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-RP-LC-ICP-MS as a screening
tool in metal-based anticancer research†

Luis Galvez, a Mate Rusz,b Michael A. Jakupec b and Gunda Koellensperger*a

In this work, we introduce a new screening tool for metal-based anticancer drugs, enabled by on-line heart-

cut two-dimensional liquid chromatography combinedwith inductively coupled plasmamass spectrometry

(2DLC-ICP-MS). This method employs ultrahigh performance size-exclusion chromatography (UHPLC

SEC) in the first dimension and reversed phase liquid chromatography (RP-LC) in the second dimension.

In this way, the quantification of free and intact metal-based anticancer drugs was addressed in

biologically relevant matrices without otherwise necessary sample preparation steps such as protein

removal and extraction of the drug. In a proof of principle study the half-life of oxaliplatin upon ex vivo

incubation in serum and cellular extracts was assessed by repeated analysis every 25 min over several

hours. This method showed good column recoveries for intact oxaliplatin (80% assessed by on-line

isotope dilution) and limits of detection <3 nM. Oxaliplatin exhibited a half-life of 1.6 � 0.1 h (N ¼ 3) in

serum. In the cellular extract prepared from the colorectal cancer cell line HCT116 oxaliplatin showed

a prolonged half-life of 3.5 � 0.3 h and 4.2 � 0.4 h, assuming zero order or first order kinetics, respectively.
Introduction

The discovery of platinum drugs, which are also on the WHO
list of “essential medicines”, dates back to 1969.1 Currently,
about every second anticancer treatment scheme makes use of
one of the three worldwide-approved platinum therapeutics,
cisplatin, carboplatin or oxaliplatin. With regard to the mode of
action, for a long time it has been assumed that their activity
against cancer cells is solely based on DNA platination followed
by stalling of replication and cell death. Over the last few years,
however, it has become clear that metal-based anticancer drugs
exert multifaceted cytotoxic activity,2,3 fueling the development
of next generation metal-based anticancer agents. As a conse-
quence, following chemical synthesis of a drug candidate and
assessment of preliminary safety and efficacy proles, serious
efforts in analytical chemistry are required before its nomina-
tion as a clinical development candidate. Current optimization
of lead compounds is accompanied by solution based experi-
ments mimicking intracellular chemistry. Ex vivo studies using
drug incubation in serum4 and cell lysates5,6 provided valuable
information preceding in vivo and in vitro screening. Combined
with mass spectrometric analysis (elemental and molecular
mass spectrometry), these types of experiments emerged as
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a valuable tool supporting preclinical drug development and
promoting the basic understanding of drug biomolecule inter-
action.1,3 For example, ex vivo incubation provided information
about distribution of metal-based drugs in blood cells, plasma
and ultra-ltrate,7 which is key to determining the pharmaco-
kinetics of the drug, which in turn is key for ascertaining the
optimum dosage. The assessment of biotransformation prod-
ucts is another crucial aspect of drug development, as distinctly
different cytotoxicity/toxicity proles arise.2,3 Again, in the past,
incubation experiments together with advanced techniques
provided useful information prior to clinical studies showing
non-enzymatic bio-transformations such as hydrolysis product
and/or adduct formation.8,9 The fact that metal-based anti-
cancer drugs can be determined by their metal content
following diverse separation or fractionation methods carried
out either on-line or off-line proved to be advantageous in many
preclinical studies. Powerful methods for the quantication of
metallodrug–protein association and biotransformation were
developed for different matrices such as human plasma, serum
and cell lysates.4,5,10 Recently, a systematic study evaluated
different methods for quantitative screening of protein adduct
formation. These methods included separation methods/
fractionation methods such as centrifugal ultraltration, size
exclusion and turbulent ow chromatography in combination
with ICP-MS.11 However, using these methods precluded accu-
rately differentiating between the free intact drug, small-
molecule transformation products and protein adducts.
Tailored chromatographic separation for elemental speciation
analysis of small molecular transformation products required
sample preparation steps (e.g. centrifugal ultraltration or
J. Anal. At. Spectrom., 2019, 34, 1279–1286 | 1279

