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Abstract

Platinum-based anticancer drugs are actively developed utilizing lipophilic ligands or drug
carriers for the efficient penetration of biomembranes, reduction of side effects, and tumor
targeting. We report the development of a supramolecular host-guest system built on cationic
platinum(II) compounds bearing ligands anchored in the cavity of the macrocyclic host. The
host-guest binding and hydrolysis process on the platinum core were investigated in detail by
using NMR, MS, X-ray diffraction, and relativistic DFT calculations. The encapsulation
process in cucurbit[ 7]uril unequivocally promotes the stability of hydrolyzed dicationic cis-
[Pt'(NH3)2(H20)(NH2-R)]** compared to its frans isomer. Biological screening on the ovarian
cancer lines A2780 and A2780/CP shows time-dependent toxicity. Notably, the reported
complex and its f-cyclodextrin (f—CD) assembly achieve the same cellular uptake as cisplatin

and cisplatin@f-CD, respectively, while maintaining a significantly lower toxicity profile.



INTRODUCTION

The development of metallodrugs is one of the most active branches of inorganic and
bioinorganic chemistry. Many efforts have been devoted to metallocomplexes and
organometallics for tumor treatment.! Even though the three FDA-approved antitumor
compounds (cisplatin, oxaliplatin, and carboplatin)? used worldwide show many downsides
(e.g., dose-dependent toxicity, acquired and intrinsic resistance of cancer cells, limited

solubility),® they are the drugs of choice for many types of cancer in combined therapies.*

The design of novel platinum-based compounds usually stands on principles of cisplatin
chemistry, i.e., the exchange of a chloride ligand followed by presumed binding to nucleic
acids. The introduction of new leaving groups or carrier ligands represents a somewhat
traditional approach? that has led to the second and third generation compounds carboplatin and
oxaliplatin. The lower toxicity of carboplatin allows its administration at a higher dosage than
that of the parent cisplatin, but its activity is restricted to the same tumor cell lines. In contrast,
oxaliplatin shows potential in the treatment of cisplatin-resistant tumors. Both agents, however,
must still be administered intravenously.® Other Pt-based metallodrugs (e.g., nedaplatin,
lobaplatin, heptaplatin) have not been approved worldwide, while more compounds are in

various phases of clinical trials.”

These described issues fuel the development of novel Pt-based compounds, for which several
vital parameters have recently been discussed.’ The relationship between reactivity and
structure mostly holds the key to successful bioactivity. Traditionally, the cis arrangement of
ligands represents the core of most Pt(II) metallodrugs because it offers more direct binding to
biological targets upon aquation. Also, the cis isomers are considered kinetically more stable
than their rans analogues and are therefore favored. However, a range of Pt compounds with

trans geometry turns out to be highly potent against several cisplatin-resistant cancer cell lines.?



The effect of various amines (including amantadine) on anticancer activity was investigated in
the early stages of Pt metallodrug development.” In many cases, their activity against solid

tumors was stated as relatively weak.'°

The unconventional design of novel Pt-based metallodrugs has split in several directions.'!~16

Some of these lead to multinuclear complexes that exhibit novel modes of action toward
cisplatin-resistant cell lines,!” others focus on more efficient delivery and targeting.'® Both the
efficiency of delivery and the stability of Pt drugs are enhanced by using carrier systems, which
provide (to some extent) control over the drug release and reduce side effects.!*2° Encapsulation
within a molecular carrier, such as cyclodextrin (CD) or cucurbituril (CB), may also increase
the drug solubility?! and efficacy.?>*? Although CD is reported to facilitate the intracellular
transport of its guest,?*2° host-guest complexes with CB cross the cell membranes.?”?® Two

examples of encapsulated Pt complexes are shown in Figure 1.

a) b) o o\

Figure 1. Two examples of supramolecular Pt(IT) anticancer agents (a) oxaliplatin in CB7?° and

(b) Pt(II) complex with adamantyl-anchored malonate in f-CD.?

We contribute to this dynamically developing field of research by synthesizing Pt(II)
compounds bearing lipophilic anchors (Figure 2) based on amantadine, rimantadine, and
bornylamine-bulky moieties known in medicinal chemistry as exceptional pharmacophores.*°

Nevertheless, their presence in the coordination compounds somewhat reduces their solubility
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in an aqueous environment. In this account, we improved their water solubility by forming
cationic species and trapping their anchor ligands in the cavity of a macrocyclic carrier —
cucurbit[ 7Juril (CB7) or f-cyclodextrin (fCD). Our newly introduced ionic Pt(Il) compounds

feature the possibility of binding to biomolecules such as DNA.
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Figure 2. Structure of cis and trans isomers of square-planar Pt(II) complexes with ammonia,

bulky amines, and halogen ligands. (ABCO stands for 1-azabicyclo[2.2.2]octane.)

Following the strategy of supramolecular host-guest design,’!~3* the interactions of our
compounds with cavitands have been studied by mass spectrometry (MS), nuclear magnetic
resonance (NMR) spectroscopy, and isothermal titration calorimetry (ITC). Among other
molecular structures, we are providing a supramolecular assembly with CB7, which expands a
limited family of supramolecular metallodrugs.?>?® We assume that the uptake of our
metallodrugs will likely be enhanced by combining the strong hydrophobic effect of bulky
cage-hydrocarbon moieties’®** with the enhanced permeability and retention effect (EPR)

resulting from the increased bulkiness of the supramolecular host-guest assemblies.



RESULTS AND DISCUSSION

Preparation and Characterization of Pt(II) Coordination Compounds

Cisplatin and transplatin, synthesized as described in Lippard’s review?® and references
reported therein, were used as reference compounds for biological assessments and as the
starting material for the preparation of cis and trans complexes, Figure 2. The Pt(II) compounds
were synthesized starting from cisplatin or transplatin and employing a standard methodology
in a two-step substitution process with DMF and amine (Figure 3). For technical details, see

Experimental Section.
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Figure 3. General synthetic approach for preparation of compounds 1a and 2a. The other Pt(II)

compounds were prepared according to procedures reported elsewhere.’

The products were isolated as white to pale yellow solids and characterized by mass
spectrometry and NMR spectroscopy (for MS data and Pt NMR shifts, see Experimental
Section, Tables S1 and S2, and Figure S1 in Supporting Information). Molecular structures of
1a, Sb, and 7d shown in Figure 4 were obtained by X-ray diffraction analysis of crystals grown
by slow evaporation of the mother liquor or crystallization from DMF/water solution (for the
molecular structure of 5S¢ and crystal packing, see Figure S2). All determined structures adopt

square-planar geometry around the platinum core. The interatomic distances and bond angles
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in the coordination polyhedra of the reported compounds vary slightly (see Table S3; cf. 1a to

LEFRUJ,*” 5b to DUHKAT,* and 7d to SISWIA3?).

