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Currently, several oral androgen receptor signalling inhibitors are available for the treatment of advanced
prostate cancer. Quantification of plasma concentrations of these drugs is highly relevant for various purposes,
such as Therapeutic Drug Monitoring (TDM) in oncology. Here, we report a liquid chromatography/tandem mass
spectrometric (LC-MS/MS) method for the simultaneous quantification of abiraterone, enzalutamide, and dar-
olutamide. The validation was performed according to the requirements of the U.S. Food and Drug Adminis-

tration and European Medicine Agency. We also demonstrate the clinical applicability of the quantification of
enzalutamide and darolutamide in patients with metastatic castration-resistant prostate cancer.

1. Introduction

Androgen receptor signalling inhibitors (ARSi) form a mainstay in
the treatment of hormone sensitive prostate cancer (HSPC) and castra-
tion resistant prostate cancer (CRPC) and are applied in both the non-
metastatic and the metastatic setting [1]. In addition to androgen
deprivation therapy (ADT) by chemical or surgical castration, ARSIs
have proven to provide an increased survival benefit [2,3]. During the
last decade, a new class of oral second generation ARSi, including
abiraterone acetate, enzalutamide and darolutamide have been
approved for clinical use in prostate cancer. Abiraterone acetate is a
prodrug of abiraterone, which is a selective inhibitor of Cytochrome
P450 (CYP) 17Al. It thereby hampers the conversion of testosterone
precursors. Abiraterone acetate in combination with prednisone has
been approved for metastatic HSPC and CRPC [4-6]. Enzalutamide is a
selective blocker of the androgen receptor (AR) and has been approved
for non-metastatic and metastatic CRPC and for metastatic HSPC [7-10].
Darolutamide is the most recently introduced AR antagonist and is
currently approved for use in non-metastatic HSPC and for metastatic
HSPC in combination with docetaxel and continued ADT [11,12].

In the era of precision medicine, personalized dosing strategies are
preferred over fixed-dosing. For a wide range of therapeutics an expo-
sure-response relationship has been established and large interindi-
vidual variability in exposure demands a tailored approach [13]. For

abiraterone, a therapeutic threshold has recently been established.
Based on a pharmacometric model, a minimum observed concentration
threshold value of 8.4 ng/mL was found to be most predictive for PSA
response. In patients with trough levels below the threshold,
progression-free survival was 7.4 months compared to 12.2 months in
patients with trough levels above the threshold [14]. With current
dosing strategies (i.e. fixed dosing of 1,000 mg QD) 35-42% of patients
have trough levels below the threshold value, stressing the need for
Therapeutic Drug Monitoring (TDM) of this drug [14,15]. On the other
hand, a recent study found that an exposure-response relationship could
only be established in post-chemotherapy patients [16]. For enzaluta-
mide, no clear relationship with survival could be established [17,18].
For darolutamide, only limited investigation of an exposure-response
relationship in nmCRPC has been conducted yet, also lacking validation.
No relationships were identified [19]. However, measurement of plasma
concentrations of such novel agents in particular is crucial for investi-
gational purposes, such as studies on drug-drug interactions or combi-
nation treatments.

In order to determine plasma concentrations of these compounds, a
liquid chromatography/tandem mass spectrometric (LC-MS/MS) assay
has to be established. Here, we describe the development and full vali-
dation according to U.S. Food & Drug Administration (FDA) and Euro-
pean Medicine Agency (EMA) guidelines of an LC-MS/MS method for
the simultaneous quantification of the ARSi abiraterone, enzalutamide
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and darolutamide [20,21].
2. Material and methods
2.1. Chemicals

All chemicals used were of analytical grade or higher. Darolutamide
(purity 98%) was obtained from BioConnect (Huissen, The
Netherlands). Enzalutamide (purity 97%), abiraterone (purity 99%) and
the Internal Standard abiraterone-d4 were purchased at Toronto
Research Chemicals (Toronto, ON, Canada). The high purity (ULC/MS
quality) solvents methanol, acetonitrile (ACN) and water were obtained
from Biosolve (Valkenswaard, The Netherlands). Dimethyl sulfoxide
(DMSO) and 2-propanol were purchased from Merck (Darmstadt, Ger-
many) and formic acid (FA, purity 98%) was purchased at J.T. Baker
(Deventer, The Netherlands). Blank human sodium citrated plasma was
supplied by Sanquin Bloedbank Zuidwest (Rotterdam, The Netherlands)
and potassium EDTA plasma was supplied by BiolVT (West Sussex,
United Kingdom).

