20 —
228.95 (— 20) 185.10 (—37)
IFO 29.546 260.90 [M + H]" (4.5) 260.90 — 92.05 260.90 —
(—26) 153.95 (— 23)
MEG 39.432  385.10 [M + H]" (4.5)  385.10 — 385.10 —
267.10 (— 20) 325.15 (- 15)
MMF 31.983  434.10 [M + H]" (4.5) 434.10 > 434.10 —»
114.05 (- 27) 194.95 (— 36)
PAC 38.719  876.20 [M + H]" (4.5)  876.20 — 876.20 —
308.00 (— 30) 591.15 (— 28)
TAM 37.174  876.20 [M + H]" (4.5)  372.20 — 72.15  372.20 — 44.05
(= 26) (=49
CYC- 31.173  265.00 [M + H]" (4.5)  265.00 — 265.00 — 63.00
d4 140.00 (— 24) (—43)

rt—retention time; CE—collision energy; CYC—cyclophosphamide; ETO-
—etoposide; I[FO—ifosfamide; MEG—megestrol; MMF—mycophenolate mofe-
til; PAC—paclitaxel; TAM—tamoxifen; CYC-d4—cyclophosphamide-d4.
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adding the target analytes (1, 5 or 10 ng of each, depending on the
concentration level) plus 10 ng of internal standard (CYC-d4) to the
urine samples, which were then processed according to the extraction
procedure described in Section 2.3. Matrix effects were evaluated by
extraction of urine samples as received, with addition of target drugs (1,
5 or 10 ng of each) and internal standard (10 ng) only prior to LC-MS/MS
analysis. Control samples correspond to analytical standards prepared in
“pure” solvent (ACN), which also contain 1, 5 or 10 ng of each investi-
gated drug, depending on the concentration level, and 10 ng of CYC-d4.
Blank samples (extraction of urine samples added with 10 ng internal
standard) were also obtained.
Recoveries were calculated according to Eq. (1):

%R = CS/CME,average x 100, (@]

where Cg is the drug concentration measured in an extract obtained
from a recovery test and Cug average COrresponds to the concentrations
measured in the extracts from matrix effect assays.

Matrix effects were calculated according to Eq. (2):

%Matrix Effect = Cyvig/Ceaverage X 100, 2

where Cy is the drug concentration measured in an extract obtained
from a matrix effect assay and Cc average corresponds to the concentra-
tions measured in the control samples.

Accuracy was obtained by comparing the analytical response in the
extracts obtained from recovery tests with the analytical response in the
respective control samples (i.e., it considers both recoveries and matrix
effects phenomena). Method detection limits (MDLs) and method
quantification limits (MQLs) were calculated from the instrumental
limits (IDLs and IQLs, respectively) taking into consideration the sample
concentration factor of 200 times, and the average accuracy obtained for
each drug.

2.6. Global uncertainty

The bottom-up approach proposed by the International Organization
for Standardization and adopted by the EURACHEM-CITAC Guide was
applied to estimate the global uncertainty associated with the quantifi-
cation of the target analytes in urine by LC-MS/MS (Ellison and Wil-
liams, 2012). The four sources of uncertainty considered are related to:
the preparation of standards (estimated using the error propagation law
for the several dilution steps of the stock standard solution); the cali-
bration curve (calculated for each calibration point); the precision of the
method (estimated as the average result of the relative standard devia-
tion of recovery assays at different concentrations); and the accuracy
(calculated as the average analytical response for the different concen-
trations). Detailed equations can be found in the Supplementary
material.