CI53
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b)
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Figure 4. Molecular structure of (a) complex cation of 1a, (b) compound 5b, and (c) complex
anion of 7d determined by X-ray diffraction analysis. Counter ions and solvent molecules are

omitted for clarity.

Supramolecular Binding of Pt(II) Compounds with f-Cyclodextrin and Cucurbit|7]uril

Following the strategy of supramolecular metallodrugs, we investigate the host-guest binding
between our new Pt(II) compounds and macrocyclic cavitands. Because of the most favorable
fit between the adamantyl anchor (180 A%)*° used in our compounds and the internal cavity of
S-CD (262 A%* and CB7 (279 A%),* these two macrocycles were selected for further
investigation. The reported host-guest complexes were prepared in situ by mixing the
coordination compound with the macrocycle in H2O or D2O. The resulting supramolecular
assembly was characterized by mass spectrometry, X-ray diffraction, ITC analysis, and NMR

spectroscopy.
Mass Spectrometry

Mass spectra of the host-guest complexes were measured in the positive mode with electron
spray ionization. The mass spectrum of the cis isomer 1a with CB7 is dominated by a signal at
780.75 Da, which corresponds to the ion [cis-Pt(NH3)2(HO)NH>-Ad) + CB7]*" with a

hydrolyzed cationic part of 1a (1a_aq@CB7), Figure 5a. In contrast, the trans isomer 2a was



determined to be bound with CB7 mainly in a nonhydrolyzed form as a [trans-Pt(NH3)>CI(NH>-
Ad) + CB7]" ion at 1578.46 Da or in combination with H" or Na* cations as charged adducts
(charge 2+ or 3+), Figure 5b. These ESI-MS experiments indicate notably different stabilities
of the cis and trans isomers in the presence of the CB7 macrocycle and are investigated in detail

in the following sections. The MS data for other complexes are shown in Figure S1.
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Figure 5. ESI-MS spectra of (a) 1a@CB7 with detailed isotopic pattern and (b) 2a@CB7. The
dashed region highlights the presence of m/z only for 2a@CB7, whereas the host-guest
assembly 1a@CB7 undergoes ligand substitution of water for chloride—resulting in

la_aq@CB7-accompanied by an increase in the molecular charge (1+ — 2+).

X-ray Diffraction



The MS measurement results prompted us to cocrystalize 1a with CB7. Crystals suitable for
single-crystal X-ray diffraction analysis were obtained by crystallizing 1a from a DMF/water
solution. The structure of the host-guest complex 1la@CB?7 is shown in Figure 6, the crystal
packing in Figure S2c. The adamantyl anchor is trapped in the cavity of CB7 by a hydrophobic
effect. However, the N-H groups of the positively charged Pt(I[) guest form abundant
supramolecular contacts with the partially negatively charged oxygen portal of the CB7 host.
Thus, the host-guest complex 1a@CB?7 is stabilized not just by hydrophobic forces but also by
electrostatic interactions accompanied by electron rearrangement** and the supramolecular
covalency.* Note a slight structural deformation which results from the local repulsive
interaction between the chloride and the oxygen portal of the CB7, Figure 6. The effects of
supramolecular interactions on the host-guest arrangement and stability will be discussed in

detail in the following sections.
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Figure 6. Supramolecular structure of the host-guest complex cation la@CB7 as determined
by X-ray diffraction analysis. Hydrogens, counterions, and water molecules are omitted for

clarity.



Isothermal Titration Calorimetry (ITC)

ITC analysis was used to determine the binding constants and thermodynamic parameters of
the host-guest interaction. Because compound 1a in its binding with CB7 observed by mass
spectrometry is rapidly hydrolyzed, we investigated the interaction between compound 2a
(guest) and either the S-CD or the CB7 macrocyclic host. The experimental binding constants
of 2a with £CD and CB7 in Milli-Q water at 298 K are shown in Table 1. For additional data

(thermodynamic parameters), see Figure S3 and Table S4.

Table 1. Experimental Host-Guest Binding Constants of Compound 2a with /~CD and CB7
Were Obtained by Using Isothermal Titration Calorimetry (ITC)

binding bonstant (M)

Compound p-CD CB7°®

2a (4.69 £ 0.13) x 104 (7.26 = 0.40) x 10'°

* Binding analysis was performed with hexamethylenediamine dihydrochloride (HMDA - -2HCI)
competitor.

As expected, experimentally determined binding constants indicate a significantly higher
affinity of compound 2a for the CB7 cavitand than for f~CD. Our results correspond with the
binding constants previously obtained for the interaction of organic salts*® or ruthenium(III)

compounds*’*® bearing an adamantyl anchor with either CB7 or #-CD macrocycles.

NMR Spectroscopy

In addition to the experiments discussed above, the supramolecular host-guest interactions
between Pt(II) compounds and the macrocycles S-CD and CB7 were also investigated by using

'H and '>Pt NMR spectroscopy in D,O solution.

10



The interaction between Pt(I) compounds and S-CD is relatively weak (see ITC measurements)
and the exchange between the free form of the Pt(II) compound and that bound with S-CD is
quite fast, as indicated by the population-averaged NMR signals. The binding constant of 10*
M-! extracted from the NMR titration experiments of 1a and 2a (Figure S4) corresponds nicely
with that calculated for 2a from the ITC measurements (Table 1). The relative orientation of
the host-guest complex with the host protruding from the wider secondary portal of S-CD has

been confirmed by ROESY experiments (Figure S5).

On the contrary, the interaction of Pt(II) compounds with CB7 results in the formation of strong
host-guest complexes. The exchange regime between their bound and free forms is slow, as
demonstrated by the resolved NMR lines of the Ad moiety obtained upon the addition of 0.5

equiv of CB7 into the aqueous solution of 1a (Figure 7).

a)
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Figure 7. Adamantyl region of the 'H NMR spectra of (a) 1a, (b) 1a with 0.5 equiv of CB7, and
(c) 1a with one equivalent of CB7 in DO at 298 K. Note that the NMR signals of
encapsulated/bound Ad in panels (b) and (c) correspond to the hydrolyzed form of compound 1a

(vide infra).
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The hydrogen atoms of the adamantane guest are significantly shielded in the presence of CB7
(Figure 7), suggesting that the bulky hydrophobic adamantyl moiety is encapsulated inside the
cavity of the macrocycle in the fashion shown by X-ray diffraction (vide supra). Moreover, the
splitting of the '"H NMR signals corresponding to the CH groups (doublets) of CB7 into two
sets of signals (Figure S8) confirms the loss of symmetry of the CB7 host upon encapsulation

of the guest molecule.