2.2. Preparation of stock solutions, calibration standards and quality
control samples

Stock solutions of darolutamide, enzalutamide and abiraterone were
prepared in DMSO at a concentration of 1 mg/mL. For darolutamide,
enzalutamide and abiraterone, three independent stock solutions were
made with a maximum concentration deviation of 5%. One stock solu-
tion of each compound was used to create a working stock solution
containing 500 ug/mL darolutamide and enzalutamide and 10.0 pg/mL
abiraterone. A second stock solution of each compound was used to
prepare quality control samples. Stock solutions were stored at T <
—70 °C. Two calibration curves were made for each validation run in
which the working stock solution was diluted stepwise in ACN/DMSO
(1:1, v/v) with final concentrations of 100, 75.0, 50.0, 25.0, 10.0, 2.50
and 1.00 pg/mL for darolutamide and enzalutamide and 2.00, 1.50,
1.00, 0.500, 0.200, 0.0500 and 0.0200 pg/mL for abiraterone. Each
prepared standard solution was diluted in human plasma resulting in
calibration lines with concentration levels of 50.0, 125, 500, 1,250,
2,500, 3,750, 4,500 and 5,000 ng/mL for darolutamide and enzaluta-
mide and 1.00, 2.50, 10.0, 25.0, 50.0, 75.0, 90.0 and 100 ng/mL for
abiraterone. The Lower Limit of Quantitation (LOQ) was established at
50.0 ng/mL for darolutamide and enzalutamide and at 1.00 ng/mL for
abiraterone. Establishment of the LOQ was performed by analysing
pools of quality control samples at the concentration of the LOQ on three
independent days and analysing ten human plasma samples from
different donors, spiked with darolutamide, enzalutamide and abir-
aterone at a concentration of the LOQ. Four pools of quality control
samples were prepared in human plasma at concentrations of 150 ng/
mL (QC-Low), 2000 ng/mL (QC-Middle), 4000 ng/mL (QC-High) and
20,000 ng/mL (QC-Diluted) for darolutamide and enzalutamide and
3.00 ng/mL (QC-Low), 40.0 ng/mL (QC-Middle), 80.0 ng/ml (QC-High)
and 800 ng/mL (QC-Diluted) for abiraterone. All QC-samples were
divided in cryo-vials and stored at T < —70 °C, while calibration lines
were always prepared freshly on the day of analysis.

2.3. Sample preparation

An aliquot of 200 pL of the internal standard solution which consists
of deuterated abiraterone (abiraterone-d4) at a concentration of 100 ng/
mL in acetonitrile, was mixed with 25 pL of plasma sample. After
vigorous mixing for 5 s, the samples were centrifuged for 10 min at a
speed of 14,000*g, resulting in a clear supernatant. An aliquot of 50 pL of
this clear supernatant was transferred to a 96-well plate after which an
aliquot of 150 L of ACN/water/FA (70:30:0.1, v/v/v) was added. After
mixing on a rocked platform for 5 min, the 96-well plate was placed in a
temperature controlled sample organizer 10 °C. Sample analysis was
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done by injecting an aliquot of 2 uL onto the UPLC column.
2.4. Equipment

A Waters Acquity FTN-1 Sample Manager and a H-class Waters
Quaternary Solvent Manager coupled to a Waters Xevo TQ-XS Mass
Spectrometer (Waters Chromatography B.V., Etten-Leur, The
Netherlands) were used for validation. Masslynx 4.2 SCN1007 package
software (Waters Chromatography B.V.) was used for LC-MS/MS system
control, while QuanLynx (Waters Chromatography B.V.) was used for
data processing.

2.4.1. Chromatographic conditions

Separation of analytes was achieved using an Atlantis® dC18; 4.6 x
50 mm, 3.0 um column (Waters Chromatography B.V), which was kept
at 45 °C. The eluent consisted of water/FA (100:0.2, v/v; eluent A) and
ACN/FA (100:0.2, v/v; eluent B), which were eluted at a speed of 0.400
mL/minute. A linear gradient from T = 0 to T = 0.5 min was used to
increase eluent B from 30% to 50%, after which a further increase from
50% to 95% was created from T = 0.5 to T = 1.5 min. This was kept at
steady state for 1 min and subsequently from T = 2.5 to 2.6 min brought
back to the initial situation with a regeneration time of 1.4 min. The
overall run-time was 4 min. The injection needle was washed before
injection with a strong wash solvent, composed of ACN/methanol/
water/2-propanol/FA (25:25:25:25:0.1, v/v/v/v/V).