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ja00045c&domain=pdf&date_stamp=2019-06-01
http://orcid.org/0000-0002-6742-7987
http://orcid.org/0000-0001-7945-1426
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ja00045c
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA034006


Table 1 ICP-MS operation parameters

Nebulizer MicroMist
Spray chamber Scott double-pass
Nebulizer gas ow 1.05 L min�1

Aux. gas 0.90 L min�1

Plasma gas 15 L min�1

ICP RF power 1550 W
m/z measured 195, 196, 48
Reaction gas 0.3 L min�1
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extraction) for removing the protein rich fraction of the
samples.10 Only in this way was the selectivity offered by the one
dimensional separation sufficient for the accurate quantica-
tion of the free intact drug versus transformation products.
Evidently, the additional sample preparation step was time
consuming (centrifugal ultraltration required up to 30 min)
and prone to error.11 The procedures could not be generalized
to a wide panel of metal-based drugs, as co-precipitation,
species interconversion during preparation and recovery had
to be validated for each compound individually. As a draw-
back, extraction using polar organic solvents hampered
subsequent application of reversed phase chromatographic
separation. Either an additional sample preparation step for
removing organic solvents was implemented or hydrophilic
interaction chromatography (HILIC)7 was employed resulting
in poor limits of detection. In both cases, drug stability needed
to be considered. In this work, we present a novel elemental
speciation strategy for quantifying the free and intact drugs in
biological matrices omitting off-line sample preparation. More
specically, we present an on-line combination of two
orthogonal separations, i.e. size exclusion chromatography
(SEC) and reversed phase liquid chromatography (RP-LC). In
the past, two dimensional separation involving size exclusion
addressed heart-cut SEC-ion chromatography SEC-(IC) and
comprehensive 2DLC as established by fast column switching
SEC-IC (monoliths).12–14 Both set-ups were dedicated to the
determination of metallodrug–protein interaction and oper-
ated at low backpressures (a requirement for the implemented
SEC). This pressure limitation of size exclusion columns was
overcome with the introduction of UHPLC SEC, facilitating the
combination with reversed phase separations as established in
this work. The presented approach allowed separating the low
molar mass fraction (LMF) eluted from the size exclusion in
the second chromatographic dimension. In this way, kinetic
studies of metal-based drug degradation in biologically rele-
vant matrices are signicantly improved. In a proof of prin-
ciple study the half-life of oxaliplatin was investigated in
plasma and cell extracts.

Experimental
Reagents, chemicals and standards

A Pt standard (1002� 6 mgmL�1) was purchased from Inorganic
Ventures, Christiansburg, Virginia, USA. A platinum spike
enriched in 196Pt (abundance �97.25%, Science Technical
Centre “Stable Isotopes” of State Scientic Centre of the Russian
Federation–Institute of Physics and Power Engineering,
Obninsk, Kaluga Region, Russia)15 was kindly provided by
professor Stephan Hann at the Department of Chemistry,
Division of Analytical Chemistry, University of Natural
Resources and Life Sciences – BOKU, Vienna, Austria, and it was
employed for species-unspecic quantication by on-line
isotope dilution. Glucose and ammonium acetate were
purchased from Sigma Aldrich (St. Louis, MO, USA). LC-MS
grade water and MeOH were purchased from Honeywell (Mus-
kegon, MI, USA). Oxaliplatin and fetal calf serum (FCS) were
kindly provided by professor Christian R. Kowol at the
1280 | J. Anal. At. Spectrom., 2019, 34, 1279–1286
Department of Inorganic Chemistry, University of Vienna,
Vienna, Austria. The media and the reagents for cell culture
were purchased from Sigma-Aldrich Austria and all the material
such as dishes, plates and asks were from StarLab, Germany
unless indicated otherwise.
Cancer cell culture

