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Introduction

The discovery in the 1960s that cancer could be treated with
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Revealing the effect of host—guest
complementarity in supramolecular
monofunctional platinum(i) drugs+

*ab.C Jakub Jakubec,®® Katefina Petrlakova,®
b€ Michal Masafik, (2 &f

Shib Shankar Paul, ¢ 2 Jan Novotny,
Pia Jurcek, (2@ Klara Raskova,® Michaela Kuchynka,
Petr Kulhanek (2 © and Radek Marek () *ab-€

Monofunctional platinum(i) compounds bearing planar aromatic ligands can be significantly more potent
for the treatment of tumors than the traditional bifunctional platinum(i) systems derived from cisplatin.
Their properties can be modulated by using a drug carrier, for example, by trapping them into a macro-
cyclic cavitand and releasing the metallodrug in a controlled manner. In this work, we introduce new
monofunctional platinum(i) compounds with the general structure cis-[Pt"(NHs),Cl(4-R-py)]"NO3s~ as
direct analogs of pyriplatin, cis-[Pt"(NH3),Cl(py)]*. We investigated their chemical activation by aguation in
host—guest (HG) complexes with the cucurbit[7]uril (CB7) macrocycle. We used a range of NMR tech-
niques to characterize the HG complexation in detail, and the effects of the ligand on the structure and
aquation of chloride at the platinum center in the HG complexes were rationalized with the support of
molecular dynamics (MD) simulations and density-functional theory (DFT) calculations. Biological screen-
ing of the cytotoxicity and the drug uptake by cell lines A2780 and A2780/CP showed that the cytotoxicity
of the Pt-compound with 4-phenylpyridine and 4-pentafluorophenylpyridine ligand was comparable to
that of cisplatin and that the cytotoxicity and drug uptake of the Pt-compound with a 4-(1-adamantyl)
pyridine ligand was greatly modulated by the CB7 carrier. Our observations indicate great potential for HG
complexes in the future supramolecular design and structural tailoring of biological activity.

platin therapy.”™ To overcome these problems, the anticancer
properties of novel platinum compounds have been
investigated.”®® A large number of compounds have been pre-

cisplatin revolutionized inorganic medicinal chemistry."
Despite the great success of cisplatin, it is not universally
effective for all types of cancer” and its non-selective mode of
action causes a lot of side effects.*® Many types of cancer are
either inherently resistant or quickly acquire resistance to cis-
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pared and tested, but only two other platinum drugs (carbopla-
tin'” and oxaliplatin'®) have been approved for clinical use
worldwide."

Monofunctional platinum(u) compounds represent a class
of nonclassical compounds which are designed to form only a
single coordination bond with DNA, unlike bifunctional com-
pounds of the cisplatin type.>** Studies of the mechanism of
action of oxaliplatin have revealed a role for Organic Cation
Transporters (OCTs) in cellular uptake and activity.® Later
studies demonstrated that pyriplatin (pyPt), the monofunctional
cationic Pt(i) compound cis{Pt(NH;),Cl(pyridine)]” (Fig. 1a), was
transported efficiently by OCT 1 transporter.>* Structural analysis
of pyPt-bound DNA showed RNA polymerase (pol) II stalled at
the pyPt DNA lesion (Fig. 1d). It was suggested that a larger
N-heterocycle could stall the RNA pol II even more efficiently.>®
This led to the discovery of phenanthriplatin (phenPt), cis-[Pt
(NH3),Cl(phenanthridine)]” (Fig. 1b), which was more cytotoxic
than cisplatin in a series of cell lines.*®

Most anticancer metallodrugs tested to date have had two
major drawbacks: (i) dose-limiting toxicity®?” and (ii) low

This journal is © the Partner Organisations 2024
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Fig. 1 Structure of (a) pyriplatin (pyPt), (b) phenanthriplatin (phenPt), (c) adamantylamiplatin (adaPt), and (d) X-ray structure of pyPt-stalled RNA pol

Il (generated from PDB: 3M40 according to ref. 25).

selectivity®® that led to numerous side effects.”® A solution to
the problem could be a drug-carrier system>*" designed to
protect the Pt-drug from biological nucleophiles during its
delivery and to allow site-specific release of the Pt warhead
into the tumor tissue.”** An important class of carriers is
represented by macrocyclic compounds, such as cucurbit[x]
urils (CBs) and cyclodextrins (CDs), which are able to form
host-guest (HG) inclusion complexes with platinum drugs. In
this regard, cisPt has been shown to be completely encapsu-
lated in the cavity of a cucurbit[7]uril (CB7) carrier, but upon
aquation of a chloride ligand, the drug translocated towards
the CB7 portal.”” In contrast, oxaliplatin has been shown to be
only partially encapsulated in CB7 via the hydrophobic cyclo-
hexane moiety.*> It was later shown that the CB7 container
enhanced by a biotin ligand improved the targeted delivery of
oxaliplatin into tumor cells.?® Advances in platinum(n)-based
supramolecules have been summarized in several review
articles, to which we refer the interested reader.?°*37:38

We previously reported the development of cis-[Pt(NH;),Cl
(1-adamantylamine)]'[NO;]~ (adaPt, Fig. 1c) combined with
macrocyclic carriers, where we observed the aquation of chlor-
ide at the Pt(u) core induced by the CB7 macrocycle, leading to
strong HG interaction and the sticking of the active metallo-
drug in the carrier.*® The blocked HG complex with a low
probability of efficient drug release was stabilized by two

This journal is © the Partner Organisations 2024

supramolecular effects: (i) the close proximity and interaction
of the positively charged Pt(un) core and the negative oxygen
rim of CB7, and (ii) the strong binding of the adamantyl group
of the guest with the CB7 host. The solution for optimized
binding can be either putting a molecular linker (spacer) in
between the Pt(u) core and the supramolecular anchor (ada-
mantyl) or choosing a weaker anchor with less affinity for the
CB7 host or both.

In this account, we proceed with synthesizing pyPt-based
derivatives 1-4 where the supramolecular anchor is attached at
position 4 of the pyridine ring (Fig. 2). First, the pyridine acts
as a spacer group between the Pt(u) core and the adamantyl
anchor to increase their distance and reduce the attractive
electrostatic interaction between the Pt drug (1 or 2) and the
CB?7 carrier in the HG complex. Second, the phenyl and penta-
fluorophenyl anchors installed at position 4 of pyridine in
compounds 3 and 4, respectively, have a significantly lower
affinity for CB7 than the adamantyl group.’>*' This would
result in weaker HG binding and more efficient release of the
Pt drug.