2.7. Analysis of healthcare workers’ urine

The method developed and validated was employed for the detection
of the target drugs in the urine of healthcare workers from the pharmacy
and the oncologic day-care hospital of a Portuguese tertiary hospital
(over 35 thousand chemotherapy preparations per year). First, urine
samples of eleven workers from the pharmacy were collected during
their working shifts; later, urine of three workers from the pharmacy and
other three from the day-care hospital were collected at the end of their
working shift and at the following day (first morning urine). Urine spot
samples were collected in 120 mL polypropylene containers with a
screw cap by the individuals and samples were kept cool (~ 4 °C) until
being processed (on the same day). Each sample was analyzed in
duplicate.
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3. Results and discussion
3.1. Extraction methodology

In the present study, urine was the selected biological matrix,
particularly due to its easy and non-invasive collection, unlike blood
collection through venipuncture. Despite some known problems related
to hydration variation and specificity, analyzing the pharmaceuticals in
urine also provides a wider evaluation time window in comparison to
blood sampling, where the concentration of nonpersistent chemicals like
ADs wusually rapidly declines after exposure (Leso et al., 2022).
Regarding sample type, the use of 24-h or spot urine samples has not
been formally compared (Chauchat et al., 2019). However, a research
group noted that collecting 24-h urine samples for large-scale surveil-
lance programs would be unrealistic and reported no urinary traces of
ADs when analyzing both types of samples in three Canadian hospitals
(Chauchat et al., 2019; Palamini et al., 2020; Poupeau et al., 2017).
Moreover, workers may forget to collect urine for 24-h samples and
external contamination seems likely. Hence, urine spot samples were
chosen in this study, for being less cumbersome and costly and more
“user friendly”.

As a first clean-up step, an initial centrifugation of the urine samples
was performed for separation of unwanted compounds (mainly pro-
teins), taking into consideration literature information regarding anal-
ysis of urine matrices (Mathias et al., 2017; Sabourian et al., 2020). This
greatly helps cleaning the samples and, consequently, improves phase
separation during the LLE. Regarding the LLE solvents, a few conven-
tional solvents were initially tested. Although dichloromethane, diethyl
ether and ethyl acetate showed acceptable recoveries, the extraction
process was problematic: the formation of bubbles in the organic phase
when using ethyl acetate and diethyl ether (to a lower extent) hindered
their proper collection and, consequently, made the evaporation step
harder/longer due to the presence of water mixed with the organic
solvent; dichloromethane was also difficult to separate from the aqueous
phase due to its superior density in comparison to water, thus consisting
of the bottom layer, which turned white, likely due to sedimentation of
matrix components. Furthermore, these conventional nonpolar solvents
do not allow the simultaneous extraction of lipophilic and hydrophilic
compounds, as previously explained. Hence, the use of a polar solvent,
such as ACN, was considered for the extraction of ADs from urine, taking
advantage from the knowledge of the research team on the extraction of
these HMPs from surface waters and wastewaters by LLE (Gouveia et al.,
2020). Besides the advantage of potentially recovering and detecting a
wide range of drugs with different physical-chemical properties, ACN is
also preferable over the conventional solvents (dichloromethane, ethyl
acetate and diethyl ether) for being more environmentally friendly.
Taking into consideration the partial miscibility of ACN and water (urine
is mainly constituted of water), the phase separation had to occur at a
low temperature (-20 °C), since ACN has a lower melting point than
water, and a ratio of 1:1 ACN:urine was needed. Considering that ADs’
concentration in the urine of exposed healthcare workers is expected to
be in the ng/L level (or even lower), a double extraction of urine samples
was considered, similarly to the method used for analysis of wastewaters
(Gouveia et al., 2020). This second extraction with ACN was an
important step since it enhanced the recovery percentages of the target
analytes (data not shown). After the LLE procedure (extraction, phases
separation, and evaporation to a reduced volume), the introduction of a
centrifugation step was fundamental to further remove unwanted
compounds and clean the reconstituted extract, since the extraction of
interferents with ACN was noticeable (a significant dry residue was
generated during evaporation of the organic phase). After evaporation
to dryness and reconstitution, some particles in suspension were still
observed in some extracts, thus another centrifugation was deemed
necessary to protect the instrumental equipment from clogging and
contamination. These two final centrifugations had a positive impact in
reducing matrix interferences, while still providing good recoveries.
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Therefore, as detailed in Section 2.3, the final extraction methodology
briefly consists in: centrifuging 20 mL of urine; mixing the supernatant
with 20 mL ACN, cooling it to allow phase separation and recovering the
organic phase; repeating the previous step with the remaining aqueous
phase; evaporating the organic solvent collected to a reduced volume
and centrifuging it; recovering the supernatant and evaporating it to
dryness; reconstituting in ACN; and centrifuging and storing the final
extract in a glass insert.

