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Metal-based anticancer agent development can be improved with advanced metallomics methods that
allow for quick and efficient screening of metallodrugs for their metabolites in biological media. Cellular
accumulation in in vitro settings is not always correlated with cytotoxicity; and protein binding, particularly
with albumin and transferrin, can have an important influence on metallodrug transportation, selectivity,
and efficacy. We contrast the time-dependent cellular accumulation of both cisplatin and the pre-clinically
investigated RAPTA-C in terms of cell uptake and speciation in culture medium via CE-ICP-MS analysis.
Despite RAPTA-C being administered at 40-fold higher dose than cisplatin, owing to its much higher
ICso value, the accumulation over time was only 10-fold higher. An optimised CE-ICP-MS method,
through the coating of the capillary to prevent protein—capillary surface interactions, resulted in superior
resolution and metal—-protein adduct identification. It was then used for extracellular speciation in
conjunction with [tris(acetylacetonato)cobalt(in)] as an internal standard. RAPTA-C was found to be more

Received 25th January 2018, inert to extracellular reactions than cisplatin which could be used to rationalise the observed cellular

Accepted 19th February 2018 uptake patterns. While for cisplatin both transferrin and albumin were identified as the main binding
partners, RAPTA-C was found to react nearly exclusively with albumin. Moreover, this behaviour was
time-dependent and our results also demonstrate that cancer cells have an influence on metal species

distribution in the cell culture medium over time.
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Significance to metallomics

This study shows the impact of speciation of cisplatin and the organoruthenium developmental anticancer agent RAPTA-C on the accumulation in cancer cells.
The metabolism of RAPTA-C in cell culture medium leaves it to a higher degree unreacted than cisplatin but cisplatin is taken up into cells more efficiently.
Notably, the presence of cancer cells influenced the species detected for both cisplatin and RAPTA-C interaction with proteins.

Ruthenium complexes are some of the most widely studied
non-Pt compounds and offer novel mechanisms of action, reduced

1. Introduction

Metal-based drugs are essential pillars of cancer chemotherapy.
A reason for the low development rate of novel anticancer
metallodrugs is the limited knowledge about their modes of
action beyond the DNA-targeting ability of cisplatin." In particular
newer generations of developmental metal-based anticancer
agents are designed to target proteins which are overexpressed
in tumour cells as compared to healthy cells.
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toxicity, and a different spectrum of activity, which can provide
alternative treatments for cisplatin-resistant cancers.”* Promising
Ru compounds encompass the clinically-investigated Ru™ coordi-
nation compounds NAMI-A and KP1019/NKP-1339 as well as
organometallic Ru"(n’arene) structures, such as RAPTA and
RAED compounds. The organometallic Ru"(n°arene) scaffold
provides a versatile platform for drug development because the
choice of ligand allows modulation for particular biological targets
and desired activity." RAPTA compounds of the general structure
[Ru(n®-arene)(PTA)X,] (PTA = 1,3,5-triaza-7-phosphaadamantane,
X = halide; see Fig. 1 for RAPTA-C with arene = p-cymene) bind
preferentially to proteins while the ethylene-1,2-diamine com-
plexes RAED exhibit a preference for DNA.”
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Fig.1 The chemical structures of cisplatin and RAPTA-C anticancer
agents used in this study.

While stability in aqueous solution and characterisation
of hydrolysis and degradation products is a prerequisite in
the early stage of (metal-based) drug development,® the inter-
action with proteins is more difficult to elucidate, especially in
biological matrices. Most metal-based anticancer agents are
developed for intravenous administration, and this makes
the reactions with blood components of particular significance,
e.g. the human serum proteins albumin [HSA] and transferrin
[hTf]." The LADME properties of metal complexes can be
dramatically influenced by serum protein binding. Classically
thought to remove active forms of the complexes from circula-
tion, there is now considerable evidence that proteins contribute
to tumour selective transport,” "' which has been exploited in
several instances to develop novel metallodrugs.'®**™®

It is well established that cisplatin largely exhibits its ther-
apeutic effect through the binding to DNA but there have also
been studies showing that Pt-HSA and Pt-hTf adducts still show
anticancer activity.'**° RAPTA-C has shown antimetastatic>' and
antiangiogenic activity,”> as well as suppression of primary
tumour growth in preclinical studies, and is on track to clinical
investigation.*® The interesting biological properties are most
probably due to protein interactions, although no selective
targeting behaviour could be identified.** Therefore, the modes
of action of both compound types are very different and this is
reflected in their anticancer activity profiles.*