To investigate the effect of the CB7 host on the platinum coordination sphere in la, we
performed parallel measurements of the aqueous solutions of 1a in DO in the absence and
presence of CB7 (Figure 8). The hydrolysis of compound 1a in water is relatively slow, Figure
8a. In contrast, the interaction of la with CB7 promotes the formation of cis-
[Pt(NH3)2(H,0)(H2N-Ad)]**, Figure 8b. Note that the 'H NMR signals of 1a_aq@CB7 appear

already in the fresh sample and completely dominate the spectrum after 12 h.
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Figure 8. 'H NMR spectra of (a) 1a and (b) 1a@CB7 measured in D>O at 293 K in time 0
(bottom), 1 (middle), and 12 (top) hours after the preparation of a fresh sample. The 'H NMR
resonances of hydrolyzed 1a_aq@CB?7 are marked in blue. For longer experimental times and

the effect of KCI (50 mM), see Figures S6 and S7.
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Because the suggested hydrolysis at the platinum core can be followed by 'H NMR only
indirectly, we performed Pt NMR experiments on the extended group of compounds. The
195pt NMR spectra of the free guest molecule 1a (2410 ppm) and its complex with CB7 (-
2115 ppm) were recorded under the same conditions in D>O, Figure 9. However, this large
change in '>Pt NMR shift of approximately 300 ppm results from the fast spontaneous aquation
that gives 1a_aq@CB7 (cf. ref. 21). A similar chemical shift difference is reported for cisplatin
in equilibrium with its aqua-forms (2160 ppm for cis-[PtCl2(NHs)2] and —1854 ppm for cis-
[PtCI(NH3)2(H20)]%),* and in combination with CB7 (-2109 ppm for cis-[PtCl,(NH3),]@CB7

and —1890 ppm for cis-[PtCI(NH3)2(H20)]*@CB?7), respectively.?!

The change in the molecular charge upon aquation, documented by the Pt NMR, is
considered to be the force driving a shift in the equilibrium toward 1a_aq@CB7. The stability
of 1a_aq@CB7 can be structurally rationalized by a favorable electrostatic interaction between
the 2+ charged platinum core and the oxygen portal of CB7 with a partial negative charge, as
analyzed in more detail by the DFT calculations, vide infra. Thus, the presence of the CB7 host

seems to affect both the kinetics and thermodynamics of the aquation process.>%!

As shown previously, the platinum aquation process is influenced by the presence of chloride
ions.”® Therefore, we measured the 1:1 mixture of 1a and CB7 in ~50 mM solution of KCl in
D>O (for '"H NMR spectra, see Figures S7 and S8). The secondary Pt NMR shift of only
about +20 ppm (the dominant signal in Figure 9d) was clearly observed for 1a@CB?7 relative
to free 1a. This demonstrates the large effect of chloride ions in shifting the equilibrium toward
the monocationic host-guest complex la@CB7. However, both forms (la@CB7 and
la_aq@CB7) were simultaneously identified and unequivocally assigned by a ROESY

experiment (Figure S9) in the 50 mM KCI solution used.

In contrast to 1a, hydrolysis of 2a is not significantly affected by the presence of CB7, and the
formation of parent 2a@CB7 was confirmed in an aqueous solution even in the absence of KCl
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(cf. Figure 5). This behavior can be rationalized by the limited influence of the trans ligand (Cl

or H>0O) on the interactions between 2a and CB7 and also its effect on the aquation reaction.

a) -2410

1a /\

-2140 1a_aq

I N

-2115

N 1a_aq@CB7
d) -2391
2111 1a@CB7 with KCI /\
2100 2150 -2200 2250 -2300 2350 2400 2450

& ("°Pt) [ppm]

Figure 9. Pt NMR spectra of (a) 1a and (c) 1a_aq@CB7 measured in D0 at 298 K. (b) The
195pt NMR spectrum of 1a_aq synthesized using AgNOs; see Experimental Section. (d) The
aquation of 1a in the presence of CB7 is significantly suppressed in the ~50 mM solution of

KCl in D;O.

Relativistic DFT Calculation of Molecular Structures and NMR Chemical Shifts

To get detailed information about the supramolecular arrangements of host-guest complexes
la@CB7 and 1a_aq@CB7 and to interpret the NMR experiments, we performed structure
optimizations of compounds 1a and 2a, their aqua analogues, and their supramolecular host-
guest complexes with CB7 by using density functional theory (DFT). In addition, we performed
all-electron calculations of Pt NMR shifts using the relativistic two-component (2¢) zeroth-

order regular approximation Hamiltonian (ZORA) as well as the four-component (4c) Dirac-
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Coulomb Hamiltonian (DKS), as implemented in the ADF?? and ReSpect™ programs,

respectively. The results are summarized in Table 2.

Table 2. Experimental ® and Calculated >¢ 'SPt NMR Shifts for Compounds 1a and 2a, Their
Hydrolyzed Forms 1a_aq and 2a_aq, and Their Host-Guest Complexes with CB7 in Aqueous

Solution"
a a_aq Aag a@CB7 Aczr  a_aq@CB7  Auqgcp7¢
Experimental ?

Compound 1 -2410  -2140 +270 -2391¢ +19 2115°F +295
Compound 2 -2437  -2177 +260 -2415 +22 -2173 ¢ +264
Calculated, 2¢c-ZORA/PBEO ®
Compound 1  -2447  -2157 +290 -2503 -56 -2155 +292
Compound 2 -2494  -2183 +311 -2545 -51 -2218 +276
Calculated, 4c-DKS/PBE ©
Compound 1 -2312  -1956 +356 -2424 -112 -2022 +290
Compound 2 -2439  -1980 +459 -2466 -27 -2062 +377

* The experimental NMR shifts were referenced using K,PtCls in D2O (6 =—1608 ppm) and are reported
relative  to KoPtCls. " The calculated values were obtained with the SO-
ZORA(2¢)/PBE0/QZ4P/TZ2P/COSMO approach®** as implemented in the program ADF.*> ¢ The
calculated values were obtained with the DKS(4c)/PBE/dyall-VTZ/pcS-2/PCM*** approach as
implemented in the program ReSpect.’® The theoretical NMR shifts were referenced® to cisplatin, 6 =
—2139 ppm and are given in ppm. ¢ A,q.cp7 (calculated as Auqic7 = da_aqacp7 - Ja) does not correspond
to the simple sum of A,q and Acg7 due to the structural change of the host-guest complex induced by
aquation of the platinum core (see Figure 10). ¢ In 50 mM KCI1. f§ = 2111 ppm in 50 mM KCI (see
Figure 9). ® Compound 2a_aq@CB?7 is very unstable in the presence of CB7 contaminated by traces of
HCI; therefore, ClI" was removed from the CB7 solution by using AgNO; prior to the formation of a
host-guest complex. " The changes induced by the hydrolysis of chloride ligand (A.y) and

supramolecular interaction (Acg7) are also given. For computational details, see Experimental

Section.
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Figure 10. DFT-optimized structures of cis (a) la@CB7 and (b) 1a_aq@CB7, and trans (c)
2a@CB7 and (d) 2a_aq@CB7. For Cartesian coordinates, see Supporting Information.