Regarding recoveries, which were calculated according to Eq. (1),
average values of the six assays performed in two days with the same
pooled urine sample were obtained for the seven drugs, for three con-
centrations (10, 50, 100 ug/L in the final extracts). As displayed in Fig. 1,
recoveries of around 100 % were generally obtained for all drugs, which
demonstrates that the extraction methodology is very effective (i.e., the
target analytes are completely extracted from urine samples). Relatively
lower recoveries were attained for TAM, particularly at lower concen-
trations but still very satisfactory: (62 + 10) % and (58 + 8) % for 10
and 50 pg/L, respectively. Across the three concentrations, average re-
coveries were: (104 & 9) % for CYC; (100 & 17)% for ETO; (99 + 11) %
for IFO; (109 + 13) % for MEG; (108 + 21) % for MMF; (111 + 30) % for
PAC; and (73 + 25) % for TAM.

Fig. 2 shows the matrix effects, calculated according to Eq. (2), for all
drugs. As observed, there are some compounds present in the extracts
that interfere with the quantification of the target analytes by LC-MS/
MS but most values are between 80 % and 120 %, which is accept-
able. The matrix effects are residual for CYC, IFO, MEG, MMF, and TAM;
but for ETO and PAC there is some suppression.

3.2. Method validation

The validation parameters concerning the analysis of the seven drugs
by LC-MS/MS are compiled in Table 2. Good linearity (R > 0.999) was
verified in the range of 1-1000 pg/L (in the extract) for all compounds
using the internal standard calibration approach. The IDLs were very
low (all below 1 pg/L). Precision and accuracy for the three concen-
tration levels, obtained from repeated assays performed in different
days, were considered acceptable as seen in Table 2. The average
interday precision of all target drugs was (10 + 7) %, while average
accuracy of the three concentrations was: (102 + 18) % for CYC; (73 +
20)% for ETO; (93 + 12) % for IFO; (97 + 15) % for MEG; (113 £11) %
for MMF; (47 + 15) % for PAC; and (58 4 21) % for TAM.

Considering these accuracy values and the sampling concentration
factor of 200 times, MDLs are in the range of 0.6-4.1 ng/L (Table 2).
Concerning methods for analysis of urine samples of exposed workers (i.
e., occupational contexts rather than methods for therapeutic drug
monitoring in patients), no values were found in the literature for MEG,
MMF, and TAM. The only study analyzing ETO in urine reported a
detection limit of 170 ng/L (Fabrizi et al., 2016), which is much higher
than that attained here (1.8 ng/L). PAC has not been extensively studied
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in this biological matrix, with values ranging from 50 to 500 ng/L
(Mathias et al., 2017; Leso et al., 2022) and the lowest value reported
being 5 ng/L (Lema-Atan et al., 2022), which is still above the MDL in
this study (3.9 ng/L). CYC and IFO are some of the most studied drugs in
this field and a significant range of detection limit values was found,
with most being in the hundreds ng/L level (Mathias et al., 2017; Leso
et al., 2022]: 10-8100 ng/L for CYC; and 10-7700 ng/L for IFO. How-
ever, recent studies have already reported lower detection limits for
both drugs: 9.0 ng/L (Palamini et al., 2020; Poupeau et al., 2017),
2.5 ng/L (Izzo et al., 2018) and 1 ng/L (Villa et al., 2021) for CYC; and
9.7 ng/L (Palamini et al., 2020; Poupeau et al., 2017), 5 ng/L (Izzo et al.,
2018), and 1 ng/L (Villa et al., 2021) for IFO. Therefore, the MDLs
achieved in the present study are lower than most values previously
reported in the literature. Furthermore, when comparing with the recent
more sensitive analytical methods, only two values slightly lower than
the MDL of CYC (4.1 ng/L) were reported in the literature (1-2.5 ng/L)
and only one value lower than 2.3 ng/L for IFO was found in the liter-
ature (1 ng/L). Considering that ADs’ concentration in the urine of
exposed healthcare workers is expected to be in the ng/L level (Leso
etal., 2022), it can be stated that this method is adequate to be employed
for biological monitoring programs for the analysis of the target drugs in
the urine of exposed professionals.