2.4.2. Mass spectrometry

Quantitation of analytes and internal standard was achieved by MS/
MS detection in positive ion mode. Mass transitions of m/z were opti-
mized by direct infusion of the respective analytes in ACN/water/FA
(40:60:0.1, v/v/v) and optimal MS settings were manually adjusted. The
desolvation gas was set at 1200 L/h and the cone gas at 150 L/h (ni-
trogen). The ionspray voltage was kept at 3.80 kV and the cone voltage
at 40 V for darolutamide, abiraterone and aberiterone-d4 and at 45 V for
enzalutamide, with a source temperature of T = 150 °C and desolvation
temperature of T = 600 °C. Multiple reaction monitoring (MRM) mode
was applied for the quantitation with the following parameters: m/z 350
> 156, collision energy set at 50 V, m/z 465 > 209, collision energy set
at 27 V, m/z 399 > 178, collision energy set at 20 V and m/z 354 > 160,
collision energy set at 50 V for darolutamide, enzalutamide, abiraterone
and aberiterone-d4, respectively. Primary to secondary ion ratios of
darolutamide and enzalutamide were used to show the quality of the
observed peaks. Dwell times were automatically set at 52 ms to perform
at least 15 scans per peak. The column effluent was passed through the
mass spectrometer and monitored between 2 and 4 min after start of the
MS method, while 0 to 2 min and 4 to 5 min were sent to waste.

2.4.3. Quantitation

Calibration curves were linear in the range of 50.0-5000 ng/mL for
darolutamide and enzalutamide and 1.00-100 ng/mL for abiraterone in
human plasma using abiraterone-d4 as internal standard. The calibra-
tion curves were generated using peak area ratios of analytes to the
internal standard versus the known concentrations with a linear
regression equation of 1/concentration?.

2.5. Method validation

Potential presence of background contamination ions was deter-
mined by analysing blank human potassium EDTA plasma samples ob-
tained from ten plasma donors. Validation parameters were determined
by analysing pools of QC-samples in quintuplicate per validation run,
spread over three independent days. Calculation of accuracy (ACQ),
within-run precision (WRP) and between-run precisions (BRP) was
performed by using one-way analysis of variance, using the run as var-
iable. Stability of darolutamide, enzalutamide and abiraterone in human
plasma was investigated by storage of quality control samples at room



S.A.J. Buck et al. Journal of Chromatography B 1225 (2023) 123752

A *
156
eV
156 (+H)
350
100 200 300 400 500
- 178 -0 OH
W cl e . /
N et N~
N—N
H
NC
eV 1 196 M“/\
praat
J 1399
Y - —t * I| |
100 200 300 400 500
F
C ; W H, 467
— N H
o
209 209 (+H)
eV -
380
L N - L L |
100 200 300 400 500

m/z

Fig. 1. Mass spectrum and chemical structure of abiraterone (A), darolutamide (B) and enzalutamide (C). The asterisks represent the deuterium atoms in the stably
labeled internal standard abiraterone-d4.

temperature for a 3-day period and by subjecting quality control sam- tested at the concentrations of QC-Low and QC-High, as described pre-
ples to three freeze-thaw cycles. Samples were thawed at room tem- viously [19].

perature and refrozen again at —80 °C. Stability of processed samples in

the thermostatted autosampler was tested by repeated injections of

processed samples. Evaluation of the matrix effect and recovery was
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Fig. 2. Chromatograms of a blank human plasma sample (A), LOQ sample (B) and a patient sample (C) respectively for darolutamide, enzalutamide and abiraterone.

2.6. Stability of abiraterone

During the initial method validation, abiraterone was found to be
highly unstable in fresh human plasma. Therefore, additional tests
regarding the stability of abiraterone in a patient sample, after routine
clinical blood processing (obtaining blood from a patient, shipping and
storage at T < 7 °C for 3 days) were performed.

2.7. Application of method to clinical samples

To demonstrate the applicability of the validated bioanalytical
method, blood samples were collected in the context of TDM for abir-
aterone and for two clinical studies in which enzalutamide and dar-
olutamide, respectively, were administered orally in combination with
cabazitaxel chemotherapy in metastatic CRPC patients [22,23]. Enza-
lutamide was dosed once daily at 140 mg, while darolutamide was dosed
twice daily at a dose of 600 mg, according to the labels of the drugs.
Samples were collected in EDTA tubes and processed within 15 min for
plasma isolation, which was stored at T < —70 °C before analysis as

described.
3. Results
3.1. LC-MS/MS conditions

Optimization of product ions was performed by direct infusion of
abiraterone, darolutamide and enzalutamide into the mass spectrom-
eter. Optimal sensitivity was achieved in the positive ion mode (elec-
trospray positive). Product ion spectra (Fig. 1) showed multiple product
ions suitable for MRM analysis with a main product ion of m/z 156 for
abiraterone, m/z 178 and 196 for darolutamide, m/z 209 and 380 for
enzalutamide and m/z 160 for the internal standard abiraterone d4.
Abiraterone and the internal standard yielded only one product ion.
Product ion m/z 178 and m/z 209 for darolutamide and enzalutamide
respectively were selected as the MRM ion for quantitation, while the
primary to secondary ion ratios of darolutamide and enzalutamide were
used to show the quality of the observed peaks. Best performance was
achieved by eluting at a flow-rate of 0.400 mL/min and a linear gradient
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Fig. 3. Stability of abiraterone in human plasma at ambient temperature.