In the following, we first investigate the effect of the pyri-
dine-based ligand attached to the platinum core (4-R-pyridine
in Fig. 2) on the substitution of chloride by water (aquation)*?
in an HG complex. This chloride aquation is an equilibrium
reaction (affected by the concentration of chloride in the solu-
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Fig. 2 Structures and atomic numbering scheme for compounds 1-4.

tion),*® and is generally considered to be a chemical activation
of platinum(u) drugs related to their biological activity.*?
Therefore, in the second step, compounds 1-4 and their HG
complexes are tested for cytotoxicity in A2780 cell lines.

Results and discussion
Structure, solubility, and stability of compounds 1-4

Cisplatin was synthesized as described in the review by
Lippard** and references reported therein. It was used as a
starting material for the preparation of compounds 1-4 with
the general structure cis-[Pt(NH;),CI(4-R-py)]" shown in Fig. 2,
and as a reference for biological screening. Compounds 1-4
were synthesized by a two-step process similar to that
described in our previous work,*® see the section Materials
and methods. The products were extracted as pale white solids
and characterized mainly by using mass spectrometry and
NMR spectroscopy (see Fig. S1-S27 in ESIt). The molecular
structure of compound 3 determined by using single-crystal
X-ray diffraction is shown in Fig. 3.

Because of the aim to biologically screen compounds 1-4,
we performed tests of their solubility and stability in an

CI2

Fig. 3 Molecular structure of compound 3 determined by single-crystal
X-ray diffraction (thermal ellipsoids at the 75% probability level; counter
anion omitted for clarity). The inter-plane angle between the pyridine
and benzene rings is 39° (31° for the DFT-minimized structure).
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aqueous medium. The solubility was determined from the
content of platinum in saturated aqueous solutions of com-
pounds 1-4 and their HG complexes with CB7 (reported value
for cisplatin reference ~1-2.5 mg mL™"),*> using ICP-MS
experiments (see Materials and methods). Note that com-
pound 2 was poorly soluble in water due to the presence of the
hydrophobic 4-(4'-(1-adamantyl)phenyl)pyridine ligand.

Adamantyl-based compounds 1 and 2 were less soluble in
water than cisplatin (~5.3 mM). The solubility of compound 1
amounts to approximately 2.1 mM, whereas that of 2 is as low
as ~1.0 mM. Upon addition of CB7 we identified a notable
increase in solubility for both systems (Fig. S27 in ESI{); for-
mation of the HG complex with the CB7 macrocycle results in
a more than 4-fold increase in the solubility of 1 (~9.2 mM)
and an almost 2-fold increase for 2 (~1.8 mM). Compound 3
(~10.5 mM) was slightly more soluble in water than cisplatin
under our conditions, whereas the solubility of compound 4
(~4.9 mM) was comparable to that of cisplatin. However, the
effect of the CB7 carrier on the solubility of both compounds 3
and 4 was weakly negative — their solubility decreased slightly
in the presence of CB7 (Fig. S28 in ESIf). We hypothesize that
this slight decrease in solubility could be due to the formation
of less soluble higher associates. However, this assumption
will require future in-depth study.

Because of the low solubility of compound 2 in water, we
focused our further investigation of stability on compounds 1,
3, and 4. As these compounds dissolved in water, they began
to replace the chloride ligand with water in an aquation
process ([PtN;Cl]" — [PtN;(H,0)]*" or [PtN;(OH)]"; for the "H
NMR spectra of compound 1, see Fig. S13 and S147).

To investigate the effect of HG complexation on the aqua-
tion, compounds 1-4 were mixed with CB7 (~1 mM) in
aqueous solution. As expected, the adamantyl anchor (156 A%)
of 1 and 2 is strongly bound in the CB7 cavity (242 A%)*®
whereas the aromatic axles of 3 and 4 are weakly bound
because of their smaller size (124 and 136 A%) and their related
less favorable steric fit with the interior of the CB7 barrel (51%
and 56%).*° The process of aquation and the structure-activity

This journal is © the Partner Organisations 2024
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relationship of the HG complexes were studied using a range
of NMR techniques and mass spectrometry. The aquation pro-
files for compounds 1-4 in the presence of CB7 will be
thoroughly discussed in the next sections.

Host-guest systems of compounds bearing adamantyl ligand

As indicated above, the CB7 has a high affinity for the adaman-
tyl group (hydrophobic effect in water) as well as cations
(electrostatic attraction).’® To reduce the strong attractive
electrostatic interaction of the Pt(u) core in adaPt and the CB7
oxygen rim,*® we inserted a pyridine linker in between the
platinum and the adamantyl anchor in compound 1 and an
even longer 4-phenylpyridine linker in compound 2.

The host-guest (HG) complex was prepared by mixing 1, cis-
[Pt(NH;),Cl(4-(1-adamantyl)pyridine)]*, and 2, cis[Pt(NH;),Cl
(4-(4'-(1-adamantyl)phenyl)pyridine)]’, with CB7 (ratio 1:1.1)
resulting in 1@CB7 and 2@CB7, respectively. Like adaPt@CB7
reported previously,*® in solution both HG systems underwent
subsequent transformation at the platinum center, however, to
different degrees of aquation. Whereas compound 1 converted
to the aqua form 1_aq at approximately 10% in the absence of
the host (see Fig. S13 in ESIf), upon mixing with CB7, the
spontaneous aquation of 1 amounted to approximately 35%

£ Cl/H,0

View Article Online

Research Article

conversion in one week (Fig. 4 and Fig. S15%). The structure of
the transformed HG complex 1_aq@CB7 was confirmed by
preparing the aqua form of 1 using AgNO; (see Materials and
methods) and mixing 1_aq with CB7 (Fig. 4).

These results indicate that incorporating a pyridine spacer
in compound 1 significantly attenuates the degree of aquation
as compared to that for adaPt@CB7 where aquation above
90% was observed in one day.*® It can be predicted that the
even longer linker in compound 2 will result in a further
attenuation of the aquation in the HG complex 2@CB?7.
Indeed, this was observed in the NMR experiments recorded in
an identical time window, as shown in Fig. 4 (see also
Fig. S18%).

We note that interaction of p-cyclodextrin (3-CD) with com-
pound 1_aq results in a weak-medium HG binding (pK, ~ 5.7)
in a fast exchange regime (averaging of NMR signals at the
experimental temperature, Fig. S17at).