Cells were grown as adherent monolayer cultures in 160 cm2

culture asks (Iwaki, Japan) in McCoy's medium supplemented
with 10% heat-inactivated fetal bovine serum (Biowest, USA)
and 4 mM L-glutamine (Sigma-Aldrich, Austria) without anti-
biotics at 37 �C under a humidied atmosphere containing 5%
CO2 and 95% air. Cells from the human colon cancer line,
HCT116, acquired from ATCC (American Type Culture
Collection, USA) were harvested from the culture asks by
trypsinization. The trypsinization was stopped by addition of
fresh medium and the cell suspension was washed three-times
by centrifugation (300 rcf, 3 min) and addition of PBS.
Subsequently, the cell number in the suspension was deter-
mined and 30 � 106 cell aliquots were distributed in 5 mL
Eppendorf tubes. Following this, the aliquots were centrifuged
twice and the excess PBS was aspirated. Finally, the cell pellets
were snap-frozen with liquid N2 and stored at �80 �C until
analysis.
Ex vivo incubation, cell extraction and cytosolic incubation

Oxaliplatin was weighed and dissolved in glucose 5% (w/v) to
reach a concentration of 1 mM. This stock solution was kept in
ice and it was further diluted in glucose 5% (w/v) to reach
a concentration of 10 mMand nally diluted 1 : 10 in FCS (molar
ratio of drug : albumin of �1 : 600, �8 times higher compared
to clinical infusions16) to reach a concentration of 1 mM and
incubated in the autosampler of a HPLC system at 37 �C and
injected every 0.83 h for 2.5 h.

A lysis procedure using freeze/thaw cycles with NaCl as
described elsewhere was implemented.10 Briey, 100 mL of
15 mM NaCl was added in a 5 mL Eppendorf tube containing
30 � 106 cells of the human colon cancer line HCT116. The
Eppendorf tube was frozen with liquid N2 and thawed at room
temperature. This procedure was repeated two more times but
in the last repetition 90 mL of 15 mM NaCl was added. Then it
was centrifuged (Hermle Z446 K, 4350 rcf, 15 min, 4 �C) and
the supernatant (cytosolic fraction) was transferred to
a 1.5 mL Eppendorf tube whereas the pellet (nuclei fraction)
was discarded. Since the 5 mL Eppendorf tube can be
This journal is © The Royal Society of Chemistry 2019
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Table 2 Chromatographic conditions for the heart-cut UHPLC SEC-RP method

Chromatographic conditions

SEC column Acquity UPLC Protein BEH SEC, 4.6 � 150 mm, 200 Å
1.7 mm, 10–500 kDa, Waters

RP column Atlantis T3, 2.1 � 150 mm, 3 mm, Waters
Eluent pump 1 A 20 mM CH3COONH4, pH ¼ 7
Flow pump 1 250 mL min�1

Eluent pump 2 A 20 mM CH3COONH4, pH ¼ 7
B 20 mM CH3COONH4, pH ¼ 7, 80% MeOH (v/v)

Flow pump 2 250 mL min�1

Injection volume 2 mL
Temperature SEC 37 �C
Temperature RP 37 �C
Autosampler temperature 37 �C

Chromatographic method

Time (min) Position 10-port valvea

Pump 1 Pump 2

A (%) A (%) B (%)

0 A 100 100 0
7.5 B 100 100 0
11 A 100 100 0
17.5 A 100 80 20
21 A 100 80 20
21.1 A 100 100 0
25 A 100 100 0

a See Fig. 1A and B for the position of the 10-port valve.
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View Article Online
centrifuged only at a maximum speed of 4350 rcf in the
Hermle Z446 K centrifuge, the 1.5 mL Eppendorf tube con-
taining the cytosolic fraction was centrifuged again at a higher
speed (Hermle Z366, 21 380 rcf, 60 min, 4 �C) in order to
separate the rest of the pellet (nuclei fraction) that could not
be separated in the rst centrifugation, and 290 mL of the
supernatant (cytosolic fraction) was nally transferred to
a HPLC vial (nal biomolecule dilution 1 : 100). 10 mL of
a fresh stock solution of oxaliplatin in glucose 5% (w/v) was
added in the vial containing the cytosolic fraction to reach
a nal concentration of 2 mM. This oxaliplatin concentration
Fig. 1 (A) The sample is injected by means of the first pump from the 6
UHPLC SEC column and to the external 10-port valve to send the high m
10-port valve is switched to send the lowmolar fraction (LMF) eluted from
again at 11 min to position (A) and the second pump is used to separate