Bioanalytical techniques to study these complexes often
include inductively-coupled plasma mass spectrometry (ICP-MS)
as a highly sensitive detector that quantitatively measures metal
concentrations. However, determination of the extent of binding
necessitates hyphenation with separation techniques to distin-
guish the unreacted metal complex and metal-bound protein
fractions.>® Typical techniques used are based on 1D or 2D
chromatographic separations,'***® gel,**' and capillary
electrophoresis (CE),*>*® often hyphenated to MS,**™® and
taking into consideration the conditions observed in living
organisms. CE-MS has been widely used for the study of
aqueous stability, biological target identification and charac-
terisation of kinetics for various types of metal complexes,
including cisplatin,’”~*° oxaliplatin,*® platinum complexes,*"*>
Ru coordination and organometallic compounds,”*™*" Zn,*3
Ga,***® and Au complexes.>’

In this study, we aimed to develop and utilise a robust
CE-based separation method to study the metabolism of cisplatin
and RAPTA-C in cell culture medium in order to assess the impact
of speciation on the accumulation in cancer cells and eventually
biological activity.

456 | Metallomics, 2018, 10, 455462

View Article Online

Metallomics

2. Methods

2.1. Chemicals

RAPTA-C and [tris(acetylacetonato)cobalt(mi)] [Co(acac);] were
prepared according to procedures described previously.**?
Cisplatin was obtained from ICN Pharmaceuticals, Inc., hydro-
chloric acid (36.5-37.5%) from J. T. Baker, and Suprapur®
nitric acid from Merck. Sodium dihydrogen phosphate (99%
purity) was supplied by AK Scientific, and disodium hydrogen-
phosphate dihydrate from Sigma-Aldrich. Sodium chloride
(reagent grade) was purchased from Scharlau, ammonium
bicarbonate (analytical grade) and ammonia solution from
AnalaR, BDH Chemicals Ltd. Sodium hydroxide (1.0 N) was from
Agilent and ammonium acetate was obtained from ECP Ltd. The
ICP-MS standards Tm, Sc, Ge, Re in 2% HNO; (1000 ug mL ™~ ") were
products of CPI International. Tuning Solution for ICP-MS 7500cs
was supplied by Agilent Technologies, hexadimethrine bromide,
polyethylene glycol (average M, 2000), poly(vinyl pyrrolidone)
(average M,, 55 000), human transferrin (lot# BCBR1763V), human
albumin (lot# 061M1583), and filtered human serum from male
AB plasma (lot## SLBM3315V) were obtained from Sigma Aldrich.
High purity Type 1 water was used throughout these experiments
obtained from an Elga pureflex-lab system.

2.2. Instrumentation and analysis conditions

2.2.1. Capillary electrophoresis. The CE experiments were
performed on a G7100 (Agilent, Waldbronn, Germany) equipped
with a long-life deuterium lamp (8-pin) with an RFID tag
(monitoring at 214 nm, a protein-specific wavelength). Capil-
laries (75 pm ID, 365 um OD, Polymicro Technologies) used for
experiments with UV detection were cut to a length of 76.5 cm
with a window at 70 cm, whereas for hyphenation with MS
detectors they were cut to a length of 70 cm. The conditioning
process for new capillaries involved flushing with HCI (1 M),
H,0, NaOH (1 M) and H,O for 10 min each as described in the
following paragraphs.

2.2.2. Poly(vinyl pyrrolidone) coating. The poly(vinyl pyrro-
lidone) coating was applied following a procedure reported by
Tan et al.>® The capillary was rinsed with a solution of poly(vinyl
pyrrolidone) (PVP, 50 mg mL™") at 50 mbar for 30 min. The
ends of the capillary were then sealed with silicone rubber
before being placed in a 200 °C oven for 180 min. The capillary
could be used straight away or left sealed overnight at room
temperature before being cut to the correct length. Unreacted
PVP monomer was flushed out using H,0, NaOH (1 M), H,O,
BGE and then applying voltage to the capillary filled with BGE
(10 min each). Conditioning with NaOH (1 M) was found to be
essential in order for the injected samples to migrate through
the capillary.