Host-guest systems of compounds bearing an aromatic ligand

To eliminate the effect of the strongly attractive hydrophobic
interaction between the adamantyl anchor and the internal
cavity of the CB7 barrel, we resorted to compounds 3, cis-[Pt
(NH;),Cl(4-phenylpyridine)]”, and 4, cis[Pt(NH;),Cl(4-
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Fig. 4

*H NMR spectra of 1 (left) and 2 (right), and their aqua forms (1_aq, 2_aq) and HG complexes with CB7. The spontaneous Pt@CB7 — Pt_aq@CB7

transformation is indicated in the NMR spectra recorded in a time window of 0—24 hours (for longer times up to 7 days, see ESI}) after the preparation of
the Pt@CB7 sample in D,O. An impurity in the CB7 sample is labelled with an asterisk (*). A nucleus independent chemical shift (NICS) map of free CB7
(calculated at the RI-B3LYP/def2-TZVPP/VAC level and symmetrized with respect to the axis of rotation of CB7) projected into the molecular model of the
inclusion complex Pt@CB?7 (for details, see Materials and methods) is also shown (shielding in blue, deshielding in red).
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Fig. 5 'H NMR spectra of 3 (left) and 4 (right), their aqua forms (3_aq, 4_aq), and HG complexes with CB7. The spontaneous Pt@CB7 —
Pt_aq@CB?7 transformation is indicated in the NMR spectra recorded in the time window of 0—24 hours after the preparation of the Pt@CB7 sample
in D2O. A nucleus independent chemical shift (NICS) map of free CB7 (calculated at the RI-B3LYP/def2-TZVPP/VAC level) projected into the mole-
cular model of the inclusion complex Pt@CB7 (for details, see Materials and methods) is also shown (shielding in blue, deshielding in red).

pentafluorophenylpyridine)]’, Fig. 2. The interaction of 3 and 4
with CB7 resulting in 3@CB7 and 4@CB7, respectively, is
accompanied by a significant broadening of the '"H NMR reso-
nances in the aromatic region (Fig. 5).

This broadening indicates that a dynamic process occurs
for the non-aquated HG complex Pt@CB7. Generally, the NMR
line broadening for these systems can originate either in an
exchange process between the free and bound forms (Pt «
Pt@CB7) or the internal supramolecular conformational
dynamics of sliding the CB7 wheel along the 4-phenylpyridine
axle in Pt@CB7 or both. The concentration-dependent line
broadening of "H NMR lines (Fig. $31) indicates that some role
is played by the free < bound equilibrium. Note the somewhat
less pronounced line broadening for 4@CB7 in Fig. 5, indicating
slower free < bound exchange and a better-defined position of
the guest in the HG complex (for calculated binding profiles, see
ESIt). However, the internal supramolecular conformational
dynamics allow the platinum core of the guest to come into close
contact with the oxygen portal of the CB7 host, and their electro-
static stabilization promotes shifting the equilibrium towards the
encapsulated aqua form. In other words, the aqua form
(Pt_aq@CB?7) is more strongly bound in the HG complex, and its
dynamics is suppressed. This aquation accompanied by the
increased rigidity of the HG complex is clearly revealed in the 'H
NMR spectrum in Fig. 5, where a new set of narrow signals
belonging to Pt_aq@CB7 gradually appears in time. In contrast
to the Pt@CB7 complex, the well-resolved "H NMR resonances of
Pt_aq@CB?7 can be assigned to individual atoms using 2D NMR

8514 | /norg. Chem. Front., 2024, 11, 8510-8525

experiments (see Fig. S21 and S221). (Note that 3_aq is only
weakly bound to p-CD (pK, = 3.5, Fig. S231) and the interaction
of 4_aq with p-CD was even undetectable by the standard 'H
NMR titration experiment.)

To support our conclusions about the structure and
dynamics of Pt@CB7 and Pt_aq@CB7 systems, we performed
unbiased molecular dynamics (MD) simulations of the four
HG complexes and evaluated the average distances between
the center of mass of the non-hydrogen atoms of the aromatic
ligand of the guest and the plane of symmetry of the CB7 host
as shown in Fig. 6.

Effect of aquation. The MD simulation of 3@CB7 points to
the relatively shallow average encapsulation of compound 3 in
the cavity of CB7 (r,, = 1.57 A) and its barrierless sliding over
the broad range of distances indicated by the histogram of dis-
tances in Fig. 6a. Upon aquation, compound 3_aq penetrates
more deeply into the CB7 cavity (r,, = 1.06 A) described by
three distinct positional minima (see histogram in Fig. 6b).
The additional aquation-induced penetration (3 vs. 3_aq)
amounts to ~0.5 A and results in a more rigid HG complex.

Similar to compound 3, compound 4 exhibits barrierless
sliding in the cavity of CB7 over a broad range of ODIS values
(Fig. 6¢), whereas three minima were obtained by MD simu-
lation of 4_aq as shown in Fig. 6d. The difference of ~0.6 A in
the degree of penetration induced by aquation is slightly larger
than that for 3 discussed above.

To further support our theoretical findings on the greater
degrees of HG penetration upon aquation, we analyzed com-

This journal is © the Partner Organisations 2024
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Fig. 6 Average values of intermolecular oriented distances (ODIS in A) as obtained from unbiased MD simulations of (a) 3@CB7, (b) 3_aq@CB7, (c)
4@CB7, and (d) 4_aq@CB?7 with the distribution shown in the form of histograms. The distribution of distances is in good qualitative agreement with
the ABF calculation of the free energy profiles. (See Fig. S31 and S32 in ESI.)

plexation-induced NMR shifts for 3@CB7 and 3_aq@CB?7, as
shown in Fig. 7. Indeed, the shielding patterns identified for
3@CB7 (the most shielded region around H10 and H11) and
3_aq@CB7 (the most shielded H10 and H7) correspond to
deeper penetration of 3_aq. The phenomenon of greater
shielding of H7 in the aqua form has also been identified for
compound 4.