It is also relevant to address the topic of creatinine measurements:
although it is a quality marker of the urine (and could be measured in
urine samples, even if not used to adjust the concentration values), it
does not seem particularly relevant for ADs quantification in this
context. Indeed, recent reviews regarding both biological monitoring
and urinary methods for ADs exposure of healthcare professionals do not
mention this parameter (Leso et al., 2022; Mathias et al., 2017; Sabo-
urian et al., 2020), and other analytical methods for ADs analysis in
urine were successfully developed and validated without considering
this parameter (Izzo et al., 2018; Lema-Atan et al., 2022; Poupeau et al.,
2017). Furthermore, a mixture of real urine samples from unexposed
individuals to the target HMPs were used to determine validation pa-
rameters, ensuring that precision and accuracy reflect potential uncer-
tainty caused by different creatinine levels.

3.3. Global uncertainty associated with the results

In this study, the global uncertainty associated with the results was
estimated and is illustrated in Fig. 3. It is an important validation
parameter, although not often reported since it is very relevant when
comparing results from different methods or when a maximum legal
limit is under consideration. The global uncertainty should be made
available and considered when interpreting results. In this study, the
EURACHEM methodology was employed, which considers four sources
of uncertainty (individual contributions to the global uncertainty are
depicted in Fig. S1 from the Supplementary material). Both Fig. 3 and
Fig. S1 reveal one of the main difficulties in uncertainty measurement:

W10 pg/L
50 pg/L
=100 pg/L

MMF PAC TAM

Fig. 1. Mean recoveries for the seven target drugs (cyclophosphamide (CYC), etoposide (ETO), ifosfamide (IFO), megestrol (MEG), mycophenolate mofetil (MMF),
paclitaxel (PAC), tamoxifen (TAM)) extracted from spiked urine using the final LLE procedure. Error bars represent standard deviation of the several assays.
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Fig. 2. Mean matrix effects for the seven target drugs (cyclophosphamide (CYC), etoposide (ETO), ifosfamide (IFO), megestrol (MEG), mycophenolate mofetil
(MMF), paclitaxel (PAC), tamoxifen (TAM)) extracted from spiked urine using the final LLE procedure. Error bars represent standard deviation of the several assays.
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Table 2
Validation parameters obtained for the instrumental analysis of the seven target drugs by LC-MS/MS.
Drug Linearity IDL IQL MDL" MQL" Precision Accuracy
(in extracts, pg/L) (ug/L) (ug/L) (ng/L) (ng/L) (CV%) (Mean =+ SD, %)
10 50 100 10 50 100
ug/L ug/L ug/L ug/L ug/L ug/L
CYC 2.8-1000 0.8 2.8 4.1 13.5 5 6 4 123 + 18 92 +5 92 +4
ETO 1-1000 0.3 0.9 1.8 5.9 16 12 8 104 + 16 65 + 16 66 +£7
IFO 1.4-1000 0.4 1.4 2.3 7.7 12 5 2 88 £ 16 94 +9 97 +£7
MEG 1-1000 0.3 0.8 1.3 4.4 9 9 6 93 +16 96 +13 99 +£15
MMF 1-1000 0.1 0.5 0.6 2.1 4 3 4 108 + 13 123+ 8 110+ 6
PAC 1.2-1000 0.4 1.2 3.9 13.1 27 19 17 47 £15 47 £11 47 £18
TAM 1-1000 0.1 0.4 1.1 3.8 7 4 22 48 +£10 46 £ 6 80 + 21