2.2.3. Polybrene coating. The coating procedure used for
polybrene was based on the method published by Groessl
et al.*® After capillary preconditioning, the capillary was flushed
with a 1% polybrene solution containing 3% polyethylene
glycol at 50 mbar for 30 min, followed by rinsing with H,O
(15 min), air (30 min) and formic acid (50 mM, 20 min) before
being used for analysis.

This journal is © The Royal Society of Chemistry 2018
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2.2.4. Separation conditions. Phosphate buffer (pH 7.4, 25 mM)
was used as the BGE with PVP- and formic acid (50 mM) with
polybrene-coated capillaries. The analysis procedure included pre-
conditioning the prepared capillary by flushing with BGE (3 min)
before each run and postconditioning with NaOH (1 M; 3 min) and
H,O (3 min) after each separation, in order to ensure repeatability
and maintain a steady baseline. When using the polybrene coating,
the NaOH rinsing step was omitted. Samples were injected hydro-
dynamically at 50 mbar for 5 s. The voltage applied for PVP-coated
capillaries (70 cm, 75 pm ID) was 15 kV, producing a current of
30 pA; and for the PB-coated capillaries (70 cm, 75 um ID) a
voltage of 30 kV produced a current of 7 pA.

2.2.5. CE-ICP-MS. An Agilent 7700 ICP-MS was used as the
detector hyphenated through a modified interface based on
part number G1607B (Agilent, Waldbronn, Germany).>* The
CE-ICP-MS settings are provided in Table S1 in the ESI.{ The
sheath liquid was supplied using the ICP-MS inbuilt peristaltic
pump [0.03 revolutions per second (rps)] via the internal standard
line (blue-orange tubing, 0.25 mm ID) and in conjunction with an
in-built alligator clip to close the electrical circuit. The ICP-MS was
tuned with **Sc, ’Ge and '®°Re in the sheath liquid until a stable
signal (RSD <5%) was attained. Data analysis was carried out
using Origin 2017 (OriginLab Corporation, Northampton, USA).

2.2.6. CE-ESI-MS. The capillary electrophoresis instrument
was hyphenated to a Bruker microTOF-Q II ESI-mass spectro-
meter via a CE-ESI-MS interface (part number G1607B, Agilent,
Waldbronn, Germany). The sheath liquid of isopropanol, methanol,
water, formic acid and 3-nitrobenzyl alcohol (25/25/50/0.2/0.5,
VIVIvIv%)°® was delivered at 6 uL min~* with an isocratic pump
(Agilent, Waldbronn, Germany). The MS was operated in positive
mode with a scan range of m/z 150-2500. The dry temperature
was 180 °C, the nebuliser pressure was set at 0.6 bar, and the dry
gas flow was 4.0 L min~". Data was analysed with Compass
DataAnalysis Version 4.0 (Bruker Daltonic, Bremen, Germany).

2.2.7. Sample preparation. Preliminary CE-UV studies were
carried out to optimise the separation of the human serum
proteins HSA and hTf (100 pM) and a mixture of HSA/hTf (1:1).
The interaction of cisplatin and RAPTA-C with serum proteins
was studied with incubation solutions consisting of 100 uM of
either cisplatin or RAPTA-C, and 50 uM of either HSA, hTf or
both HSA and hTf. The samples were prepared to contain a
matrix of 100 mM NaCl and 10 mM phosphate buffer (pH 7.4)
designed to simulate physiological conditions. The only excep-
tion was for the ESI-MS detector where Type 1 water was used.
The samples were incubated on a Grant bio thermoshaker
(37 °C, 260 rpm) and aliquots were collected after 0, 2, 4, 24,
48, and 96 h and were frozen until just prior to analysis.

Human serum samples were diluted 1 :4 with the incubation
solution before analysis. Cell medium samples collected from
cellular accumulation experiment (compare 2.3) were analysed
on CE-ICP-MS without additional workup, but for CE-ESI-MS
samples needed to be filtered (Vivaspin® 500 Polyethersulfone,
10 kDa, Sartorius) and the low- and high-molecular weight (LMW
and HMW) fractions were collected.

All samples contained [Co(acac);] (final concentration 10 M)
as an internal standard which was added just prior to analysis.