We also calculated and visualized NMR shielding maps for
the CB7 host and calculated the values of the nucleus-indepen-
dent chemical shifts (NICS) at the positions of the individual
hydrogen atoms in all four HG complexes. These data are sum-
marized in Table S5 and discussed thoroughly in ESIL.{

Effect of ligand. Comparing the MD simulations of 3
bearing the 4-phenylpyridine ligand (r,, = 1.57 A in Fig. 6a)
with those of 4 containing the pentafluorophenyl ring (7, =
0.51 A in Fig. 6¢) indicates a notably deeper encapsulation of
4. This is supported by analyzing the differences in the NMR
shifts of H7 (see Fig. 7). The experimental complexation 'H
NMR shifts (AS) for non-aquated systems revealed that the H7
atom is more shielded for encapsulated 4 than for 3 (AAS =
—0.4 ppm; the DFT calculations predict the same trend but
overestimate the value: AAS = —0.7 ppm). A similar difference
in the complexation NMR shift (AA5 = —0.5 ppm) was
observed for aquated systems (DFT calculated AAS amounts
—0.3 ppm). Although the influence of changing the ligand on

This journal is © the Partner Organisations 2024

the H6 resonance is substantially weaker because of its exter-
nal position, we also observed a weak secondary NMR
shielding.

In both cases (4 and 4_aq), the ligand-induced degree of
penetration exceeds 1 A and results in a partial protruding of
the pentafluorophenyl ring through the opposite CB7 portal.
This change in geometry must influence the effectivity of the
aquation process (degree of aquation) as already indicated in
Fig. 5 and further supported by the "’F NMR spectra shown in
Fig. 8.

To support the hypothesis of a deeper penetration by 4-pen-
tafluorophenylpyridine and to determine its position inside
the cavity of CB7, we performed 'H-"H ROESY experiments for
3_aq@CB7 and 4_aq@CB7 and measured a 2D heteronuclear
"H-"°F NOE experiment (HOESY) for 4_aq@CB7, see Fig. 9.
Indeed, the 'H-'"F dipolar contacts (through-space inter-
action) obtained between F10/F11 of 4_aq and Ha' of CB7, the
weaker F10-Hc, and the absence of interaction between F12
and the CB7 host confirm the preference for a protruding con-
formation with a large distance between F12 and CB7.

Ligand effect on the aquation of chloride in HG complexes

The degree of aquation at the Pt(u) center can be easily deter-
mined by analyzing the population of the aqua form (Pt_aq)
from the integrals of the individual "H NMR signals. We deter-

Inorg. Chem. Front., 2024, 11, 8510-8525 | 8515
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culated (blue) using an explicit model of the inclusion complex (RI-B3LYP/def2-TZVPP/CPCM). The contributions of the individual geometries (for
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and methods.
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mined the ratio between the native non-aquated system and
the aqua form (non-aquated:aquated; Pt@CB7:Pt_aq@CB7)
with the sum normalized to 100 (%). As discussed in the pre-
vious sections, installing a molecular linker to alter the dis-
tance between the platinum center and the oxygen portal of

NH,
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the CB7 results in a significant change in the degree of
aquation.

The aquation is almost quantitative (and very fast) for the
system adaPt@CB7 reported previously (Fig. 10a).>® The 1:1
ratio is reached approximately one hour after mixing adaPt
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Fig. 10 The aquation process for compounds (a) adaPt, 1, 2 and (b) 3, 4 in the presence of CB7 (all as 1 mM solutions in a 1: 1 HG ratio) obtained as
the relative population of the aqua form by using H NMR spectroscopy. The distance D (in A) corresponds to the average oriented distance of the
N1 of pyridine with respect to the central plane of CB7 resulting from unbiased MD simulations (see Materials and methods). (Note that the equili-
brium Pt@CB7 < Pt_aq@CB?7 is influenced by: (i) the stabilities of the bound HG complexes, which govern the populations of the individual forms,
(i) the conformational flexibility of each HG complex, which governs the distribution of distance D.)
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with the CB7 host, and the guest is almost completely con-
verted to adaPt_aq@CB7 (10:90) in 24 hours. The pyridine
linker between the adamantyl anchor and the platinum center
in 1 reduces the degree of aquation substantially compared to
adaPt; a near-equilibrium ratio of 65:35 is reached in about
24 hours (Fig. 10a). The even longer 4-phenylpyridine linker in
2, separating the adamantyl anchor and the platinum to the
electrostatically almost ineffective distance of 10.4 A, restricts
conversion to the aqua form 2_aq@CB?7 to only about 20% in
24 h (80: 20; Fig. 10a).

The axles 4-phenylpyridine and 4-pentaflurophenylpyridine
in 3 and 4, respectively, have very similar volumes but signifi-
cantly different distributions of electron density due to the
different electronegativities of the five surface atoms at the
terminal part of the axle (H vs. F on phenyl). The average dis-
tance (D in Fig. 6) between the nitrogen N1 and the centroid of
the atoms of the CB7 in 3_aq@CB?7 is approximately 4.5 A,
which is similar to that in 1_aq@CB7 (6.2 A). Thus the ratio
55: 45 for 3@CB7 in 24 h (Fig. 10b) roughly resembles that for
1@CB7 discussed above (65:35). In contrast, deeper pene-
tration of the 4-pentaflurophenylpyridine axle in 4@CB7
makes the “electrostatic” distance between N1 and CB7 shorter
(the average D is 3.4 A, Fig. 10b) and the conversion of 4@CB7
to 4_aq@CB?7 is more efficient (20: 80 after 24 h, Fig. 10b). In
summary, different supramolecular interactions (weak hydro-
gen bonding for 3 vs. O---F and H---F electrostatics for 4)
between the phenyl or pentafluorophenyl ring and the CB7
portal induces different degrees of penetration and aquation.

The degree (and time-dependence) of chemical activation
by aquation of the platinum compounds by the CB7 carrier
should be reflected in the (time-dependent) cytotoxicity of
compounds 1-4 and their uptake by cells. This assumption is
investigated and discussed in the next section.

Biological screening: time-dependent cytotoxicity and uptake

The cytotoxicity of compounds 1, 3, 4 (compound 2 is insuffi-
ciently soluble in the medium) and their supramolecular com-
plexes with B-CD and CB7 was tested using two cell lines:
A2780 (an ovarian cancer cell line) and A2780/CP (a cisplatin-
resistant ovarian cancer cell line). The ICs, values were deter-
mined after 24 and 48 hours and were compared to those for
cisplatin, the reference used. Note that the cytotoxicity of the
reference cisplatin is only marginally affected by its
1:1 mixing with f-CD or CB7 because cisPt forms relatively
weak HG complexes with CB7 ** and B-CD.*”

Our previously reported compound adaPt, cis-[Pt(NH;),Cl(1-
adamantylamine)[NO;, showed moderate toxicity against the
A2780 (80 UM after 48 h) and A2780/CP (110 pM, 48 h) cell lines.*®
The formation of an HG complex with CB7 reduced the cyto-
toxicity significantly despite the very fast drug activation by aqua-
tion substitution of the chloride ligand. This discovered supramo-
lecular bio-protection by CB7 (2-3 times larger ICs,)*® derived
from the formation of the strong HG complex adaPt_aq@CB?7.