Table 1
Stability of darolutamide, enzalutamide and abiraterone in human plasma.

Condition (% to concentration at the initial time point)
QC-Low QC-High  QC-Diluted

Darolutamide

Ambient temp (3-days) 109 89.6 123

3 freeze/thaw cycles 104 95.9 129

Processed sample (T = 10 °C, 20 h) 99.7 99.8 101

Engzalutamide

Ambient temp (3-days) 103 101 101

3 freeze/thaw cycles 101 90.3 109

Processed sample (T =10 °C, 20 h) 109 107 110

Abiraterone

Ambient temp (3-days) ND' 18.8 20.2

3 freeze/thaw cycles 91.3 93.6 93.9

Processed sample (T = 10 °C, 20 h) 97.8 97.7 101

1 : Not Detectable.

with water and ACN containing 0.2% FA. A short analysis time of 4 min
was maintained, with abiraterone and the internal standard eluting at
3.6 min, darolutamide at 3.2 min and enzalutamide at 3.7 min (Fig. 2).

3.2. Stability

The reason for setting up the current method for abiraterone was
TDM [24]. Therefore, the stability of abiraterone was investigated in a
patient sample during routine clinical blood processing. Abiraterone
showed to be unstable during blood processing and during storage of a
whole blood sample at ambient temperature or at T < 7 °C, with a loss of
40%. Furthermore, abiraterone was highly unstable in human plasma,
with a 17% decrease in 4 h at ambient temperature (Fig. 3) and a >80%
decrease after 3 days at ambient temperature (Table 1). Therefore pa-
tient samples should be processed within 30 min and plasma should be
stored at T < —70 °C immediately. In contrast, darolutamide and
enzalutamide showed to be stable in human plasma when stored for 3
days at ambient temperature. Abiraterone, enzalutamide, and dar-
olutamide showed to be stable during three freeze-thaw cycles, where
samples were thawed at room temperature and refrozen again shortly

Journal of Chromatography B 1225 (2023) 123752

Table 2
Within-run precision (WRP), Between-run precision (BRP) and the average ac-
curacy (ACC) of the LOQ and QC-samples.

Concentration (ng/mL) GM WRP (%) BRP (%) ACC (%) n
Darolutamide

50.0 (LOQ) 46.9 2.39 1.89 93.8 5
150 146 1.70 1.93 97.3 5
2000 1883 1.44 0.75 94.2 5
4000 3810 1.64 0.97 95.3 5
20,000 18,997 2.60 95.0 5
Enzalutamide

50.0 (LOQ) 44.4 2.17 0.41 88.8 5
150 137 2.17 - 91.3 5
2000 1,798 1.40 0.68 89.9 5
4000 3,606 0.63 1.67 90.2 5
20,000 18,143 2.47 1.33 90.7 5
Abiraterone

1.00 (LOQ) 0.945 10.8 6.78 94.5 5
3.00 3.15 6.00 3.48 105.0 5
40.0 44.1 3.03 1.28 110.3 5
80.0 85.3 1.73 106.6 5
800 857 2.52 3.67 107.1 5

# : No additional variation observed by performing the assay in different runs.

after thawing. Autosampler stability was tested for 20 h and abiraterone,
enzalutamide, and darolutamide showed to be stable as processed
samples in the chilled (T = 10 °C) autosampler for at least 20 h (Table 1).

3.3. Assay performance

The results of the method were linear in the concentration range of
50.0-5000 ng/mL with weighted linear regression of 1/concentration?
in human plasma for darolutamide and enzalutamide, and 1.00-100 ng/
mL with weighted linear regression of 1/concentration? for abiraterone.
The LOQ was validated at 50.0 ng/mL in human plasma for dar-
olutamide and enzalutamide and 1.00 ng/mL for abiraterone. For dar-
olutamide and enzalutamide, all of the ten independently spiked plasma
samples fell within the acceptable range of accuracy of 80-120%, while
for abiraterone nine of the ten independently spiked plasma samples fell
within the acceptable range of accuracy of 80-120%. The within-run
and between-run precisions and the accuracies, including those at the
level of the LOQ, are summarized in Table 2. All fell within the accepted
ranges as specified by the Food and Drug Administration [18]. QC-
Diluted was validated after a 20-times dilution in human plasma
before processing. Response for darolutamide, enzalutamide and abir-
aterone in blank processed plasma sample after the highest concentra-
tion of the calibration line was <20% of the response observed for the
LOQ. Therefore no carry-over was observed. No matrix effect was
observed while the recovery was close to 100% for all compounds,
determined at the concentration of QC-Low and QC-High in six different
lots of human plasma.