This journal is © The Royal Society of Chemistry 2018
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The calibration plots for Pt and Ru were prepared using
cisplatin and RAPTA-C concentrations of 1.6, 3.1, 6.1, 12.5, 25,
50 and 100 pM with 10 uM of [Co(acac);] as the internal
standard. The limits of detection (LOD) and quantification
(LOQ) were calculated as described previously.*®

2.2.8. Data processing. The migration time corrected relative
to the migration of the Co internal standards was termed relative
migration time (T}) and was calculated as Ty = t./tc, where ¢,
refers to the migration time of the analyte and ¢, refers to the
migration time of the cobalt internal standard. Similarly, the
'°1Ru and '*°Pt traces recorded of the analysed samples were
normalised with the **Co peak area recorded for [Co(acac);]
before they were integrated.

2.3. Cell studies

HCT116 cells were supplied by ATCC, and were grown in «MEM
(Life Technologies) supplemented with 5% fetal calf serum
(Moregate Biotech) at 37 °C in a humidified incubator with
5% CO,. The sulforhodamine B cytotoxicity assay to determine
ICs, values and the cellular uptake experiments were carried
out as described previously.’® To determine the intracellular
metal concentrations, HCT116 cells (4 x 10> per well) were
seeded into 6-well plates and allowed to settle for 24 h time at
37 °C and 5% CO,. The compounds RAPTA-C and cisplatin were
dissolved in DMSO (10000, and 250 pM, respectively) and
diluted with medium to a concentration of 1% DMSO and the
previously determined ICs, values of the metal complexes. Cells
were left to incubate at 4, 24, 48 and 72 h exposure times. The
medium was collected and analysed by both direct infusion
analysis ICP-MS to quantify the total metal content, and by PVP
coated CE-ICP-MS for speciation analysis. The wells were
washed twice with 1 mL of ice-cold PBS buffer. The cells were
lysed with 2 mL of concentrated nitric acid (containing 0.1 pL
of 2 1000 + 3 pg mL™" thulium standard as internal standard)
and digested with an Ethos Up microwave digestion system
(Milestone). Then the solutions were diluted with 10 mL of H,O
and the metal content was determined by ICP-MS. The ICP-MS
(Agilent 7700) with an ASX-500 autosampler (CETAC Technologies)
in a Serie SuSi laminar flow hood (SPECTEC) was equipped with a
MicroMist nebuliser and a Scott double pass spray chamber. The
carrier gas flow rate was 1 mL min~". The instrument was tuned
for cerium, cobalt, lithium, magnesium, thallium, and yttrium.
The calibration standards were matched to the samples with
regard to HNO; concentration and the internal standard. The
reported values are the mean of at least 3 independent uptake
experiments conducted with blank wells for each substance to
account for unspecific binding to the plastic of the well plates.

3. Results and discussion

3.1. Interaction of RAPTA-C with human serum proteins

CE-ICP-MS analysis was used to demonstrate that the Ru™

complexes KP1019 and NKP-1339/IT139 are predominantly bound
to HSA in serum in vivo.*>*” A similar method was applied to
compare these Ru(m) compounds and the organoruthenium(u)

Metallomics, 2018, 10, 455-462 | 457
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complex RAPTA-C in terms of their ligand exchange kinetics
with water and DNA models.** Such studies are of particular
importance in the early stage of drug development,®” and
CE-ICP-MS has significant potential in this research area. There
have been a wide variety of reports elucidating the interactions
between metal complexes and proteins and also on the impact
of halido/aqua ligand exchange on biomolecule binding. The
methods used are often based on liquid chromatography (LC)
separation and several interesting results have been reported,
contributing especially to the understanding of speciation and
its impact on the biological activity of metal-based anticancer
agents.'*?°?838°¢1 1,C provides low to high flow rates, which
makes it suitable for hyphenation with molecular and element-
specific detectors, and benefits from constant retention times
for the analytes. However, separations based on solid phase
interactions also suffer from the risk of shifts in the species
present in the samples, especially for reactive metal complexes.
Operating in purely aqueous conditions in CE reduces that risk
and even allows the use of the capillary as a reactor to resemble
the environment of specific biological tissue,®* while still using
minute sample amounts and allowing for short analysis times.