The degree of aquation can be modulated by

(i) changing the distance between the platinum center and
the oxygen portal of CB7, and
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(ii) the HG binding constant, which can be tuned by chan-
ging the nature of the supramolecular anchor. Both factors
have been explored in this study.

First, we introduced a longer linker between the platinum
center and the adamantyl anchor in compound 1 (pyridine vs.
-NH,) aiming to reduce the rate of aquation (¢f Fig. 10).
Unfortunately, the cytotoxicity of compound 2 with an even
longer linker was not determined because of its poor solubility
in the culture medium (and water). The cytotoxicity of com-
pound 1 against A2780 (38 pM after 48 h) and A2780/CP
(75 pM, 48 h) cell lines was somewhat greater than that for
adaPt, Fig. 11. This could result from the presence of the
planar pyridine ring that is attached to platinum and assists in
binding compound 1 to base pairs in DNA.** Importantly, the
effectivity of the biological protection of this compound
afforded by CB7 (3-4 times larger ICs,) is very similar to that
for adaPt.

Second, we developed compounds 3 and 4 with phenylpyri-
dine axles lacking a strong supramolecular anchor. These com-
pounds were designed to reduce affinity for CB7 (pK, ~ 5 for
compound 4_aq, see Fig. S23b in ESI{),*® and to show more
effective release compared to adaPt and 1 (pK, ~ 7.5 for com-
pound 1_aq, see Fig. S17b in ESI}). However, their binding
with the investigated macrocycles is probably too weak, which
results in a negligible change in ICs, values upon the for-
mation of HG complexes (Fig. 11).

Unexpectedly, the cytotoxicity of compound 3 against
A2780/CP after 48 h was comparable to that of cisPt and sig-
nificantly exceeded that of the archetype pyriplatin against this
cisplatin-sensitive cell line.*® This could indicate slower accumu-
lation of the drug in the cell but also an inefficient release that
could possibly lead to overcoming an intrinsic or acquired resis-
tance. The observed properties open the door for the further
structure-activity tuning of compound 3. To tailor it further, we
designed compound 4 bearing five fluorine atoms on the aro-
matic ring. Its cytotoxicity is comparable to that of cisPt for the
sensitive A2780 cell line at 24 h (Fig. 11) but, unfortunately, drops
for longer exposure and for the A2780/CP line.

To gain additional insight into modulation of the cyto-
toxicity attributable to the introduced structural changes and
the formation of HG complexes as delivery vehicles for the Pt
(1) cargo, we determined the uptake of platinum by A2780 and
A2780/CP cells in 24 and 48 hours. The experiments were per-
formed uniformly using a concentration of 2.5 uM (sub-ICs,
for cisplatin) for all compounds and their supramolecular
complexes. The treated cell samples were analyzed by using
ICP-MS to determine their content of Pt (given in ng per 10°
cells in Fig. 12).

Compounds 1 and 3 were initially (24 h) better received by
A2780 than cisplatin, probably because of the presence of the
lipophilic pyridine linker with an adamantyl anchor (1) or the
aromatic phenylpyridine axle (3). As expected, CB7 reduced the
uptake for 1 but slightly increased the accumulation for cisPt
as reported previously.>® The less efficient uptake of CB7-pro-
tected compound 1 correlates nicely with the lower cytotoxicity
of this HG complex (larger ICs, values).

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi02012j

Open Access Article. Published on 23 October 2024. Downloaded on 7/22/2025 1:39:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Inorganic Chemistry Frontiers Research Article
700
600 A2780-24 =
500 A2780-48 ==
400 A2780/CP-24
300 A2780/CP-48 ==

200 | 1

120 | {
100 %

80 : %
60 %

ol o %
20
0

IC50 [uM]

P S W 5 A a N
G\SQ G\QQ 9) (;\6 1 A A 9] 1 g} ) QO & & Q 1
XQ),C XQ% )&,G XO% )&,O xog’l XQ?,O ,(O%

Fig. 11 ICsg values for reference cisPt and compounds 1, 3, and 4 and their HG complexes with 3-CD and CB7. The values are shown for the cispla-
tin-sensitive A2780 (blue) and cisplatin-resistant A2780/CP (red) cell lines, determined after 24 (light) and 48 (dark) hours.

1200
X A2780-24
A2780-48 mmmm
1000 A2780/CP-24
; A2780/CP-48 s
¢ 800
[e)]
o
—
= 600
[a
S ¥
=S 400 I
. %
200 |
%
0 _

\Y
Qoo A AN % B0 b B B
C‘ Q) 0 XO% xQ?’O xO% x%IO x0%1 x%’o x0%1

Fig. 12 Cellular uptake of cisPt, compounds 1, 3, and 4, and their HG complexes. Cisplatin-sensitive A2780 (blue) and cisplatin-resistant A2780/CP
(red) cell lines observed after 24 (light) and 48 (dark) hours.

Note that, as expected, the platinum uptake for the drug (platinum) by developed cellular mechanisms over
A2780 cell line increases with time in all cases, but the cis- time. Thus, A2780/CP has much faster drug uptake than
platin-resistant cell line A2780/CP is prone to excrete the A2780 (2-5 times larger values after 24 h), but also an
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efficient drug-releasing mechanism (comparable or smaller
numbers after 48 h).

As discussed in our previous paper,®® f-CD notably
enhanced the accumulation of the adamantyl-based system
adaPt in cells, which can also be seen for compound 1 in
Fig. 12. However, this higher accumulation has a vanishingly
small effect on the cytotoxicity. Therefore, this accumulation
could originate in the cyclodextrin-mediated association of
compound 1 with the cellular wall. Our hypothesis deserves to
be investigated thoroughly in the future.

In summary, highlighting the observations for both of the
cell lines investigated (A2780, A2780/CP) and the exposure
times (24 and 48 h), the conversion of cisPt to compound 1 by
installing a 4-(1-adamantyl)pyridine ligand instead of chloride
results in 4-5 times lower cytotoxicity. In addition, trapping
the adamantyl anchor of compound 1 in CB7 reduces the cyto-
toxicity by a further 3-7 times. This behavior offers great
potential for protected platinum delivery if an additional struc-
tural modification could, on demand, allow the recovery of
cisPt or its selective modification. Further research in this
direction is underway in our laboratory.