As shown in Table 2, the calculated Pt NMR chemical shifts are very sensitive to structural
changes induced by both the hydrolysis of the chloride ligand (Aaq) and the interaction of the
guest with CB7 (Acg7). Comparison of the theoretical values with the difference between the
experimental Pt NMR shifts of free 1a and its CB7-encapsulated form (A = +295 ppm)
confirms that the encapsulated species corresponds to the hydrolyzed host-guest complex
la_aq@CB7 (see Table 2). This parallels the observations from the MS analysis. The
optimized structures also support our hypothesis that the distance between the [Pt(N);O]** core
and the oxygen portal of CB7 is contracted as compared to the parent [Pt(N);Cl]'*; note the
~0.8 A shorter vertical distance between the Pt core and CB7 in 1a_aq@CB7, as indicated in
Figure 10. This contraction results from two effects: 1) the tilting of the platinum core and ii)
the protruding the Ad fragment into the CB7 cavity (~0.6 A more for 1a_aq@CB7 than for

la@CB7). The different position of Ad in CB7 is reflected in the substantial deshielding of the
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Hax atoms (see Figure 8b) when comparing the corresponding 'H NMR signals in the

hydrolyzed and nonhydrolyzed forms (Table S5).

Following a detailed characterization of the molecular and supramolecular host-guest structures
and stabilities of individual compounds in an aqueous solution, we proceed to evaluate their

biological activity.

Biological Activity

The cytotoxicity assessment of 1a and the respective supramolecular assemblies with S-CD and
CB7 was performed using two cell lines, A2780 (an ovarian cancer cell line) and A2780/CP (a
cisplatin-resistant ovarian cancer cell line). The rest of the reported compounds were either

poorly soluble or precipitated out of the media, making their evaluation impossible.

The assessment was set for two different times (24 and 48 h) to observe the time-dependent
cytotoxicity of the compounds using reference cisplatin as a gold standard. Compound 1a was
utterly soluble in the culture media used with no remnants visible under the microscope; no
residues were visible after combining 1a with the respective macrocycles. In general, compound
1a evinces concentration-dependent cytotoxicity (see Figure 11 and Table S7), being more
toxic to the A2780 cell line. Notably, the cytotoxicity of 1a and the respective supramolecular

assembly 1la@S-CD become more pronounced after 48 h for both cell lines.

The encapsulation of cisplatin in either of the two macrocycles shows a marginal effect on the
cytotoxicity of the drug, which can be related to the structure of cisplatin and the relatively
weak host-guest binding constants (530 + 30 M ! for CB7?* and an assumably small value for
B-CD%Y). In contrast, the formation of supramolecular assemblies of 1a with f-CD or CB7
results in a decrease in cytotoxicity (cf. binding constants in Table 1). As expected, this effect

is more pronounced for the stronger supramolecular complex 1a@CB7 (or more probably
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la_aq@CB7) compared to 1a@p-CD (Figure 11 and Table S7). In a very simplified view, this
can be imagined as a hindered release from CB7 because of the affinity between the host and
guest.?? Note that the absolute binding affinity is not always the relevant parameter for
estimating the biological response, which can also be significantly influenced by the kinetics of
the release.?®%?2 However, our NMR and ITC experiments (vide supra) consistently show
significantly higher affinity and slower exchange between the free and bound forms of CB7 as

compared to f-CD.

Although the encapsulation often ends with a decreasing cytotoxicity,* it also protects the guest
metallodrug against rapid degradation.?%* Also, as demonstrated recently,! introducing a
bulky adamantyl group (and $-CD) to the Pt(II) complex can reduce the cytotoxicity profile in

vitro, but the compound can simultaneously exhibit markedly high efficacy in vivo.

600 - A2780 m 24h m 48h A2780/CP = 24h m 48h

IC50 [uM]

cisPt CisPt@CB7 cisPt@p-CD 1a 1a@CB7 1a@B-CD

Figure 11. Cytotoxicity (IC50 in uM) of 1a, la@CB7, 1la@p-CD, cisplatin (cisPt), and
respective supramolecular cisplatin assemblies to cisplatin-sensitive A2780 (blue) and

cisplatin-resistant A2780/CP (red) cell lines observed after 24 (light) and 48 (dark) hours.

To further explore aspects of the increased cytotoxicity of the compounds observed after 48 h

treatment, the platinum uptake was determined using a sub-IC50 concentration of cisplatin (3.5
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uM) for all compounds and host-guest complexes. The treated cell samples were analyzed by
ICP-MS to determine nanograms of Pt per 10° cells (Figure 12). Generally, the Pt content
increases with the treatment time for free 1a and also for supramolecular assemblies (see blue
lines of A2780 in Figure 12). Note that the decrease in cisplatin uptake can be assigned to
various factors, including the altered activity of transport proteins, cisplatin efflux, or
apoptosis.®>*7 While the encapsulation of 1a by the S-CD initially shows no significant impact
on the platinum uptake (likely due to the relatively weak binding of 1a to S-CD, vide supra),
CB7 significantly suppresses the transition of 1a (or 1a_aq) into cells in vitro. Although some
reports suggest improved uptake of platinum metallodrug upon the formation of a supra-
/macromolecular assembly,?%%° we draw a more pressing conclusion from the obtained
results. Platinum uptake is comparable for the tested compounds on the respective cell lines and
experimental times; thus, it depends rather weakly on the molecular structure. In contrast, 1a
and 1la@BCD show significantly lower toxicity at an uptake comparable to that of cisplatin
(cf. Figure 11). This observation calls for further systematic study with great potential for

identifying a novel chemical strategy.

:Zzz: A2780 M 24h MW 48h A2780/CP = 24h W 48h
3000
2500
2000

1500+

ng of Pt per 109 of cells

1000 - - -
500 - = =

control cisPt cisPt@CB7  cisPt@p-CD 1a 1a@CB7 1a@p-CD

Figure 12. Platinum content in nanograms per 10° cells. The reported compounds 1a, 1a@CB?7,

and la@p-CD are compared to reference cisplatin (cisPt) and its respective supramolecular
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complexes observed on cisplatin-sensitive A2780 (blue) and cisplatin-resistant A2780/CP (red)

cancer cell lines after 24 (light) and 48 (dark) hours of treatment.

CONCLUSION AND PERSPECTIVES

In this study, we optimized the synthesis of Pt(Il) cationic, neutral, and anionic complexes
with bulky amines. We found that the cationic complexes are the most favorable for host-guest
binding with macrocycles (particularly with cucurbiturils) while showing promising

antiproliferative activity.