CYC—cyclophosphamide; ETO—etoposide; IFO—ifosfamide; MEG—megestrol; MMF—mycophenolate mofetil;, PAC—paclitaxel; TAM—tamoxifen;
IDL—instrumental detection limit; IQL—instrumental quantification limit; MDL—method detection limit; MQL— method quantification limit; CV—coefficient of
variation; SD—standard deviation.

# Considering the sample concentration factor (200 x) and the average accuracy for each drug.
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Fig. 3. Global uncertainty of the analytical methodology for the quantification of seven drugs in urine by LC-MS/MS: cyclophosphamide (CYC); etoposide (ETO);
ifosfamide (IFO); megestrol (MEG); mycophenolate mofetil (MMF); paclitaxel (PAC); tamoxifen (TAM). Dashed lines are merely illustrative of the data trend. The
range of 5-5000 ng/L in urine samples corresponds to the range of 1-1000 pg/L in the extract.

45



M.F. Portilha-Cunha et al.

the dependence of the uncertainty with the concentration, which is
particularly high in the vicinity of the MDLs, which was observed for all
analytes. This is especially relevant since, in the analysis of ADs from
urine spot samples, it is expected that most positive samples will fall in
the lowest concentration range. In fact, global uncertainty is below 25 %
for most of the target analytes for concentrations above 250 ng/L; but it
increases significantly for lower concentrations, reaching over 100 % for
concentrations close to the MDLs. This means that the target drugs can
be unequivocally identified in this lower range, which is extremely
important to infer about the exposure of individuals to these HMPs,
although their concentrations may not be accurately and precisely
determined.

3.4. Analysis of healthcare workers’ urine

Regarding the application of the validated analytical methodology,
all 23 analyzed samples were negative (either in the end-of-shift or the
morning urine samples), meaning that no evidence was found for the
presence of the target drugs in the urine of the participating healthcare
workers. It should be highlighted that the main objective of this study
was to develop and validate an analytical method, rather than per-
forming extensive biomonitoring. As such, this preliminary evaluation
of the presence of the target drugs in the urine of a few exposed
healthcare workers was performed with the intent to show method
application and to act as a starting point for the execution/imple-
mentation of a larger biological monitoring campaign/program. The
present section demonstrates the method’s capability and performance,
even if most urine samples were collected from pharmacy personnel.
Therefore, although this preliminary sampling may not fully capture all
potential exposure scenarios, the methodology itself remains relevant
and could be extended to other professional groups in future research,
given its broader applicability.

This section holds some limitations, which should be considered
when interpreting the results. Particularly, it is known that CYC, ETO,
IFO and PAC are frequently used in current chemotherapy preparations
by the partner hospital, while the remaining target drugs are not, but
detailed records of drug handling on specific days were not available.
Hence, MEG, MMF and TAM were not anticipated to be present in the
urine of the workers enrolled in this preliminary evaluation. However, it
is relevant to consider that occupational exposure to HMPs is not always
related to direct drug reconstitution or administration. In fact, workers
may come into contact with drug residues or surfaces previously
contaminated with HMPs, even if they were not handling those specific
drugs on the day of urine collection. Indeed, an environmental assess-
ment in the workplace of the participating professionals (a couple
months prior; results unpublished) seems to corroborate the non-
detection of ADs in their urine, since no concentrations were found

a) Pharmacy b) Day-care hospital

10%
(1110)

9% oy
(1) (111)
\ < QL (Negative)

27% 2
(311) 60% [0.1-1[ ng/cm:
[1-10[ nglcm?