3.4. Clinical application

A typical chromatogram of a patient treated with abiraterone is
displayed in Fig. 2C. Enzalutamide concentrations were successfully
determined in 14 metastatic CRPC patients, participating in a pharma-
cokinetic study on the drug-drug interaction between cabazitaxel and
enzalutamide [22]. After oral administration of enzalutamide, twelve
blood samples were drawn in 24 h (i.e. before the subsequent dosage) for
determination of the Area Under the Curve from O to 24 h (AUCg.241),
the maximum observed concentration (Cpax) and the minimum
observed concentration (Cpip). The geometric mean (%CV) Cpax of
enzalutamide in 14 patients was 14,082 ng/mL (18%) (Fig. 4A) and the
geometric mean Cpi, was 10,719 ng/mL (19%) (Fig. 4B). Darolutamide
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Fig. 4. Enzalutamide Cyax (A) and Cpin (B) (ug/mL) in 14 patients on steady state enzalutamide. Geometric mean and SD are shown.

concentrations were successfully determined in 18 metastatic CRPC
patients. The geometric mean Cpax and Cpi, of darolutamide in 18 pa-
tients was 4,791 ng/mL (39%) and 1883 ng/mL (79%), respectively.
Additional pharmacokinetic parameters of darolutamide in these pa-
tients are described elsewhere [23].

4. Discussion

A sensitive, selective, accurate, and precise LC-MS/MS method was
developed and validated for the analysis of abiraterone, enzalutamide,
and darolutamide in human plasma. The performance of the assay was
successful for all three compounds, using only one internal standard,
abiraterone d4. The assay meets all of the current requirements of bio-
analytical method validation.

In contradiction to previously described analytical methods for
abiraterone quantification, we observed abiraterone to be highly un-
stable at ambient temperature [25-28]. Only one study reported abir-
aterone to be unstable in patient samples, as compared to spiked plasma
samples [27]. We observed abiraterone even to be significantly unstable
in QC samples at ambient temperature. Therefore, patient samples
should be processed within 30 min and plasma should be stored at T <
—70 °C immediately. By contrast, multiple freeze-thaw cycles did not
seem to impact abiraterone concentrations in human plasma signifi-
cantly. This is in line with our results that abiraterone concentrations
decrease at a rate of 4% per hour. Methods that use differently prepared
samples, such as dried plasma spots, may also be useful for quantifica-
tion of abiraterone in patient samples [29]. However, the described
method makes use of more advanced MS systems compared to the assay
described here and could therefore complicate implementation in most
laboratories. Furthermore, compared to a method making use of paper
spray ionization, our data showed a higher accuracy [30]. Similar to
previously published assays on enzalutamide and darolutamide, we
report a robust assay for their determination and a proper stability of
these analytes under various circumstances [27,28,31].

Overall, the method described here showed to be useful for TDM as
well as for clinical pharmacokinetic studies with enzalutamide or dar-
olutamide. Furthermore, we demonstrated the applicability of the
determination of enzalutamide and darolutamide concentrations in two
pharmacokinetic studies.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgements

Funding: Bayer BV, Astellas. The funding sources were not involved
in the design or conduct of this study.

References

[1] E.D. Crawford, P.F. Schellhammer, D.G. McLeod, J.W. Moul, C.S. Higano, N. Shore,
L. Denis, P. Iversen, M.A. Eisenberger, F. Labrie, Androgen receptor targeted
treatments of prostate cancer: 35 years of progress with antiandrogens, J. Urol. 200
(5) (2018) 956-966.

[2] P. Nuhn, J.S. De Bono, K. Fizazi, S.J. Freedland, M. Grilli, P.W. Kantoff,

G. Sonpavde, C.N. Sternberg, S. Yegnasubramanian, E.S. Antonarakis, Update on
systemic prostate cancer therapies: management of metastatic castration-resistant
prostate cancer in the era of precision oncology, Eur. Urol. 75 (1) (2019) 88-99.

[3] S.A.J. Buck, S.L.W. Koolen, R.H.J. Mathijssen, R. de Wit, R.J. van Soest, Cross-
resistance and drug sequence in prostate cancer, Drug Resist. Updat. 56 (2021)
100761.

[4] K. Fizazi, H.I. Scher, A. Molina, C.J. Logothetis, K.N. Chi, R.J. Jones, J.N. Staffurth,
S. North, N.J. Vogelzang, F. Saad, P. Mainwaring, S. Harland, O.B. Goodman, C.
N. Sternberg, J.H. Li, T. Kheoh, C.M. Haqq, J.S. de Bono, Abiraterone acetate for
treatment of metastatic castration-resistant prostate cancer: final overall survival
analysis of the COU-AA-301 randomised, double-blind, placebo-controlled phase 3
study, Lancet Oncol. 13 (10) (2012) 983-992.