Conclusions

In this work, we successfully synthesized derivatives of pyripla-
tin containing an adamantyl anchor or an aromatic axle that
was used for binding with a cucurbit[7]uril macrocycle (CB7)
to influence the aquation of a chloride ligand at a Pt(u) core.

The degree of aquation in the presence of CB7 depends on
the structure of the inclusion host-guest complex, namely, the
effective distance between the platinum center of the guest
and the oxygen portal of the host. Thus, for adamantyl-based
systems (1 and 2) the degrees of aquation are low because the
CB7 host is strongly bound to the distant adamantyl anchor
and does not significantly influence the Pt(u) core. In contrast,
the weaker HG binding of the aromatic phenylpyridine axles in
3 and 4 allow for a shorter distance between the chloride
ligand on platinum and the oxygen portal of CB7, thereby
enhancing the degree of aquation. The difference between
compounds 3 and 4 is shown to originate in the different
degrees of penetration into the CB7 host induced by different
supramolecular interactions which involve weak attractive
hydrogen bonding for 3 and repulsive O---F and attractive
H---F electrostatic interactions for 4. The latter results in a
partial expulsion of the pentafluorophenyl unit from the
second CB7 portal, but brings the platinum core closer to the
first CB7 portal inducing efficient aquation.

The time-dependent toxicity of compounds 1, 3, and 4 and
their HG complexes was determined against ovarian cancer
cell lines A2780 and A2780/CP after 24- and 48-hours of
exposure. All the compounds were more cytotoxic than the
parent pyriplatin (comparing to reported values for pyPt)*® but
less toxic than cisplatin, the reference used. As expected, drug
(platinum) accumulation increased with time for the A2780
cell line, whereas the opposite trend was obtained for the cis-

8520 | /norg. Chem. Front.,, 2024, 11, 8510-8525

View Article Online

Inorganic Chemistry Frontiers

platin-resistant A2780/CP cell line because releasing mecha-
nisms developed.”’ In general, notable uptake was observed
for compounds 1 and 3 (comparable to cisPt) but their cyto-
toxicity was lower than that of cisPt.

The HG complex 1@f-CD is also little cytotoxic despite its
effective association with the cells. Analogous behavior had
been observed previously for adaPt combined with p-CD.>° We
hypothesize that this can be linked not to the cell penetration
of the drug but rather the association of the drug with the cell
wall mediated by p-CD. This behavior deserves further study.

In general, the assembly of synthesized compounds with
B-CD modulates the cytotoxicity negligibly, probably because
of weak HG binding and the predominance of free forms of
the drugs in the solution. Similarly, the formation of weak HG
complexes of compounds 3 and 4 with CB7 does not modulate
their cytotoxicity. In contrast, the strong HG complex of 1 with
CB?7 increases ICs, values significantly. The prospective combi-
nation of the behavior of compounds 1 and 3 in molecular
design will open a new direction in supramolecular platinum-
drug activity and delivery.

Materials and methods
Analytical methods

Mass spectrometry. Electrospray ionization mass spec-
trometry (ESI-MS) measurements were acquired on an Agilent
6224 Accurate-Mass TOF LC-MS.

NMR spectroscopy. 'H, °C, and '°°Pt NMR spectra were
recorded on a Bruker Avance III HD 700 MHz spectrometer
(BBO or BBI probe) at 298 K, if not stated otherwise. '"H and
3C NMR spectra were referenced internally to the signal of the
solvent,> DMSO-ds ['H (5 = 2.5 ppm) and "*C (6 = 39.52 ppm)],
CDCI; ['H (6 = 7.26 ppm) and °C (6 = 77.16 ppm)], and NMR
chemical shifts were reported relative to tetramethylsilane,
TMS (5 = 0 ppm). "*°Pt NMR spectra were recorded in D,O for
locking purposes, referenced to K,PtCls. '’F NMR was
measured in D,O using trifluoroacetic acid as reference (6 =
—76 ppm).

X-ray diffraction. Monocrystals of compound 3 suitable for
X-ray diffraction were grown by slowly diffusing diethyl ether
into a DMF solution containing compound 3. Diffraction data
were collected on a Rigaku MicroMax-007 HF rotating anode
four-circle CCD diffractometer with Mo Ko radiation. The
temperature during data collection was 120(2) K. The struc-
tures were solved by direct methods and refined by full matrix
least-squares methods using SHELXT> and SHELXL.”*
Crystallographic data and structural refinement parameters
are available from CSD, CCDC no. 2371255.F

Chemical syntheses

Chemicals. Potassium tetrachloroplatinate, cucurbit[7]uril,
p-cyclodextrin, and other chemicals, and solvents were pur-
chased from Sigma-Aldrich Co., Alfa Aesar, and abcr GmbH.
The cis-PtCl,(NH;), and trans-PtCl,(NH;), were synthesized as
described in the review by Lippard** and references reported
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therein. Pyridine-based ligands 4-(1-adamantyl)pyridine, 4-(4"-
(1-adamantyl)phenyl)pyridine, and 4-pentafluorophenylpyri-
dine were prepared as described in ESL{

Synthesis of 1. To a solution of cisplatin (0.16 mmol, 50 mg)
in 10 mL DMF, AgNO; (0.16 mmol, 27 mg) was added. The
reaction mixture was stirred in the dark at 60 °C for 24 hours.
Then, the AgCl precipitate was filtered off and to the super-
natant 0.9 equivalent of 4-(1-adamantyl)pyridine (0.14 mmol,
30 mg) was added and the reaction mixture was stirred for
24 hours at 60 °C. To the clear reaction mixture, 10 mL of
methanol was added. Then, 30 mL of diethyl ether was added
to precipitate the product. The white product precipitate was
filtered out and washed with 10 mL of diethyl ether. This pro-
cedure was repeated 3-5 times to remove all the residual DMF
from the mixture and obtain the pure product.

1. Yield: 48%. 'H NMR (700 MHz, DMSO-dg): 6 = 1.74 (d, 6H,
CH,), 1.87 (s, 6H, CH,), 2.09 (s, 3H, CH), 4.25 (bs, 3H, NH;),
4.61 (bs, 3H, NH;), 7.56 (dd, 2H, CH), 8.60 (dd, 2H, CH) ppm.
3C NMR (700 MHz, DMSO-d): 6 = 150 (C6), 120.79 (C7), 130.5
(C8), 40.44 (C14), 42.08 (C13), 28.05 (C15), 36.42 (C16) ppm.
9°pt NMR (700 MHz, D,0): § = —2298 ppm. ESI-MS(+) m/z
478.1372 [C45H,5CIN;Pt]", calc. 478.1370.