Notably, a disadvantage of CE separation with bare fused-
silica capillaries is that proteins such as HSA tend to adsorb on
the capillary surface. Though experimental procedures analysing
serum or HSA samples on bare fused-silica capillaries have been
previously published,®* ®® we have observed this phenomenon in
previous studies looking at the kinetics and binding behaviour
of HSA with metallodrugs. This strongly interferes with the
analysis and may result in capillary blocking. Lucy et al. describe
the fundamentals of this problem in detail in a recent review.*®

To overcome this issue, many procedures have been inves-
tigated that involve the coating of the capillary and high
adsorption resistance was observed, while being even able to
separate protein isoforms with high resolution.”””> One
approach of capillary coating is based on polybrene (PB) and
polyethylene glycol,”® which creates a cationic surface requiring
the use of an acidic background electrolyte (BGE). This proce-
dure was modified and then successfully applied to binding
studies of Ru compounds with serum proteins.***> The prac-
tical limitation of this approach was that the polybrene coating
is unstable and dynamic, which can lead to contamination of a
hyphenated MS detector. While ICP-MS is robust, it can be
problematic for ESI-MS.

Therefore, an alternative approach was investigated for the
application of CE-MS in the elucidation of metallodrug protein
interaction in serum and cell culture medium operating the
CE in capillary zone electrophoresis mode (CZE). To avoid
contamination with PB, poly(vinyl pyrrolidone) (PVP) was used
to covalently coat the capillary. PVP was shown to be stable,
insensitive to pH, and biocompatible.”>® To study the suitability
of the coating, the separation performance of a PVP-coated
capillary for the serum proteins HSA and hTf was evaluated and
contrast with PB-modified capillaries. In PVP coated capillaries the
BGE can be broadly varied for separation and it is possible to
separate the principal serum proteins HSA and hTf using a physio-
logically compatible buffer (25 mM phosphate buffer, pH 7.4),

458 | Metallomics, 2018, 10, 455-462
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Fig. 2 The CE-UV (214 nm) electropherograms of [Co(acac)s] (10 uM, internal
standard, EOF marker) and the serum proteins (100 pM) HSA and hTf and a
HSA/hTf mixture (1:1) using either (A) PVP- or (B) PB-coated capillaries.

while PB coatings require a low pH buffer (50 mM formic acid)
for separation. A significantly higher signal-to-noise ratio was
found with PVP, and a superior protein resolution was achieved
for the HSA and hTf mixture (Fig. 2). [Co(acac);] was added to
the samples as an internal standard to a final concentration
of 10 uM prior to analysis to record the position of the EOF and
to correct for run-by-run variation in migration time and peak
area (Fig. 2).

The enhanced robustness to a broad pH range allowed the use
of 1 M NaOH for rinsing to regenerate the EOF, while the coating
remained stable for over two weeks. There was no indication of
any loss of ion sensitivity in the ESI-MS confirming the PVP is
fixed firmly to the exposed silanol groups.

Given these positive results, PVP-coated capillaries were
employed in CZE?'"-ICP-MS studies to evaluate the serum protein
binding behaviour of the organometallic complex RAPTA-C,
monitoring the Ru, Co (internal standard), Re (nebulisation
stability), and P (capillary performance) traces. The total amount
of measured Ru for the same sample was found to be higher with
the PVP-coated capillary than when using PB (Table S2, ESIf).
Although the peak area was initially more variable than with
PB coating, correction with the internal standard [Co(acac)]
decreased the variability to a level comparable with PB (Fig. S2
and Table S2, ESIT). Moreover, the peak areas for the Ru-serum
protein adducts measured via PVP capillaries were compara-
tively larger. Therefore, this improved method made it possible
to identify the principal binding partners of RAPTA-C in human
serum (Fig. 3). Using pure samples of HSA and hTf incubated
with RAPTA-C for 96 hours as standards helped to identify the
migration behaviour of the respective Ru-serum protein adducts
with the hTf adduct migrating quicker than the HSA conjugate.
For a 1:1 HSA/hTf mixture, approximately a 2.5:1 ratio of
adduct formation with the proteins was identified, with a pre-
ference for HSA. Studies in human serum, where HSA is present
in about 10-times higher concentration support this outcome
and the vast majority of Ru was found attached to HSA (Fig. 3),
although the peaks were broadened in these studies. Importantly,
only one cobalt peak was detected in these samples, which
indicated that the [Co(acac);] not only remained intact but did not
form adducts with any species present in the reaction mixture.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The CZE-ICP-MS electropherograms for reaction mixtures of

RAPTA-C with HSA, hTf and HSA/hTf (50 uM, 1:1) in saline solution and

human serum after 96 h incubation, using PVP-coated capillaries.