The structures of the reported compounds were determined unequivocally by using NMR
spectroscopy, mass spectrometry, X-ray diffraction, and theoretical calculations. We monitored
the stability of these compounds in aqueous solutions by 'H and Pt NMR spectroscopy and
mass spectrometry. The process of aquation of the cis derivative of 1a is enhanced in the
presence of CB7. This aquation step can be considered as the metallodrug activation, although
the strong binding of the activated double-charged form prevents its fast release from the cavity
of the CB7. The observed structural changes were manifested in the Pt NMR spectra and

interpreted in detail utilizing relativistic DFT calculations.

Compound 1a and its respective supramolecular assemblies were evaluated for biological
activity using two cell lines, A2780 and cisplatin-resistant A2780/CP. The IC50 values were
determined after 24 and 48 h, showing the concentration-dependent toxicity of the compounds.
The toxicity observed for 1a was lower overall (larger IC50) than that for cisplatin. As reports
on amantadine-modified Pt drugs indicate possibilities for further development,’®3%"! our next

step aims to evaluate the reported compounds on a wider cell panel profile.

The platinum uptake was assessed after 24 and 48 h to investigate the penetration of the

compounds into the cells. Notably, the combination of 1a with the f-CD macrocycle exceeds
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the uptake values of cisplatin by 50 % after 48 h of treatment while being less toxic. The
observed slow onset of action combined with promoted cellular uptake opens up the future for
the increased efficacy in single-dose in vivo experiments. In that regard, the small molecule
could benefit from being protected by the carrier against fast systemic clearance, while

simultaneously requiring a smaller overall dose.

Our observations for the CB7 carrier are different from those for f~CD. The strong host-
guest complex prevents effective release of the activated drug (aquated form 1a_aq) from the
CB7 carrier and reduces the biological response. In order to improve the release of the platinum
compound, an anchor moiety at the Pt core with somewhat lower affinity for the carrier should
be used, or the stability of the linker between the supramolecular anchor and the Pt core should
be modified by inserting a labile chemical bond such as ester or amide. This could lead to more
efficient release of the drug while preserving the transport benefits of the macrocycle.

Investigations following the above two strategies are underway in our laboratory.

EXPERIMENTAL SECTION

Methods

IR and Raman Spectroscopy and Mass Spectrometry. IR spectra were obtained on an FT-IR
Bruker ATR spectrometer. Raman IR spectra were recorded on a HORIBA LabRAM
microspectrometer using laser excitations of 532 and 785 nm. Electrospray ionization mass
spectrometry (ESI-MS) measurements were acquired on an Agilent 6224 Accurate-Mass TOF

LC-MS.

Isothermal Titration Calorimetry. ITC analysis was performed using an automated isothermal
microcalorimeter (Malvern AutoITC200). The samples were dissolved in Milli-Q water, and

the ITC measurements were carried out at 298 K using a stirring speed of 750 rpm. After an
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initial delay of 120 s, 40 injections (2.0 uL each) of the solution were added from a microsyringe
to the solution in the cell with time spacing 300 s. Titrations were performed in triplicate, and
blank measurements were realized to determine and subtract the heat effect accompanying the
dilution of components during the ITC experiment. The raw experimental data were analyzed
using MicroCal PEAQ-ITC software. The data were fitted to a theoretical titration curve using

a model with a single binding site, vide infra.

NMR Spectroscopy. 'H, °C, and Pt NMR spectra were recorded on Bruker Avance 111 HD
700 MHz, Bruker Avance III HD 600 MHz, and Bruker AVANCE III TM 500 MHz
spectrometers at 298.2 K (unless specified otherwise). 'H and '*C NMR spectra were referenced
internally to residual solvent peaks, and chemical shifts are reported relative to tetramethylsilane,
TMS (6 = 0 ppm). The Pt spectra were recorded in DMF-d7, D>O, or CDCls for locking
purposes and referenced to KoPtCle.

Dipolar interactions between individual components of the inclusion complexes were detected
by using 2D 'H-'H ROESY experiments’® with presaturation of the residual HDO signal (spin-
lock time 75-150 ms). Correlation signals were assigned using the program NMRFAM-
Sparky.” Overlapping 'H signals were resolved using 'H-'3C HSQC ('J = 130 Hz).”
Single-Crystal X-ray Diffraction. Diffraction data were collected on a Rigaku MicroMax-007
HF rotating anode CCD diffractometer. The structures were solved by direct methods and refined
by full matrix least-squares methods using the ShelXT’> and SHELXL'S software packages. The
PLATON SQUEEZE"” was used to reduce a heavily disordered solvent contribution from the
structure factor calculations for la@CB7. Crystal data and structure refinement parameters are

listed in Table 3.

Table 3. Selected Crystallographic Data for Compounds 1a, Sb, Se, and 7d and the

Supramolecular Complex 1la@CB7.
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CCDC no
chemical formula
formula weight
crystal system
space group
a(A)

b(A)

c(A)

o (deg)

f (deg)

7 (deg)

V(A%

VA

Deated. (g cm™)

4 (mm™")

measured/unique reflections

data/parameters/restraints

RiwR: [1> 26(D)]
Ri/wR; [all data]
GOF

Apmax/ Apmin (€ A7)

1a

2100921
C10Ha23.50C1aN300.25Pt
455.81
triclinic

P-1
12.7412(2)
13.7356(2)
18.5570(3)
73.312(2)
79.207(1)
89.766(1)
3051.55(9)

8

1.984

9.53
26864/11561
11561/600/4
0.0396/0.1081
0.0405/0.1090
1.034
6.12/-2.71

5b

2100922
C24H44CLN2PtO
642.60
monoclinic
C2/k
62.952(3)
13.4476(5)
11.9906(5)

90

98.068(3)

90

10050.2(7)

8

0.849

291
23129/8628
8628/274/263
0.0749/0.2007
0.0944/0.2170
0.970
2.13/-7.76

Sc

2100923
C23HasCLN3;OPt
645.61
triclinic

P-1
10.4323(3)
11.2998(3)
13.3670(4)
76.965(2)
69.102(2)
65.578(3)
1334.71(7)

2

1.606

5.48
15403/4974
4974/467/1260
0.0222/0.0510
0.0228/0.0511
1.271
0.82/-0.80

la@CB7
2100928
Cs2HesCIN31014Pt
1578.89
monoclinic
P2-1/n
23.3466(2)
23.3775(2)
30.8826(4)

90

103.838(1)

90

16366.1(3)

8

1.282

1.82
204456/28796
28796/1836/2040
0.0618/0.1677
0.0652/0.1700
1.035
2.49/-1.54

7d

2100924
C14H27CLN2Pt
524.81
triclinic

P-1

6.7178(1)
10.1416(2)
12.7994(2)
92.7280(1)
101.3480(1)
91.3110(1)
853.53(3)

2

2.042

8.68
8676/3242
3242/3126/184
0.0158/0.0358
0.0166/0.0365
1.041
1.22/-0.71

Quantum Chemical Calculations

Structure Optimization. All electronic-structure calculations were performed at the density-
functional theory (DFT) level. Equilibrium geometries were computed with the Amsterdam
Density Functional (ADF, ver. 2019) program,>? using the dispersion-corrected PBE-D3-BJ787°
functional in conjunction with uncontracted Slater-type orbitals (STOs) of triple-{ quality plus
one set of polarization functions (TZ2P).8° Spin-orbit (SO) relativistic corrections were included
within the zeroth-order regular approximation Hamiltonian (ZORA),>*3>81:82 and the conductor-

like screening model (COSMO)33-%° was used to simulate bulk solvation in water.