Synthesis of 2. To a solution of cisplatin (0.16 mmol, 50 mg)
in 10 mL DMF, AgNO; (0.16 mmol, 27 mg) was added. The
reaction mixture was stirred in the dark at 60 °C for 24 hours.
Then the AgCl precipitate was filtered off and to the super-
natant 0.9 equivalent of 4-(4-(1-adamantyl)phenyl)pyridine
(0.14 mmol, 41 mg) was added and the reaction mixture was
stirred for 24 hours at 60 °C. To the clear reaction mixture
10 mL of methanol was added. Then 30 mL of diethyl ether
was added to precipitate the product. The white product that
precipitated was filtered out and washed with 10 mL of diethyl
ether. This procedure was repeated 3-5 times to remove all the
residual DMF from the mixture and obtain the pure product.

2. Yield: 59%. 'H NMR (700 MHz, DMSO-dy): § = 1.76 (d, 6H,
CH,), 1.90 (s, 6H, CH,), 2.08 (s, 3H, CH), 4.17 (bs, 3H, NH3),
4.56 (bs, 3H, NH;), 7.55 (d, 2H, CH), 7.86 (d, 2H, CH), 7.91
(dd, 2H, CH), 8.71 (d, 2H, CH) ppm. *C NMR (700 MHz,
DMSO-d): § = 153.28 (C6), 123.33 (C7), 127.45 (C10), 126.4
(C11), 42.78 (C14), 28.67 (C15), 36.56 (C16). ESI-MS(+) m/z
554.1688 [C,,H,oCIN;Pt]", calc. 554.1693.

Synthesis of 3. To a solution of cisplatin (0.33 mmol, 100 mg)
in 10 mL DMF, AgNO; (0.33 mmol, 55.7 mg) was added. The
reaction mixture was stirred in the dark at 60 °C for 24 hours.
Then the AgCl precipitate was filtered off and to the super-
natant 0.9 equivalent of 4-phenylpyridine (0.29 mmol, 45 mg)
was added and the reaction mixture was stirred for 24 hours at
60 °C. To the clear reaction mixture 10 mL of methanol was
added. Then 30 mL of diethyl ether was added to precipitate
the product. The white product that precipitated was filtered
out and washed with more diethyl ether. This procedure was
repeated 3-5 times to remove all the residual DMF from the
mixture and obtain the pure product.

3. Yield: 55%. "H NMR (700 MHz, DMSO-dy): 6 = 4.36 (bs,
3H, NHj,), 4.66 (bs, 3H, NH;), 7.58 (m, 3H, CH), 7.90 (dd, 2H,
CH), 7.92 (m, 2H, CH), 8.78 (dd, 2H, CH) ppm. *C NMR
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(700 MHz, DMSO-dq): 6 = 152.96 (C6), 127.15 (C7), 135.11 (C8),
132.93 (C9), 123.15 (C10), 129.49 (C11), 130.54 (C12) ppm.
19°pt NMR (700 MHz, D,0): § = —2297 ppm. ESI-MS(+) m/z
420.0586 [C,,H;5CIN;Pt]", calc. 420.0588.

Synthesis of 4. To a solution of cisplatin (0.16 mmol, 50 mg)
in 10 mL DMF, AgNO; (0.16 mmol, 27 mg) was added. The
reaction mixture was stirred in the dark at 60 °C for 24 hours.
Then the AgCl precipitate was filtered off and to the super-
natant 0.9 equivalent of 4-(pentafluorophenyl)pyridine
(0.14 mmol, 34 mg) was added and the reaction mixture was
stirred for 36 hours at 60 °C. To the clear reaction mixture
10 mL of methanol was added. Then 30 mL of diethyl ether
was added to precipitate the product. The pale yellow product
that precipitated was filtered out and washed with 10 mL of
diethyl ether. This procedure was repeated 3-5 times to remove
all the residual DMF from the mixture and obtain the pure
product.

4. Yield: 44%. '"H NMR (700 MHz, DMSO-ds): 6 = 4.35 (bs,
3H, NH3), 4.68 (bs, 3H, NH3;), 7.79 (dd, 2H, CH), 8.92 (dd, 2H,
CH) ppm. *C NMR (700 MHz, DMSO-d¢): § = 154.28 (C6),
127.53 (C7), 144.07 (C10), 137.93 (C11), 141.91 (C12) ppm. *°F
NMR (300 MHz, DMSO-dg): § = —140.26 (d, 2F, CF), —150.20 (t,
1F, CF), —158.40 (t, 2F, CF) ppm. '*’Pt NMR (700 MHz, D,0): §
= —2280 ppm. ESI-MS(+) m/z 510.0117 [C;,H;CIFsN;Pt]", calc.
510.0113.

Synthesis of n_aq (n = 1-4). AgNO; (0.024 mmol, 4 mg) was
added to a solution of n (0.024 mmol) in 3 mL of D,O. The
reaction mixture was stirred in the dark at 60 °C for 24 h, and
the precipitated AgCl was filtered off. The filtrate contained
the aqua form n_aq, in which chloride had been replaced by
water. The filtrate was used for 'H NMR measurements
without further purification.

1_aq. "H NMR (700 MHz, D,0): § = 1.73 (d, 3H, CH,), 1.67
(d, 3H, CH,), 1.82 (s, 6H, CH,), 2.01 (s, 3H, CH), 7.51 (d, 2H,
CH), 8.50 (d, 2H, CH) ppm.

2_aq. "H NMR (700 MHz, D,0O): § = 1.74 (d, 3H, CH,), 1.69
(d, 3H, CH,), 1.87 (s, 6H, CH,), 2.02 (s, 3H, CH), 7.60 (d, 2H,
CH), 7.77 (d, 2H, CH), 7.79 (d, 2H, CH), 8.64 (d, 2H, CH) ppm.

3_aq. "H NMR (700 MHz, D,0): § = 8.67 (d, 2H, CH), 7.81 (d,
2H, CH), 7.77 (m, 2H, CH), 7.51-7.54 (m, 3H, CH) ppm.

4_aq. 'H NMR (700 MHz, D,0): § = 8.81 (d, 2H, CH), 7.70 (d,
2H, CH), —143.34 (dd, 2F, CF), =151.77 (t, 1F, CF), —161.81 (m,
2F, CF) ppm.