This journal is © The Royal Society of Chemistry 2019
was calculated assuming a cell volume of 10�12 L and an
intracellular concentration corresponding to typical oxalipla-
tin incubation in a cell culture medium of 20 mM as explained
elsewhere.10 The vial containing the oxaliplatin in the cytosolic
extract was placed in the autosampler of a HPLC at 37 �C to
inject it at different times. Aer the analysis, an aliquot of 50
mL was used for protein quantication with a BCA protein
assay kit obtaining a concentration of 35.2 � 0.7 mg protein
per mL (corresponding to a molar ratio of �1 : 300
drug : biomolecule based on albumin molarity).
-port valve of the Agilent 1260 Infinity Bio-Inert HPLC system to the
olar fraction (HMF) to the waste in the first 7.5 min. (B) After 7.5 min the
the UHPLC SEC column to the RP column. Then the valve is switched
the different species present in the LMF on the RP column.

J. Anal. At. Spectrom., 2019, 34, 1279–1286 | 1281
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Fig. 2 (A) 1D RP-LC separation (column Accucore PFP, 2.1 � 150 mm, 2.6 mm) of 2 mM oxaliplatin in 15 mM NaCl incubated for 2 h at 37 �C;
gradient adapted from elsewhere.19 The hydrolysis products were observed at 1.5 and 3.0 min. Oxaliplatin was observed at 3.6 min. (B) 2D SEC-
RP-LC separation (Acquity UPLC Protein BEH SEC, 4.6 � 150 mm, 200 Å; Atlantis T3, 2.1 � 150 mm, 3 mm) of 1 mM oxaliplatin in 15 mM NaCl
incubated for 2 h at 37 �C. The hydrolysis products were observed at 12.9, 14.7 and 16.2 min. Oxaliplatin was observed at 18.5 min.
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Instrumentation

ICP-MS. An Agilent 8800 ICP-MS/MS (Agilent Technologies,
Tokyo, Japan) was used with oxygen as the reaction gas for the
monitoring of proteins via S32O16 (for efficient control of protein
removal); data not shown. The Agilent MassHunter soware
package (Workstation Soware, Version C.01.03, 2016) was
employed for data treatment. The ICP-MS parameters are
summarized in Table 1.

Heart-cut UHPLC SEC-RP. An Agilent 1260 Innity Bio-Inert
HPLC system (Agilent Technologies, Waldbronn, Germany) was
employed for this setup. The sample was injected into a 6-port
valve of the HPLC and sent to a 10-port valve (Agilent Tech-
nologies, Waldbronn, Germany) where the removal of the HMF
was carried out by means of a UHPLC SEC column in the rst
7.5 min and the LMF was sent to a RP-ICP-MS system by
switching this 10-port valve aer the 7.5 min. The chromato-
graphic conditions and the method are shown in Table 2. The
instrumental setup for the heart-cut UHPLC SEC followed by
RP-ICP-MS is shown and explained in detail in Fig. 1.

Post-column isotope dilution. The peristaltic pump of the
ICP-MS instrument was employed with a mass ow of 98
mg min�1 to introduce a platinum spike enriched in 196Pt
(abundance 97.25%) (0.82 mg Pt per L) aer the RP column
(Fig. 1) for species-unspecic quantication of oxaliplatin by
on-line isotope dilution in order to calculate accurately the
recovery by this heart-cut 2D-LC approach.
Results and discussion

In this work, quantication of intact and free metal-based
anticancer drugs in protein rich samples was addressed.
Table 3 2D SEC-RP-ICP-MS analytical figures of merit assessed for inta
(incubation time 0 h). The recovery was assessed by on-line isotope dilu