(6/10)

Fig. 4. Surface contamination levels with cyclophosphamide, etoposide,
paclitaxel, and ifosfamide in a Portuguese tertiary hospital (April 2023): a) in
the pharmacy; b) in the day-care hospital. Sampled locations are considered
positive if at least one drug was detected above the IQL; negative samples are
color coded grey. Each location was attributed to a color range (green, yellow,
orange, or red) based on the highest contamination value of the four target
drugs found.
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above the “action limit” of 10 ng/cm2 (Crul and Simons-Sanders, 2018;
Sessink, 2011). As observed in Fig. 4, although 91 % of work surfaces
sampled from the pharmacy and 40 % from the oncologic day-care
hospital were found contaminated with at least one target drug (CYC,
ETO, IFO, PAC), no values fell in the red range of the code model used,
above which surface contamination is considered “not acceptable” and
corrective measures are critical. Still, five concentration values were
above 0.1 ng/cm? a “safe” (substance-independent) reference/guidance
value (Crul and Simons-Sanders, 2018; Kiffmeyer et al., 2013; Korc-
zowska et al., 2020; Sessink, 2011), above which the exposure risk
should be estimated and a follow-up monitoring performed.

Moreover, exposure to these drugs can still occur through trans-
dermal delivery from contaminated containers/packaging (Hilliquin
and Bussieres, 2020; e Silva et al., 2023), and surface contamination
with HMPs can persist in work environments, even when detailed
cleaning protocols/guidelines are in place, contributing to continuous
low-level exposure (Delafoy et al., 2023; Korczowska et al., 2020; Lan-
charro et al., 2016; Portilha-Cunha et al., 2025; Simon et al., 2019).
Therefore, urine samples taken after these workers’ shifts could still
reflect potential exposure, even if they did not handle the drugs directly
on the day of collection.

Nonetheless, results from biological monitoring are difficult to
interpret, since the likelihood of detecting each specific HMP in the
urine of exposed workers strongly depends on the specific tasks and
handling procedures, specific drugs handled and their quantity, the
frequency and duration of exposure, and adherence to safety protocols
(collective control systems, (correct) use of personal protective equip-
ment, and cleaning practices). Additionally, individuals’ metabolic rates
may cause variation, and the exposure risks obtained from bio-
monitoring might be underestimated, since only a part of each drug is
excreted unchanged in urine. In this preliminary evaluation, the activ-
ities of exposed healthcare workers were taken into consideration for
their selection as participants (pharmacy workers that prepared phar-
maceutical formulations in a clean room and day-care hospital workers
that administered the pharmaceutical formulations) but no formal
analysis was performed to correlate workers’ tasks and drug uptake,
since there were no positive samples.

Concerning results from biomonitoring studies of ADs in the litera-
ture, there is a great variability among studies and data extrapolated is
quite fragmented, which limits the interpretation and generalization of
the findings. Older reviews (10-20 years ago) on this topic reported that
most of the reviewed studies found measurable levels of ADs in urine
samples of exposed workers (Turci et al., 2003; Suspiro and Prista,
2011). However, more recently, Leso et al. (2022) revealed that several
studies did not find any positive urine samples, although others still
reported up to 55 % (but ADs’ concentrations were not always re-
ported). These findings seem to suggest that although the analytical
methodologies nowadays available provide higher sensitivity, a reduc-
tion in positive urine samples may have occurred over the last decades,
likely due to the implementation and adherence to ADs’ safe handling
procedures, just like conjectured by Sottani et al. (2010) (that found a
reduction in positive urine samples from around 30 % in the 1990s to
2 % in the 2000s and to no positive samples in 2006,/2007).