Theoretical methods

Unbiased molecular dynamics simulations. Parametrization
and production simulation were all performed in the Amber
22 package.®® All guest molecules were parametrized in the
MCPB.py module®® using the gaff2 force field. The same force
field was also used in the antechamber package to parameter-
ize the host molecule. The standard Langevin MD simulation
was then performed with the total simulated of 2 ps.
Trajectory analysis was performed with the help of the cpptraj
program. For all snapshots, the oriented distance (ODIS) was
calculated (see main text) and the resulting distributions were
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fitted with the Gaussian mixture. A more detailed description
of the whole procedure can be found in the ESL.{

Biased MD simulations. All ABF°”*® simulations were
performed in the PMFLib package.’®® Collective Variables
(Cvs) were selected to explore the free energy of dissociation of
the HG complex. The oriented distance (ODIS) was used as the
primary CV, with two additional helper CVs to aid in the
sampling. The Multiple Walkers Approach®" was employed to
further enhance the sampling along the main CV and
reduce the computational time. A more detailed
description of the CVs used and the overall setup can be found
in ESL.{

DFT calculations of secondary chemical shifts. The CB7 host
and all guest geometries were optimized individually using the
RI-B3LYP/def2TZVPP/COSMO(water) approach in Orca 5.0.%
The obtained geometries were used to construct models of
inclusion HG complexes differing in the ODIS coordinate of
the guest molecule. Thirteen orientations of the guest in the
equatorial plane were generated for each ODIS position. These
collections of models were subjected to DFT calculations of
the "H NMR shielding of the guest anchor (without geometry
relaxation) - this procedure is referred to as “Rigid Scan” and
was performed in Orca 5.0. Complexation-induced (secondary)
NMR shifts were calculated relative to the free guest molecule.
The final values of the complexation shifts were determined as
the Boltzmann weighted average based on the free energy
profile obtained from the ABF simulation.

Nuclear Independent Chemical Shifts (NICS) were calcu-
lated on the cubic grid (dimensions: 10 x 10 x 8.25 A, voxel
size 0.25 A) of ghost atoms distributed in the cavity of CB7 and
described at the same level of theory as in the case of the Rigid
Scan. The geometries of the unbiased MD snapshots were pro-
jected into an NICS 3D map and the values of shielding
obtained were averaged across the entire trajectory.

Evaluation of biological activity

Chemical and biochemical reagents. Cell culture medium
RPMI-1640, mycoplasma-free fetal bovine serum (FBS), anti-
biotics penicillin-streptomycin, ethylenediaminetetraacetic
acid (EDTA), trypsin, dimethyl sulfoxide (DMSO), and all other
chemicals were purchased from Sigma-Aldrich Co., unless
noted otherwise.

Cell cultures. In this study, two human ovarian cancer cell
lines were used. The A2780 human ovarian cancer cell line,
which is derived from the tumor tissue of an untreated
patient, is frequently used as a model for assessing the
impacts of various compounds. The A2780/CP cell line was
established through chronic exposure of the parental cell line
A2780 to cisplatin. Both cell lines used in this study were pur-
chased from HPA Culture Collections (Salisbury, U.K.). Both
cell lines were maintained in RPMI-1640 culture medium
enriched with 10% FBS and supplemented with antibiotics
(penicillin 100 units per mL and streptomycin 0.1 mg mL™").
The cells were cultured in an incubator (Sanyo) at 37 °C in a
humidified 5% CO, mixture with ambient air.
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Measurement of cell viability. In this study, the cytotoxic
effect of compounds 1, 3, 4, reference cisplatin, and their HG
complexes with CB7 and p-CD was determined using an MTT
assay. A2780 and A2780/CP cancer cells were seeded into
96-well plates at a density of 8 x 10° cells per well, using
200 pL per well of RPMI-1640 culture medium supplemented
with 10% FBS and 1% penicillin-streptomycin. Plates with
cells were incubated at 37 °C in a humidified 5% CO, mixture.
After 48 hours, the culture medium was removed and replaced
with a 200 pL per well of fresh culture medium containing the
test compound or its HG complex, with concentration ranging
from 0 to 600 pM. Following 24 or 48 hours of exposure to the
test compound, the culture medium with drugs was replaced
with 200 pL per well of fresh culture medium containing 1 mg
mL~" MTT reagent. The plates were then kept in a humidified
atmosphere at 37 °C for 4 h, wrapped in aluminum foil. After
4 hours, the medium containing MTT reagent was replaced
with 200 pL of 99.9% DMSO per well to dissolve formazan crys-
tals. Finally, the absorbance was read at a wavelength of
570 nm by a Cytation 3 Imaging multimode imaging reader
from BioTek Instruments (Winooski, VT). All measurements
were performed in quadruplicate. The ICs, values represent
the concentration at which a substance demonstrates half of
its maximum inhibitory impact.

Determination of platinum content in cell material and
saturated aqueous solutions. Both cell lines were cultured in
RPMI-1640 medium containing 10% FBS and 1% penicillin-
streptomycin and incubated for 48 h in cell culture dishes
(25 cm?). Then, the cells were treated with 2.5 pM concentrations
of compounds 1, 3, 4, reference cisplatin, and their HG com-
plexes with CB7 and B-CD, each at a sub-ICs, concentration. The
purpose of using this concentration was to detect platinum
accumulation without inducing cell death. Following incubation
for 24 or 48 hours, the cells were harvested by trypsinization. The
cells were washed three times with PBS, followed by centrifu-
gation (4 °C, 2700 rpm, 7 minutes) to eliminate drugs bound to
the cell surface. Subsequently, the cells were mechanically lysed
in PBS on ice using a micropestle for 5 minutes, followed by cen-
trifugation (4 °C, 2700 rpm, 7 minutes).

The platinum content of the cell supernatant after centrifu-
gation was determined using a quadrupole ICP-MS spectro-
meter, specifically the Agilent 7900 (Agilent Technologies,
Japan). Prepared lysates were diluted tenfold with Milli-Q
water. The Pt concentration was measured by utilizing the
isotope '*°Pt in reference to an internal standard (a solution of
Au with a concentration of 1 pg L™") to suppress potential
matrix effects and the instability of the plasma conditions.
Quantification was carried out through external calibration
within a range from 0.01 to 10 pg L™" of Pt. The amount of
platinum was expressed in pg L™' and then converted to nano-
grams of Pt per 10° cells.

The relative solubilities of the Pt-compounds and their
inclusion complexes studied were obtained by ICP-MS determi-
nation of the platinum concentration in saturated aqueous
samples: the solutions were filtered and diluted 10°fold with
Milli-Q water.
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