Matrix Recovery (%)
n ¼ 3

RSD retentio
time (%) n ¼

Glucose 80 � 1 0.49
FCS 80 � 2 0.50

1282 | J. Anal. At. Spectrom., 2019, 34, 1279–1286
More specically, a heart-cut 2D-LC approach enabling
combination with ICP-MS without off-line protein removal was
validated for oxaliplatin. When analysing (pre)clinically rele-
vant samples, 1D separation combined with ICP-MS detection
required dedicated sample preparation. The 2DLC-ICP-MS
method provided on-line separation of proteins by SEC. The
SEC separation time could be reduced to a few minutes as
a sub-2 mm particle UHPLC SEC stationary phase was imple-
mented.17,18 The size range of the column was 500 kDa to 10
kDa, (exclusion limit 500 kDa) resulting in the complete
elution of the high molar mass fraction (HMF) within 6 min
when employing moderate ow rates of 250 mL min�1. Under
these conditions oxaliplatin was eluted in the low molar mass
fraction (LMF) within 9 min with a LOD of 2.7 nM (3s crite-
rion) and a peak width of 1.7 min (see ESI Fig. S1†). The
separation range of size exclusion was selected in a way such
that the LMF containing intact drugs and potential trans-
formation products (e.g. hydrolysis products) were eluted
within a short time. With the use of a post column 10-port
valve, a heart cut 2D separation was established separating the
LMF by RP-LC (see Fig. 1). The reversed phase separation was
carried out using either a fully wettable C18 material or pen-
tauorophenyl phases allowing stacked injections (high
volume) of metal-based drugs showing medium to high
retention on the reversed phase.19,20 Due to the use of quater-
nary pumps, 3 mm-particle RP-LC stationary phases were
selected, as imposed by the pressure limit of the pump.
Reversed phase separations using polar embedded groups or
other functionalized C18 material had been shown in the past
to be suitable for the selective separation of oxaliplatin and its
hydrolysis products.19,20 Using 1D RP-LC-ICP-MS or 2D UHPLC
ct 1 mM oxaliplatin in glucose 5% (w/v) and in FCS for the first injection
tion

n
3

LOD (nM) 3s
criterion

LOD (mg L�1 Pt)
3s criterion

2.53 0.58
2.19 0.50

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ja00045c


Technical Note JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
/2

5/
20

26
 1

0:
15

:2
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
SEC-RP-ICP-MS for the analysis of intact oxaliplatin in 15 mM
NaCl excellent separation of oxaliplatin from hydrolysis
products could be observed (Fig. 2). Aer 2 h incubation time
at 37 �C, >80% was still intact. The observed two-phase decay is
in accordance with that in other publications.21

Fig. 1 depicts the novel heart-cut 2D-LC separation. At
7.5 min the installed switching-valve directed the SEC ow for
3.5 min towards the second dimension, where the intact
metal-based drug was retained. Backpressures of 350 bar were
observed when both columns were connected in series.
Restrictors established a constant backpressure upon valve
switching. For this purpose a HPLC column (Atlantis T3, 2.1 �
150 mm, 3 mm, Waters) was installed in the ow path of pump
2 whereas for pump 1 a narrow bore capillary (inner diameter
0.127 mm) was introduced (Fig. 1). Table 3 summarizes the
key analytical gures of merit for intact oxaliplatin quanti-
cation obtained using the novel 2DLC-ICP-MS set-up. As can
be readily observed, oxaliplatin recovery and measurement
repeatability was t for purpose despite the high injection
volume. The recovery was assessed by on-line isotope dilution.
Fig. 3 (A) 2DLC-ICP-MS separation (columns Acquity UPLC Protein BEH
at a flow rate of 250 mLmin�1) of oxaliplatin (10 mMpreviously dissolved in
1 mM) incubated in serum measured at 37 �C for 14 h. (B) Incubation tim

Fig. 4 SEC-ICP-MS of oxaliplatin (Acquity UPLC Protein BEH SEC, 4.6 �
50mMCH3COONH4, pH¼ 6.8 at a temperature of 37 �C; 10 mMoxaliplat
at 37 �C. Oxaliplatin shows binding to albumin (3.18, 2.73 and 2.28 min). T
4.87 and 6.60 min) could be due to binding to other biomolecules in the
not be completely separated from the peak of oxaliplatin at 5.31 min.