Although surface contamination has been the preferred indicator of
occupational exposure risk to ADs (having been investigated on surfaces
from oncologic healthcare settings worldwide (Delafoy et al., 2023;
Kiffmeyer et al., 2013; Korczowska et al., 2020; Petit et al., 2017), it is an
indirect indicator. Indeed, even if biomonitoring can be cumbersome
(Palamini et al., 2020), it is considered a better approach to human
exposure assessment to ADs. As there are no safe levels for CMRs (ac-
cording to Directive 2004/37/EC), the more appropriate practice would
be to complement environmental monitoring (surface contamination)
with biological monitoring to carry out an integrated analysis of the
exposure risk to these drugs. Still, Kibby (2017) has reported that few
studies have concurrently assessed the presence of ADs on surfaces and
in urine of exposed professionals.
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Therefore, a biomonitoring campaign with a larger sample size will
be designed and performed in the partner hospital, simultaneously with
an environmental monitoring program. Information concerning exposed
subjects, their tasks and working environment will be gathered through
individual questionnaires, thus future studies will benefit from
improved tracking of workers’ tasks to correlate handling with bio-
monitoring results more accurately. Also, the enrollment of unexposed
subjects (preferably from other departments within the same hospital)
will be considered, since the inclusion of control groups is considered
fundamental to extrapolate definite conclusions, although these have
been rarely reported in the literature concerning biological monitoring
of ADs (Leso et al., 2022). Concerning sample collection time, it was
decided to use urine spot samples collected at the end of the shift. This
decision was based on available literature (most studies that employ
spot samples collect them at the end of working shifts rather than in the
next day(s) (Leso et al., 2022)), easiness of sample collection and de-
livery from workers, and sample processing timings.

4. Conclusions

An adequate, non-invasive, multicompound method for biological
monitoring of HMPs was successfully developed and validated for the
identification and quantification of seven HMPs of high concern in urine
by LC-MS/MS: CYC, ETO, IFO, MEG, MMF, PAC, and TAM. This is the
first method for the analysis of MEG, MMF and TAM in urine in occu-
pational contexts, and for the analysis of ETO by using an unconven-
tional LLE procedure. The LLE method using double extraction with ACN
was very effective in recovering the target analytes from urine samples
(recoveries of around 100 % for all drugs, except TAM at lower con-
centrations, which still showed very satisfactory values). The inclusion
of centrifugations as clean-up steps helped achieving a final clean
extract, which also led to acceptable matrix effects (between 80 % and
120 %).

Full method validation was reported and very low IDLs were ach-
ieved for all seven drugs. Average interday precision of all target drugs
was (10 + 7) %, and average accuracy of the three concentrations
evaluated was (84 + 28) %. The MDLs were in the range of 0.6-4.1 ng/
L, which are sufficiently low to detect the target drugs at the expected
ADs’ concentration in the urine of exposed healthcare workers (in the
ng/L level). Global uncertainty associated with contamination values
reached over 100 % for concentrations around the MDLs but the target
drugs can still be unequivocally identified in this lower range (even if
concentrations may not be accurately and precisely determined). That is
extremely important as it allows to infer about the exposure of in-
dividuals to the target HMPs, making this a suitable method for bio-
monitoring of professionals exposed to them.

The method developed was thus employed for analysis of 23 urine
samples from workers of the pharmacy and the oncologic day-care
hospital of a Portuguese tertiary hospital. Both end-of-shift and
following day (first morning) urines were collected, but no positive
urine samples were found. These findings seem consistent with a prior
environmental contamination assessment in their workplaces.

The availability of this novel validated biological monitoring method
also contributes to the implementation of a better occupational exposure
risk assessment in the partner hospital, by complementing the envi-
ronmental monitoring (surface contamination) already recommended
and in use. This is especially important as no formal surveillance or
regular monitoring program for ADs exist in our country, despite the
recommendation of the EU (CMR Directive 2004/37/EC).
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