Relativistic Calculations of NMR Chemical Shifts.*>%" Two-Component ZORA Approach. The
'H and '*>Pt NMR shielding constants were calculated with the ADF program (ver. 2017)? using
the 2c-ZORA Hamiltonian at the PBE0%3/TZ2P% level in COSMO®*%5 (solvation radius 1.93 A,
dielectric constant 78.4). The Pt NMR chemical shifts were calculated relative to cisplatin (a

secondary reference with § =-2139 ppm),® and are reported relative to [PtCls]*".
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Four-Component Dirac-Kohn-Sham Approach. The '*>Pt NMR shifts were calculated by using
a full four-component Dirac-Kohn-Sham (DKS) approach in combination with the Dirac-
Coulomb Hamiltonian as implemented in the ReSpect program (ver. 5.1).5 The PBE exchange-
correlation functional was selected, and the polarizable continuum model (PCM)*® was included
to simulate water solvent. Mixed uncontracted basis sets for large-component were employed to
preserve high accuracy at a lower computational cost, combining the Dyall’s VTZ3-! basis set
for platinum, the Jensen’s pcS-2°2%3 for the nearest substituents around Pt (i.e., Cl, H,O, NHa,
and NH3) and the IGLO-II* basis set for the remaining light atoms (adamantyl and CB7
macrocycle). The corresponding small-component basis was generated according to the
restricted kinetic balance (RKB) condition®® and the restricted magnetic balance (RMB)
condition.’”-*® The gauge-origin dependence was handled using gauge-including atomic orbitals
(GIAOs).57% In order to accelerate the calculations, the relativistic electron repulsion integrals
and related two-electron Fock contributions were calculated using the resolution-of-identity for
the two-electron Coulomb term,> which has demonstrated good accuracy for large systems
while reducing the computational cost.’*?%7 The Pt NMR shifts were referenced relative to

cisplatin as the secondary reference (see the 2¢ approach above).

Chemical Synthesis

Chemicals. Potassium tetrachloroplatinate, adamantylamine, bornylamine, rimantadine
hydrochloride, and solvents were purchased from Sigma-Aldrich Co. and Alfa Aesar. cis-
PtCl>(NH3), and trans-PtClo(NH3), were prepared according to the method reported by Dhara.!%!
Rimantadine was prepared from rimantadine hydrochloride as the starting material. Solvents

were used as received without drying or purification.

Synthesis. Synthesis of 1a. One equivalent of silver nitrate (46 mg, 0.27 mmol) was added to a

solution of cisplatin (80 mg, 0.27 mmol) in 10 mL of DMF. The reaction mixture was stirred
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overnight at 60 °C. The next day, the AgCl was removed, and one equiv of 1-adamantylamine
(41 mg, 0.27 mmol) was added to the filtrate. The reaction mixture was stirred overnight at 60 °C.
To the clear reaction mixture, 10 mL of MeOH was added followed by 30 mL of Et;O. The
resulting solution was taken to dryness under vacuum, washed with dichloromethane, and dried,

forming the desired product.

Ia. Yield: 55 %. "H NMR (700 MHz, DMSO-ds): & = 1.52 (d, 3H, CHey), 1.61 (d, 3H, CHay),
1.80 (s, 6H, CH,), 2.01 (s, 3H, CH), 3.9 (bs, 3H, NHs), 4.2 (bs, 3H, NH;), 4.8 (bs, 2H, NH,)
ppm. 3C NMR (125 MHz, DMF-d-): 8 = 29.8 (C10-C12), 36.2 (C13-C15), 43.7 (C7-C9), 54.8

(C6) ppm. 1Pt NMR (DMF-d;): § = —2406 ppm. ESI-MS(+) m/z 416.1220, calcd. 416.1214.

Synthesis of cis-Aqua complex 1a_aq. AgNO3 (0.024 mmol, 4 mg) was added to a solution of 1a
(0.024 mmol, 10 mg) in 5 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 contains the aqua form 1a_aq, where
chloride has been replaced by water. The filtrate was used for Pt and 'H NMR measurements

without further purification.

Ia_ag. "H-NMR (700 MHz, D>0): 5 = 1.57 (d, 3H, CHey), 1.64 (d, 3H, CHax), 1.80 (s, 6H, CHa),

2.05 (s, 3H, CH) ppm. Pt NMR (D20): 6 =-2140 ppm

Synthesis of 2a. To a solution of transplatin (0.33 mmol, 100 mg) in 7 mL of DMF, AgNO3
(0.33 mmol, 56 mg) was added. The reaction mixture was stirred in the dark at 55°C for 16 h,
and the precipitated AgCl was filtered off. Then 0.9 equiv of 1-adamantylamine (0.30 mmol,
44 mg) was added to the supernatant, and the reaction was stirred for an additional 24 h at 55°C.
To the clear reaction mixture, 10 mL of MeOH was added, followed by 30 mL of Et;O to obtain
the product. The white product was precipitated, filtered, and washed with additional Et,O (3 x

10 mL).
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2a. Yield: 50 %. 'H NMR (700 MHz, DMSO-de): & = 1.55 (d, 3H, CHeg), 1.64 (d, 3H, CHa),
1.75 (s, 6H, CHa), 2.04 (s, 3H, CH), 3.9 (bs, 6H, NHs3), 5.3 (bs, 2H, NH,) ppm. '°C NMR (125
MHz, DMF-d7): 8 = 29.2 (C10-C12), 36.1 (C13-C15), 43.6 (C7-C9), 55.5 (C6) ppm. 1Pt NMR

(DMF-d7): 6 =-2430 ppm. ESI-MS(+) m/z 416.1212, calcd. 416.1214.

Synthesis of trans-Aqua Complex 2a_aq. AgNO3 (0.024 mmol, 4 mg) was added to a solution of
2a (0.024 mmol, 10 mg) in 5 mL 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 containing 2a_aq was used for *>Pt

and '"H NMR measurements without further purification.