[5] K. Fizazi, NamPhuong Tran, L. Fein, N. Matsubara, A. Rodriguez-Antolin, B.

Y. Alekseev, M. Ozgﬂroglu, D. Ye, S. Feyerabend, A. Protheroe, P. De Porre,

T. Kheoh, Y.C. Park, M.B. Todd, K.N. Chi, Abiraterone plus prednisone in
metastatic, castration-sensitive prostate cancer, N. Engl. J. Med. 377 (4) (2017)
352-360.

[6] C.J. Ryan, M.R. Smith, K. Fizazi, F. Saad, P.F.A. Mulders, C.N. Sternberg, K. Miller,
C.J. Logothetis, N.D. Shore, E.J. Small, J. Carles, T.W. Flaig, M.-E. Taplin, C.

S. Higano, P. de Souza, J.S. de Bono, T.W. Griffin, P. De Porre, M.K. Yu, Y.C. Park,
J. Li, T. Kheoh, V. Naini, A. Molina, D.E. Rathkopf, Abiraterone acetate plus
prednisone versus placebo plus prednisone in chemotherapy-naive men with
metastatic castration-resistant prostate cancer (COU-AA-302): final overall survival
analysis of a randomised, double-blind, placebo-controlled phase 3 study, Lancet
Oncol. 16 (2) (2015) 152-160.

[7]1 T.M. Beer, A.J. Armstrong, D.E. Rathkopf, Y. Loriot, C.N. Sternberg, C.S. Higano,

P. Iversen, S. Bhattacharya, J. Carles, S. Chowdhury, 1.D. Davis, J.S. de Bono, C.
P. Evans, K. Fizazi, A.M. Joshua, C.-S. Kim, G.o. Kimura, P. Mainwaring,
H. Mansbach, K. Miller, S.B. Noonberg, F. Perabo, D.e. Phung, F. Saad, H.I. Scher,
M.-E. Taplin, P.M. Venner, B. Tombal, Enzalutamide in metastatic prostate cancer
before chemotherapy, N. Engl. J. Med. 371 (5) (2014) 424-433.

[8] LD. Davis, A.J. Martin, M.R. Stockler, S. Begbie, K.N. Chi, S. Chowdhury,

X. Coskinas, M. Frydenberg, W.E. Hague, L.G. Horvath, A.M. Joshua, N.
J. Lawrence, G. Marx, J. McCaffrey, R. McDermott, M. McJannett, S.A. North,
F. Parnis, W. Parulekar, D.W. Pook, M.N. Reaume, S.K. Sandhu, A. Tan, T.H. Tan,


http://refhub.elsevier.com/S1570-0232(23)00162-9/h0005
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0005
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0005
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0005
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0010
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0010
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0010
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0010
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0015
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0015
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0015
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0020
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0020
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0020
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0020
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0020
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0020
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0025
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0025
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0025
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0025
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0025
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0030
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0030
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0030
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0030
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0030
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0030
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0030
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0030
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0035
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0035
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0035
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0035
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0035
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0035
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0040
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0040
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0040
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0040

S.A.J. Buck et al.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

A. Thomson, E. Tu, F. Vera-Badillo, S.G. Williams, S. Yip, A.Y. Zhang, R.

R. Zielinski, C.J. Sweeney, Enzalutamide with standard first-line therapy in
metastatic prostate cancer, N. Engl. J. Med. 381 (2) (2019) 121-131.

M. Hussain, K. Fizazi, F. Saad, P. Rathenborg, N. Shore, U. Ferreira, P. Ivashchenko,
E. Demirhan, K. Modelska, D.e. Phung, A. Krivoshik, C.N. Sternberg, Enzalutamide
in men with nonmetastatic, castration-resistant prostate cancer, N. Engl. J. Med.
378 (26) (2018) 2465-2474.

R.C. Cabot, N.L. Harris, E.S. Rosenberg, J.-A. Shepard, A.M. Cort, S.H. Ebeling, E.
K. McDonald, H.I. Scher, K. Fizazi, F. Saad, M.-E. Taplin, C.N. Sternberg, K. Miller,
R. de Wit, P. Mulders, K.N. Chi, N.D. Shore, A.J. Armstrong, T.W. Flaig, A. Fléchon,
P. Mainwaring, M. Fleming, J.D. Hainsworth, M. Hirmand, B. Selby, L. Seely, J.
S. de Bono, Increased survival with enzalutamide in prostate cancer after
chemotherapy, N. Engl. J. Med. 367 (13) (2012) 1187-1197.

K. Fizazi, N. Shore, T.L. Tammela, A. Ulys, E. Vjaters, S. Polyakov, M. Jievaltas,
M. Luz, B. Alekseev, 1. Kuss, C. Kappeler, A. Snapir, T. Sarapohja, M.R. Smith,
Darolutamide in nonmetastatic, castration-resistant prostate cancer, N. Engl. J.
Med. 380 (13) (2019) 1235-1246.