This journal is © The Royal Society of Chemistry 2019
The limits of detection (2.5 nM, 3s criterion) were comparable
to those for RP-LC-ICP-MS analysis only (1.3 nM, 3s criterion)
and were signicantly improved as compared to typical HILIC-
ICP-MS limits of detection (13 nM, 3s criterion; see ESI Table
S1 and Fig. S2†). Oxaliplatin was quantied by on-line isotope
dilution compensating for signal suppression with RP-LC
gradients. By using the 2D-LC set-up excellent separation of
the low molar mass biotransformation products could be
obtained (Fig. 3). For a proof of principle study, ex vivo incu-
bations of oxaliplatin in fetal calf serum were investigated by
2DLC-ICP-MS. In this model, the drug concentration of 1 mM
resembled drug concentrations found in the plasma of
chemotherapy patients.16 The decay of intact oxaliplatin was
monitored over 2.5 hours. For the investigated period the
observed decay resembled rst order kinetics (linear regres-
sion for rst order R2 ¼ 0.9970). A half-life of 1.6 � 0.1 h was
calculated for three independent incubation experiments.
Comparative experiments by using UHPLC SEC only (Fig. 4)
revealed a half-life of 2.3 � 0.1 h (N ¼ 3) (Fig. 5). This higher
value can be attributed to the poor chromatographic
SEC, 4.6 � 150 mm, 200 Å and Atlantis T3, 2.1� 150 mm, 3 mm, Waters
glucose 5% (w/v) and finally diluted 1 : 10 in FCS to a final concentration
e 5–14 hours.

150 mm, 200 Å, 1.7 mm, 10–500 kDa) at a flow rate of 400 mL min�1;
in diluted 1 : 10 in FCS (final concentration 1 mM) and incubated for 24 h
he free drug could be observed at 5.31 min. The other peaks (5.20, 5.02,
LMF or degradation products of oxaliplatin. The peak at 5.20 min could

J. Anal. At. Spectrom., 2019, 34, 1279–1286 | 1283
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Fig. 5 (A) Stability of oxaliplatin in FCS assessed using the 2D-setup compared to UHPLC SEC in N ¼ 3 biological replicates and (B) the loga-
rithmic plot of oxaliplatin relative area versus incubation time. Linear regression analysis of the data plot showed that for the investigated period
the decay showed first order kinetics. A half-life of 2.3� 0.1 and 1.6� 0.1 h was found for UHPLC SEC and heart-cut UHPLC SEC-RP, respectively.
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selectivity of UHPLC SEC regarding the separation of
biotransformation products in the LMF. The obtained results
were in good agreement with those in previously reported
studies based on ultraltration and metal quantication.
Using comparable drug concentrations, a half-life of 2.21 �
0.72 h was reported for oxaliplatin in human plasma.22 In
clinical samples of patients undergoing chemotherapy even
faster clearance was observed due to the high degree of
binding to erythrocytes.16