2a_aq. "H-NMR (700 MHz, D20): & = 1.55 (d, 3H, CHey), 1.62 (d, 3H, CHay), 1.77 (s, 6H, CHo),

2.04 (s, 3H, CH) ppm. Pt NMR (D20): § =-2177 ppm.

Synthesis of 3a. PtCl> (0.37 mmol, 100 mg) was suspended in 5 mL of DMF. To the suspension,
two equiv of l-adamantylamine (0.74 mmol, 112 mg) was added. The reaction mixture was
refluxed at 100°C for 24 h. A yellow solution was obtained, to which 20 mL of diethyl ether was
added, and the mixture was left to evaporate overnight. After that, the product crystallized and
the microcrystals were filtered off and washed with diethyl ether.

3a. Yield: 50 %. '"H NMR (700 MHz, DMSO-ds): 8 = 1.52 (d, 3H, CHcg), 1.60 (d, 3H, CHa.x),
1.90 (s, 6H CH>), 2.01 (s, 3H CH), 4.18 (bs, 2H, NH>) ppm. *C NMR (125 MHz, DMF-d5): §
=29.7 (C10-C12), 36.3 (C13-C15), 44.4 (C7-C9), 54.8 (C6) ppm. Pt NMR (DMF-d): & = —

2179 ppm. ESI-MS(—) m/z 452.0052, calcd. 452.0056.

Synthesis of 4a. KoPtCls (0.25 mmol, 103 mg) was suspended in 2 mL of DMF. To the suspension
an excess amount of 1-adamantylamine (1 mmol, 152 mg) was added. The mixture was stirred
at 100°C for 24 h. After that, a white precipitate formed in the solution. The product was filtered

off and washed several times with small portions of cold water and diethyl ether.
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4a. Yield: 50 %. 'H NMR (700 MHz, DMSO-de): & = 1.51 (d, 3H, CH.y), 1.58 (d, 3H, CHay),
1.89 (s, 6H, CHa), 2.00 (s, 3H, CH), 4.20 (bs, 2H, NH) ppm. '*C NMR (125 MHz, DMF-d-):
§=29.9 (C10-C12), 36.3 (C13-C15), 44.4 (C7-C9), 54.8 (C6) ppm. 5Pt NMR (DMF-d-): 8 =

2180 ppm. ESI-MS(-) m/z 603.1417 [M+CI]" caled. 603.1421.

Synthesis of 5a, 5b, and 5c. Potassium tetrachloroplatinate(II) (100 mg, 0.24 mmol) was
dissolved in DMF. A solution of two equiv of amine in DMF was added. The resultant red
mixture was heated at 70 °C for 3 h until the color of the solution changed to yellow. The reaction
was completed by stirring overnight at room temperature. The precipitated potassium chloride
was removed by filtration. The filtrate was evaporated to dryness. The residue was washed with
water, acetone, and ether and dried. The purified product was obtained as a yellowish-white
solid. Crystals of Sb and 5S¢ suitable for X-ray analysis were obtained by slowly evaporating the

solvent from a DMF solution.

5a. Yield: 55 %. 'H NMR (700 MHz, DMF-d7): 8 = 1.56 — 1.79 (dd), 2.08 (s), 2.26 (m) ppm.
13C NMR (125 MHz, DMF-dy): § = 29.8 (C10-C12), 35.9 (C13-C15), 45.1 (C7-C9), 56.0 (C6)
ppm. Pt NMR (DMF-d): § = -2174 ppm. IR (cm™): 3223 m (N-H), 2899 m (C-H), 1573 m
(N=H). ESI-MS: m/z 603.1425 [M+CI[ calcd. 603.1421. 5b: Yield: 55 %. "H NMR (700 MHz,
DMF-dy): 8 = 1.80 — 2.20 (m), 2.40 (s), 5.60 (bs, 4H, NHz) ppm. '°Pt NMR (DMF-dy): & = —
2229 ppm. IR (cm™): 3223 m (N-H), 2899 m (C-H), 1573 m (N-H). ESI-MS: m/z 659.2047
[M+CIT caled. 659.2073. Sc¢: Yield: 43 %. 'H NMR (700 MHz, DMF-d7): & = 1.30 (s), 1.35 —
1.40 (m), 1.5 (s), 1.55 — 1.60 (m), 1.70 — 2.10 (m), 5.80 (bs, 4H, NHz) ppm. '*Pt NMR (DMF-
d): 8 =—2213 ppm. IR (cm'): 3203 m (N—H), 2950, 2881 m (C-H), 1667 m (N-H). ESI-MS(+)

m/z 595.1953 [M+Na]" calcd. 595.1908, ESI-MS(-) m/z 607.1710 [M+CI]" calcd. 607.1699.

Synthesis of 6b and 6c¢. cis-Diamminediiodoplatinum(II) (60 mg, 0.12 mmol) was suspended in

DMF and silver nitrate (41 mg, 0.24 mmol) was added. The suspension was stirred in the dark
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at room temperature overnight. The precipitated silver iodide was removed by filtration. Two
equivalents of amine were added to the filtrate, and the suspension was heated to 70°C for 3 h.
The reaction mixture was cooled to room temperature and filtered, and the filtrate was evaporated
to dryness under reduced pressure. The residue was dissolved in 240 pL of 35% hydrochloric
acid. The mixture was refluxed for 2 h, 400 puL of distilled water was added, and the heating was
continued for another 3 h. The yellow product was suspended in 3 mL of distilled water, stirred
for 30 min, and filtered. The filtrate was cooled in a refrigerator, and after 1 week, a second

portion of the product was collected. The yellow precipitate was dried.

6b. Yield: 33 %. '"H NMR (700 MHz, DMF-dy): 8 = 1.3 (d), 1.6 — 1.8 (m), 1.9 — 2.0 (m), 2.0 (s),
2.3 -2.4 (m), 2.5 (s), 5.7 (bs, 3H, NH3), 6.3 (bs, 2H, NH>) ppm. Pt NMR (DMF-dy): § = —
2158 ppm. IR (cm™): 3159 m (N-H), 2952 m (C-H), 1658 m (N-H). ESI-MS(-) m/z 497.0638
[M+CI] caled. 497.0635 m/z 514.0910 [M+NH;3+Cl]" calcd. 514.0869. 6¢: Yield: 38 %, '"H NMR
(DMF-d7): 6 = 1.7 (d, 3H, CH3), 2.0 (s, 6H, CH»), 2.0 — 2.2 (m, 6H, CH>»), 2.3 (s, 3H, CH), 2.4
(s, 1H, CH), 5.7 (bs, 3H, NH3), 6.1 (bs, 2H, NH>) ppm. '*>Pt NMR (DMF-d7): § = -2166 ppm.
IR (cm™): 3419, 3158 m (N-H), 2899, 2848 m (C-H), 1655 m (N-H); ESI-MS(+) m/z 454.1153

[M+H>0]" calcd. 454.0865.