M.R. Smith, M. Hussain, F. Saad, K. Fizazi, C.N. Sternberg, E.D. Crawford,

E. Kopyltsov, C.H. Park, B. Alekseev, A. Montesa-Pino, D. Ye, F. Parnis, F. Cruz, T.L.
J. Tammela, H. Suzuki, T. Utriainen, C. Fu, M. Uemura, M.J. Méndez-Vidal, B.

L. Maughan, H. Joensuu, S. Thiele, R. Li, I. Kuss, B. Tombal, Darolutamide and
survival in metastatic, hormone-sensitive prostate cancer, N. Engl. J. Med. 386 (12)
(2022) 1132-1142.

S.L. Groenland, R.B. Verheijen, M. Joerger, R.H.J. Mathijssen, A. Sparreboom, J.
H. Beijnen, et al., Precision dosing of targeted therapies is ready for prime time,
Clin. Cancer Res. 27 (24) (2021) 6644-6652.

E. Carton, G. Noe, O. Huillard, L. Golmard, J. Giroux, A. Cessot, N.E.B. Saidu,

M. Peyromaure, M. Zerbib, C. Narjoz, J. Guibourdenche, A. Thomas, M. Vidal,

F. Goldwasser, B. Blanchet, J. Alexandre, Relation between plasma trough
concentration of abiraterone and prostate-specific antigen response in metastatic
castration-resistant prostate cancer patients, Eur. J. Cancer 72 (2017) 54-61.

M. van Nuland, S.L. Groenland, A.M. Bergman, N. Steeghs, H. Rosing,

N. Venekamp, A.D.R. Huitema, J.H. Beijnen, Exposure-response analyses of
abiraterone and its metabolites in real-world patients with metastatic castration-
resistant prostate cancer, Prostate Cancer Prostatic Dis. 23 (2) (2020) 244-251.
E. Boerrigter, G.E. Benoist, J.K. Overbeek, R. Donders, N. Mehra, .M. Oort,

R. Heine, N.P. Erp, The effect of chemotherapy on the exposure-response relation
of abiraterone in metastatic castration-resistant prostate cancer, Br. J. Clin.
Pharmacol. 88 (3) (2022) 1170-1178.

M.-L. Joulia, E. Carton, A. Jouinot, M. Allard, O. Huillard, N. Khoudour,

M. Peyromaure, M. Zerbib, A.T. Schoemann, M. Vidal, F. Goldwasser, J. Alexandre,
B. Blanchet, Pharmacokinetic/pharmacodynamic relationship of enzalutamide and
its active metabolite N-desmethyl enzalutamide in metastatic castration-resistant
prostate cancer patients, Clin. Genitourin. Cancer 18 (2) (2020) 155-160.

M. Nuland, A.M. Bergman, H. Rosing, N. Vries, A.D.R. Huitema, J.H. Beijnen,
Exposure-response assessment of enzalutamide and its major metabolites in a real-
world cohort of patients with metastatic castration-resistant prostate cancer,
Pharmacotherapy 39 (12) (2019) 1137-1145.

Center for Drug Evaluation and Research, NDA/BLA Multi-Disciplinary Review and
Evaluation for Darolutamide/Nubeqa; 2019.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Journal of Chromatography B 1225 (2023) 123752

U.S FDA. Guidance for Industry, Bioanalytical Method Validation, 2018. <https://
www.fda.gov/regulatory-information/search-fda-guidance-documents/
bioanalytical-method-validation-guidance-industry>.

E.M.A. Guideline on bioanalytical method validation, 2015. <https://www.ema.
europa.eu/documents/scientific-guideline/guideline-bioanalytical-method-
validation_en.pdf>.

B.P.S. Belderbos, S. Bins, R.W.F. van Leeuwen, E. Oomen-de Hoop, N. van der
Meer, P. de Bruijn, et al., Influence of enzalutamide on cabazitaxel
pharmacokinetics: a drug-drug interaction study in metastatic castration-resistant
prostate cancer (mCRPC) patients, Clin. Cancer Res. 24 (2018) 541-546.

S.A.J. Buck, N.A.D. Guchelaar, P. de Bruijn, I.M. Ghobadi Moghaddam-Helmantel,
E. Oomen-de Hoop, H.M. Westgeest, P. Hamberg, D. Mathijssen-van Stein, M.

P. Lolkema, S.L.W. Koolen, R. de Wit, R.H.J. Mathijssen, Influence of darolutamide
on cabazitaxel systemic exposure, Clin. Pharmacokinet. 61 (10) (2022) 1471-1473.
S.L. Groenland, R.A.G. van Eerden, K. Westerdijk, M. Meertens, S.L.W. Koolen, D.J.
A.R. Moes, N. de Vries, H. Rosing, H. Otten, A.J.E. Vulink, .M.E. Desar, A.L.