[Colacac)z] was added as an internal standard and used as the EOF marker.

This is another example that confirms the broad applicability of
[Co(acac);] as an internal standard in CE analyses.*

3.2. Cell uptake and speciation of RAPTA-C and cisplatin in
cancer cells

The biological activity of metal-based anticancer agents is often
strongly dependent on the speciation and the accumulation
in cancer cells.”* Therefore, cellular uptake experiments for
cisplatin and RAPTA-C were conducted in HCT116 colon cancer
cells grown in «MEM supplemented with 5% fetal calf serum
containing the bovine serum proteins bovine serum albumin
(BSA) and transferrin (bTf). HSA has approximately the same
molecular weight as BSA and they feature 76% sequence
homology.”® Transferrins in general have a significant degree
of conservation in their amino acid sequence (>70%),”® and
hTf and bTf also have similar molecular weights. The concen-
trations of the complexes chosen were at or below the ICs,
values for cisplatin (2.5 pM)*® and RAPTA-C (100 pM) in
HCT116 cells, respectively. The cell viability was confirmed
under the light microscope before cells were collected for each
time point of the cell uptake analysis. Analysis with direct
infusion ICP-MS demonstrated that cisplatin was accumulated
more efficiently inside the HCT116 cells, while the total amount
of Ru was higher despite the lower antiproliferative activity of
RAPTA-C (Fig. 4). While the uptake of Ru from RAPTA-C
appears to increase steadily over the time course of 72 h, the
concentration of Pt detected in the cells treated with cisplatin
only slightly varies between 24 and 72 h. This may be related to
the differing reactivity of the complexes with proteins or other
medium components.

In order to investigate this differing behaviour further, we
prepared samples of cell medium containing fetal calf serum
spiked with both anticancer agents and analysed them with
our newly optimised method based on PVP-coated capillaries
with a particular emphasis on the influence of speciation on
the uptake. Notably, analysis of the cell medium samples by
CZEFYP-ICP-MS was carried out without the need for prior work
up or dilution, despite the significant matrix in such samples
(Fig. 5, composition listed in Tables S3 and S4, ESIf).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The time-dependent uptake of cisplatin (2.5 uM) and RAPTA-C
(100 pM) in HCT116 colon carcinoma cells, measured at time points of 4,
24,48 and 72 h.

For both cisplatin and RAPTA-C, the principal binding
partner(s) in the cell culture medium were identified as the
serum proteins. This confirms reports by Groessl et al for
cisplatin and an analogous RAPTA compound by size exclusion
chromatography (SEC)-ICP-MS.>?® 1t is also in line with a study
by Gibson et al. who collected SEC fractions from cell extracts
treated with cisplatin and determined two-thirds of the Pt content
to be in molecular weight fractions of >3000 g mol .’ Heffeter
and colleagues found large protein aggregates with high mole-
cular weights for Ru™ anticancer agents in the cytosol, which
was very different to the protein adducts cisplatin formed.>”

With the rising signals assigned to the BSA and bTf adducts for
cisplatin and BSA for RAPTA-C, the peaks identified for the free
metal complexes declined over the time of the incubation period
(Fig. 5A and B). While for RAPTA-C a cationic metabolite, presum-
ably [Ru(cym)(PTA)CI(H,O)]" based on previous experiments,>"**7%7°
was identified, no cationic Pt-containing peaks were observed.
For both compounds, several additional Ru- or Pt-containing
anionic species were detected. Attempts of using ESI-MS in a
hyphenated setup did not allow identification of any adducts
as the salt content of the cell medium samples was too high.
Therefore, the samples were further separated with a 10 kDa
cut-off filter into low (LMW) and high molecular weight (HMW)
fractions. CEPYF-ESI-MS analysis of the HMW fraction success-
fully confirmed the identity of the principal serum protein
binding partner as BSA for both cisplatin and RAPTA-C. Analysis
of the LMW fraction by CZE*'*-ICP-MS clearly shows that the
unknown Ru species has a molecular weight below 10 kDa (ESI, T
Fig. S4). This anionic species may be formed by a reaction with
phosphate or sulfate ions, or the negatively-charged amino acids
aspartic and glutamic acid, all present in the cell medium
solution. Adducts with some of these were detected before for
cisplatin, although in absence of proteins.*”