In the eld of metal-based anticancer drugs, only a few
studies addressing elemental speciation analysis in cancer
cell models exist.5,6,10 As the metal concentrations in pre-
clinically relevant settings are in the low sub-nM range, these
experiments were hampered by the moderate limits of detec-
tion offered by elemental speciation approaches (especially in
the case of HILIC-ICP-MS23). Accordingly, simplied model
experiments such as drugs exposed to cell lysates contributed
to the understanding of intracellular drug chemistry. In this
study, the novel 2DLC-ICP-MS method was employed to
address the kinetics of oxaliplatin degradation in the cytosolic
preparation of a colon cancer model. 2 mM oxaliplatin was
incubated with a cell lysate resulting in an estimated molar
drug/biomolecule ratio of 1 : 300. Assuming a volume of 1 pL
for a single cell, the cytosol of 30 � 106 cells was diluted by
a factor <100 in 15 mM NaCl. The estimated ratio was
Fig. 6 (A) Stability of oxaliplatin in 15 mMNaCl assessed by RP-ICP-MS w
and stability of oxaliplatin in the cytosolic extract inN¼ 3 biological replic
2.1 � 150 mm, 2.6 mm, Thermo Scientific compared to the previous inves
from the decay observed in 15 mMNaCl and in FCS showing a linear regre
logarithmic plot of oxaliplatin relative area versus incubation timewas also
as it was observed for the incubation in FCS, obtaining a half-life of 4.2

1284 | J. Anal. At. Spectrom., 2019, 34, 1279–1286
calculated considering the protein concentration (expressed
as molar albumin concentration) of the cell preparation. The
decay of oxaliplatin was monitored in 15 mM NaCl in parallel
to the cellular preparation over 1.8 hours. As a drawback, in
some cases, precipitation was observed in the highly
concentrated cell extract aer several hours at 37 �C limiting
the investigation time to 2 hours. Oxaliplatin is known to be
activated by forming hydrolysis products in 15 mM NaCl.21

The experiments in this work show that the oxaliplatin
transformation in cells is governed by interaction partners
such as proteins and other biomolecules and not only by the
reduced intracellular NaCl concentration. Due to the limited
investigation period, no unambiguous kinetic model could be
found. Assuming zero (Fig. 6A) and rst (Fig. 6B) order
kinetics (R2 ¼ 0.9977 and R2 ¼ 0.9922 for zero and rst order
kinetics, respectively) a half-life of 3.5 � 0.3 h and 4.2 � 0.4 h
was estimated, respectively. For the oxaliplatin in NaCl
stabilities >80% in 2 h of incubation at 37 �C and two-phase
decay were observed as shown in other publications.21 The
difference in half-life between serum and cell incubations can
be explained by protein interactions in the protein rich fetal
calf serum. In fact, UHPLC SEC-ICP-MSmeasurements of both
sample matrices exposed to >24 hours revealed 90% of Pt in
the HMF versus 85% Pt in the LMF, for serum incubation and
cell incubation, respectively.
ith the column Accucore PFP, 2.1� 150 mm, 2.6 mm, Thermo Scientific
ates assessed using the 2D-setup employing the column Accucore PFP,
tigated stability in FCS. The decay observed in the cytosol was different
ssion for zero order kinetics with a half-life of 3.5� 0.3 h although a (B)
observed to be linear for the investigated period for first order kinetics,

� 0.4 h.

This journal is © The Royal Society of Chemistry 2019
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Conclusions

Clinically established metal-based anticancer drugs either in
their intact form or as activated transformation products bind
to erythrocytes, plasma proteins, amino acids and nucleic acids.
The extent of these key interactions ultimately determines the
cytotoxic active fraction of the drug reaching the target DNA. In
the case of candidate metal-based anticancer drugs, DNA is not
always the nal target. Despite this, biotransformation and
interaction with cellular building blocks need to be carefully
evaluated. Accordingly, the drug half-life in different (pre)clin-
ically relevant matrices is an important parameter, which can be
approximated by ex vivo incubation experiments. As a prereq-
uisite, the intact and free drug has to be accurately quantied in
biological complex matrices following different time points of
drug exposure. In this work, we introduce a method enabling
the quantication of the metal-based drug in serum samples
and cell extracts without the need for a priori sample prepara-
tion. Samples are exposed to drugs at a xed temperature (37 �C
autosampler) and injected at dened time intervals on a heart-
cut 2DLC-ICP-MS system. In a proof of principle study, the
kinetics of oxaliplatin degradation in serum and cancer cell
lysates was investigated. However, this approach is applicable to
any metallodrug showing a signicant retention on reversed
phase chromatography.
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