Synthesis of 7d. A solution of 1-azabicyclo[2.2.2]octane (ABCO) (28 mg, 0.24 mmol) in 2 mL
of methanol was added to a solution of KoPtCls (50 mg, 0.12 mmol) in 5 mL of deionized water,
and the reaction mixture was stirred at room temperature overnight leading to the formation of
the product as a yellow precipitate. The product was filtered off the reaction mixture, washed
with cold ethanol (1 mL) and diethyl ether (2 mL), and dried under a vacuum. Yellow crystals
of the product were grown by slowly evaporating the solvent from a solution of the Pt-complex

in chloroform.
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7d. Yield 20 mg (32%), mp >208°C dec; 'H NMR (500 MHz, CDCL3) 5 = 1.64 (td, J = 7.8 Hz,
J=3.2Hz, 6H, H9-11), 1.77 (hept, J = 3.2 Hz, 1H, H12), 1.94 (td, J = 8.0 Hz, J= 3.2 Hz, 6H,
H59-61), 2.23 (hept, J= 3.2 Hz, 1H, H62), 3.43 (t, J = 8.0 Hz, 6H, cation H56-58), 3.55 (t, J =
7.8 Hz, 6H, H6-8), 8.93 (br s, 1H, H52) ppm. 3C NMR (125 MHz, CDCls) & = 55.6 (C6-C8),
47.3 (C56-C58), 27.0 (C9-C11), 23.2 (C59-C61), 20.3 (C12), 19.9 (C62) ppm. %Pt (CDCls): &

=—1782 ppm. ESI-MS(-) m/z 411.9744, calcd. 411.9742.

Synthesis of la@CB7, la@pf-CD, and 2a@CB?7. The starting compound (la or 2a) was
complexed with CB7 or /~-CD in D;O ina 1 : 1 molar ratio. In procedure for CB7: 9 mg of CB7
was dissolved in a vial, and then 3 mg of the compound was added. The initial mixture was not
clear due to the low solubility of the complex in water, but the solution cleared over time as the
complex was encapsulated in the macrocycle. Note that the compounds were prepared in situ

to perform experiments and analysis.

Evaluation of Biological Activity

Chemical and Biochemical Reagents. RPMI-1640 medium, fetal bovine serum (FBS)
(mycoplasma-free), penicillin-streptomycin, and trypsin were purchased from Sigma-Aldrich
Co. (St. Louis, MO). Phosphate-buffered saline (PBS) was purchased from Invitrogen Corp.
(Carlsbad, CA). Ethylenediaminetetraacetic acid (EDTA), dimethyl sulfoxide (DMSO), and all
other chemicals of ACS purity were purchased from Sigma-Aldrich Co., unless noted

otherwise.

Cell Lines and Cell Cultivation. Two human ovarian cancer cell lines were used in this study.
The A2780 is a human ovarian cancer cell line established from tumor tissue from an untreated
patient. The A2780 line is commonly used as a model for monitoring the effects and testing the

effectiveness of various chemicals. The A2780/CP cell line was developed by chronic exposure
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of the parent cell line to cisplatin. Both cell cultures used in this study were purchased from
HPA Culture Collections (Salisbury, U.K.). A2780 and its cisplatin-resistant A2780/CP cell
line were cultivated in RPMI-1640 medium with 10% FBS. The cell culture medium was
supplemented with antibiotics (penicillin 100 units/mL and streptomycin 0.1 mg/mL). The cells

were grown in an incubator (Sanyo) at 37 °C in a humidified 5% CO> mixture with ambient air.

Measurement of Cell Viability. The cytotoxicity of our compounds was determined by the
MTT assay. The cells were seeded on a 96-well plate at a density of 7 x 103 cells/well in RPMI-
1640 medium, containing 10% FBS and 1% penicillin streptomycin and incubated at 37 °C in
a humidified 5% CO, mixture. After 48 h, the cell culture medium was removed and replaced
with a new medium containing cisplatin, cisPt@CB7, cisPt@p-CD, 1a, 1a@CB7, or la@p-
CD. The concentrations of Pt complexes ranged from 0 to 600 pM. After the cells were
incubated for 24 or 48 h, 200 pL of medium containing 1 mg/mL MTT agent per well was
added. Plates were kept in a humidified atmosphere at 37 °C for 4 h, wrapped in aluminum foil.
Then, the medium containing MTT was exchanged with 200 pL. of 99.9% DMSO per well to
dissolve formazan crystals. The absorbance was read at a wavelength of 570 nm using a
Cytation 3 Imaging multimode imaging reader (BioTek Instruments, Winooski, VT). The ICso
values are reported as the concentration required to inhibit cell growth by 50%.

All measurements were performed in quadruplicate.

Determination of the Pt Content in the Cell Material. Both cell lines were seeded on cell
culture dishes (25 cm?) in RPMI-1640 culture medium, containing 10% FBS and 1% penicillin-
streptomycin, and incubated for 24 and 48 h. The cells were then treated with 3.5 uM cisplatin,
cisPt@CB7, cisPt@p-CD, 1a, la@CB7, or la@p-CD, each at a sub-ICso concentration.
This concentration was applied to detect the accumulation of platinum without inducing
extensive cell death. After further incubation for 24 and 48 h, the cells were harvested by

trypsinization. The cell samples were washed three times with PBS followed by centrifugation
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(4 °C, 2700 rpm, 7 min) to remove the surface-bound drugs. After that, cells were mechanically
lysed in PBS on ice with a micropestle for 5 min followed by centrifugation (4 °C, 2700 rpm,
7 min). The platinum concentration of the supernatant collected after the centrifugation was
analyzed with an ICP-MS Agilent 7900 (Agilent Technologies). Prepared lysates were diluted
10-fold with Milli-Q water before analysis, and the Pt concentration was measured by using the
isotope '°Pt. The quantification was done by external calibration in a range from 0.01 to 10
ng/L of Pt. Possible matrix effects and instability of the plasma conditions were suppressed by
an internal standard (a solution of Au with a concentration of 1 ug/L). The amount of platinum

was expressed in pug/L and then converted to micrograms of Pt per 10° cells.
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Ionic Pt(II) compounds with bulky anchors were synthesized and bound with macrocyclic

cavitands. The hydrolysis of the compounds and host-guest assemblies in aqueous solution was

monitored by NMR spectroscopy and showed that the cucurbit[7]uril carrier promoted the

aquation of cis-[Pt(NH3),CI(NH>-R)]NOs. Biological screening of cytotoxicity and platinum

uptake by the cells are also reported.
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