T. Imholz, H. Gelderblom, N.P. van Erp, J.H. Beijnen, R.H.J. Mathijssen, A.D.

R. Huitema, N. Steeghs, Therapeutic drug monitoring-based precision dosing of
oral targeted therapies in oncology: a prospective multicenter study, Ann. Oncol.
33 (10) (2022) 1071-1082.

M. Alyamani, Z. Li, S.K. Upadhyay, D.J. Anderson, R.J. Auchus, N. Sharifi,
Development and validation of a novel LC-MS/MS method for simultaneous
determination of abiraterone and its seven steroidal metabolites in human serum:
Innovation in separation of diastereoisomers without use of a chiral column,

J. Steroid Biochem. Mol. Biol. 172 (2017) 231-239.

P. Caron, V. Turcotte, E. Levesque, C. Guillemette, An LC-MS/MS method for
quantification of abiraterone, its active metabolites D(4)-abiraterone (D4A) and
Salpha-abiraterone, and their inactive glucuronide derivatives, J. Chromatogr. B
Anal. Technol. Biomed. Life Sci. 1104 (2019) 249-255.

K.-P. Kim, R.A. Parise, J.L. Holleran, L.D. Lewis, L. Appleman, N. van Erp, M.

J. Morris, J.H. Beumer, Simultaneous quantitation of abiraterone, enzalutamide, N-
desmethyl enzalutamide, and bicalutamide in human plasma by LC-MS/MS,

J. Pharm. Biomed. Anal. 138 (2017) 197-205.

M. van Nuland, M.J.X. Hillebrand, H. Rosing, J.H.M. Schellens, J.H. Beijnen,
Development and validation of an LC-MS/MS method for the simultaneous
quantification of abiraterone, enzalutamide, and their major metabolites in human
plasma, Ther. Drug Monit. 39 (2017) 243-251.

A. Bhatnagar, M.J. McKay, M. Thaysen-Andersen, M. Arasaratnam, M. Crumbaker,
H. Gurney, M.P. Molloy, Bioanalytical evaluation of dried plasma spots for
monitoring of abiraterone and A(4)-abiraterone from cancer patients,

J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1126-1127 (2019) 121741.

A. Bhatnagar, M.J. McKay, M. Arasaratnam, M. Crumbaker, H. Gurney, M.

P. Molloy, Evaluating bioanalytical capabilities of paper spray ionization for
abiraterone drug quantification in patient plasma, J. Mass Spectrom. 55 (2020)
e4584.

C. Zurth, P. Nykanen, G. Wilkinson, P. Taavitsainen, A. Vuorela, F. Huang,

S. Reschke, M. Koskinen, Clinical pharmacokinetics of the androgen receptor
inhibitor darolutamide in healthy subjects and patients with hepatic or renal
impairment, Clin. Pharmacokinet. 61 (4) (2022) 565-575.


http://refhub.elsevier.com/S1570-0232(23)00162-9/h0040
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0040
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0040
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0045
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0045
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0045
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0045
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0050
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0050
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0050
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0050
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0050
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0050
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0055
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0055
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0055
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0055
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0060
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0060
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0060
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0060
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0060
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0060
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0065
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0065
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0065
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0070
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0070
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0070
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0070
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0070
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0075
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0075
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0075
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0075
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0080
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0080
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0080
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0080
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0085
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0085
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0085
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0085
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0085
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0090
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0090
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0090
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0090
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0110
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0110
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0110
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0110
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0115
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0115
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0115
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0115
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0120
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0120
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0120
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0120
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0120
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0120
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0125
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0125
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0125
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0125
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0125
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0130
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0130
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0130
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0130
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0135
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0135
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0135
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0135
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0140
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0140
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0140
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0140
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0145
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0145
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0145
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0145
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0150
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0150
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0150
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0150
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0155
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0155
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0155
http://refhub.elsevier.com/S1570-0232(23)00162-9/h0155

	Validation of an LC-MS/MS method for simultaneous quantification of abiraterone, enzalutamide and darolutamide in human plasma
	1 Introduction
	2 Material and methods
	2.1 Chemicals
	2.2 Preparation of stock solutions, calibration standards and quality control samples
	2.3 Sample preparation
	2.4 Equipment
	2.4.1 Chromatographic conditions
	2.4.2 Mass spectrometry
	2.4.3 Quantitation

	2.5 Method validation
	2.6 Stability of abiraterone
	2.7 Application of method to clinical samples

	3 Results
	3.1 LC-MS/MS conditions
	3.2 Stability
	3.3 Assay performance
	3.4 Clinical application

	4 Discussion
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