The speciation data collected by CZE"*-ICP-MS showed a
peak variability of ca. 7 and 5% for Pt and Ru after correction
using [Co(acac);] as the internal standard. This was especially
beneficial for samples containing cisplatin which behaved
more irregularly, probably influenced by the low concentrations
of the analytes. The high reproducibility of measurements
involving RAPTA-C gave LOD and LOQ values of 1.3 and
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Fig. 5 The speciation studies carried out by CZEPYP-ICP-MS. (A) *¥*°Pt and (B) *°*Ru electropherograms of cisplatin and RAPTA-C speciation over time in
cell medium both in the presence of HCT116 cells (black line) and absence (grey line). The principal species of interest are identified by arrows and
comparisons of cisplatin and RAPTA-C species in the presence and absence of HCT116 are made in C and D, respectively. t-Tests were carried out on the
species amount in the presence of cells and in medium. Statistically significant differences at the 95% confidence level are indicated with an asterisk.

3.9 uM (ESL+ Fig. S2), while for cisplatin with this method 2.6
and 8.0 uM were obtained. Similar observations for cisplatin
have been reported previously,” and in a laser ablation (LA)-
ICP-MS study contrasting the spatial distribution of cisplatin
and KP1339 in animal tissue.*

Importantly, the CZE®Y® method used allowed superior
separation of albumin and transferrin in combination with
both UV and ICP-MS detectors. This is a significant advantage
as compared to PB-coated capillaries. Therefore, it was possible
to use CZEPYP-ICP-MS and show significant differences in the
peak areas over time in the cell medium samples that could be
assigned to the presence of HCT116 cells. Overall, the presence
or absence of cells did not impact the decrease of the peaks
assigned to cisplatin and RAPTA-C (Fig. 5C and D) but it had a
significant influence on the amount of individual species
detected, probably because of different interactions between
the metal complexes and the proteins present in the samples.
For example, for cisplatin the amount of bTf adduct formed
after 4 h was significantly higher in the sample without cells
than in presence of cells (Fig. 5C). While it remains fairly
constant in the presence of cells over the whole period of the
experiment, in case of the cell medium samples it significantly
increased after 72 h. In contrast, the amount of Pt attached to
BSA was higher in the samples incubated with cells for 24 and
48 h while it was constant for the cell medium samples. Overall,
the relative abundance of the BSA adduct decreased from 24 to
72 h in presence of cell. The relative distribution between
original complex and protein adducts showed that RAPTA-C
is present to a higher degree as unreacted complex while much
of the Pt is bound to proteins and only a minor amount of

460 | Metallomics, 2018, 10, 455-462

unreacted cisplatin was detectable. We suggest that this is
the reason for RAPTA-C to accumulate consistently over time,
while the increase of Pt concentration in the cells beyond 24 h
was limited.

4. Conclusions

We have introduced a new CE-based method for the analysis
of metal-based anticancer agents and we have applied it in
conjunction with ICP-MS detection to study the impact of
speciation in cell culture medium on the cellular accumulation
of cisplatin and the developmental anticancer agent RAPTA-C.
The PVP coating used in these studies has been demonstrated
to show considerable robustness to high salt content samples,
as often found in biological environment, with no loss of peak
resolution. Given these characteristics, this method has high
potential for application in speciation analysis of anticancer
metal complexes. Being able to generate informative results
from the analysis of complex serum sample with no sample
work up is an important feature of the new method as it limits
the potential of alteration in speciation. With this 1D CZE
method, it was possible to separate proteins such as albumin
and transferrin, despite their similar molecular weights, and we
obtained LOD and LOQ values that allow application of the
method in biological samples. Therefore, it enabled us to
quickly and confidently assess the principal protein binding
partners of cisplatin and RAPTA-C with enhanced resolution.
Despite using low concentrations in the cell culture experiments,
especially for cisplatin, it was possible to show that the presence

This journal is © The Royal Society of Chemistry 2018
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of cancer cells had an impact on the detected species distribu-
tion of anticancer metal complexes in terms of the amounts of
protein adducts present in cell culture medium. While cisplatin
was found to react with both albumin and transferrin, for
RAPTA-C only an albumin adduct was detected, accompanied
by a minor amount of hydrolysis product. Notably, the amount of
free RAPTA-C was significantly higher than found for cisplatin,
which may explain the different cellular accumulation behaviour
of the two compounds.
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