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ABSTRACT: Three gallium(III)- and thallium(III)-containing
polyoxopalladates (POPs) have been synthesized and structurally
characterized in the solid state and in solution, namely, the
phosphate-capped 12-palladate nanocubes [XPd;,04(PO,)s]"*~
(X = Ga'', GaPd,,Pg; X = TI"', TIPd,,P;) and the 23-palladate
double-cube [T1,"Pd,;P,,0,,(0OH),]**~ (TLPd,;P,,). The cu-
boid POPs, GaPd,,Pg and TIPd,,Ps, are solution stable as verified
by the respective *'P, "'Ga, and **TI nuclear magnetic resonance
(NMR) spectra. Of prime interest, the spin—spin coupling
schemes allowed for an intimate study of the solution behavior
of the TI"-containing POPs via a combination of *'P and **TI1
NMR, including the stoichiometry of the major fragments of
T1,Pd,;P,,. Moreover, biological studies demonstrated the
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antitumor and antiviral activity of GaPd,;,Pg and TIPd,,Ps, which were validated to be as efficient as cis-platinum against human
melanoma and acute promyelocytic leukemia cells. Furthermore, GaPd,;,Pg and TIPd,,Pg exerted inhibitory activity against two

herpetic viruses, HSV-2 and HCMYV, in a dose—response manner.

B INTRODUCTION

Polyoxometalates (POMs) are discrete, anionic metal—oxo
clusters mainly comprising edge- or corner-shared MOy
octahedra of early d-block metal ions in high oxidation states
(e.g, M = WY, Mo", VV), featuring a broad diversity of
structures and compositions combined with potential in
fundamental and applied science." For example, in many
studies, the biomedical potential of POMs was evaluated and,
in some cases, promising antimicrobial properties, such as
antibacterial, antiviral, and antitumor, were detected.” The
POM subclass of polyoxopalladates (POPs), based on square-
planar oxo-coordinated Pd" addenda, was discovered in 2008
and has since been developed further systematically, leading to
almost 100 polyanions of various composition, shape and size.’
Almost all POP salts are soluble and solution stable in water,
allowing for biomedical, catalytic, and electrochemical studies.*

In 2008, the first POP was reported, [Pd;3As304,(OH),]*~
(Pd,;Asg), which has a cuboid shape with an edge length of ca
1 nm.” Following this milestone discovery, the class of POPs
has been developed systematically, leading to many derivatives
of the Pd,;Asg nanocube with various central metal ion guests
and different types of capping groups, as well as the discoverY
of other structural types, such as the 15-palladate nanostar,”*"
the Sr**-centered 12-palladate open-shell structure,’ and a
wheel-shaped structure.*! Recently, neutral and even cationic
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palladium-oxo clusters (POCs) were reported.” Previous work
reported on the theoretically predicted followed by the
successful experimental incorporation of tri- and tetravalent
main group cations (e.g, Ga", In'", TI"!, Sn", Pb") inside the
Pd,, host shell.® Experimental results have documented that
the addition of main group metals such as Sn' and Pb" to
POPs could act as promising antileukemic agents, causing
oxidative stress-mediated, caspase-dependent DNA fragmenta-
tion, accompanied with phosphatidyl serine externalization, all
signifying apoptosis of leukemic cells.” Moreover, the TI'-
containing polyoxotungstates [TL,"{B-5-SiW30,,(OH)},]"*~
and [T1,""Na,(H,0),{P,W,;s05¢},]'®” were shown to possess
promising biological activity.

Based on these findings, the complexation of Ga'™ and TI™
ions in POPs might not only be promising from a structural
point of view but also lead to a class of biofunctional materials.
Herein, we report on the synthesis of novel gallium- and
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Table 1. Crystal Data and Structure Refinement for Na,;[Ga™O4Pd,,(PO,);]:50H,0 (Na-GaPd,,Py),
Na,;[TI™O4Pd,,(PO,);]-41H,0 (Na-TIPd,,P,), and Na,,[TL,"™Pd,;P,,0,,(0OH),]*55H,0 (Na-TL,Pd,,P,,)

Nay3[GaOPd,,(PO,)]-50H,0
(Na-GaPd,,Pg)

Na,3GaPd;,Ps0g0H g9

compound

empirical formula

Na 5[ TIOgPd,,(PO,)s]-41H,0
(Na-TIPd,,P,)

Na,;TIPd,,P3Og,Hg,

Nazo[lepdzspmom(OH)z] -S5H,0
(Na-TLPd,,P,,)

NaZOTIZPdZSP 140 127Hl 12

(Nay;GaPd,,PO5;)" (Nay(T1Pd;,P4O5) (Na;TLPdy3P1,077)°
formula weight, g/mol 3433.94 (2759.17)¢ 3406.45 (2758.84)° 5894.66 (4567.52)°
crystal system cubic cubic orthorhombic
space group Fm-3m Fm-3m Cmca
a A 20.0463(15) 20.0733(9) 34.2001(12)

b A 20.0463(15) 20.0733(9) 21.0768(7)

o A 20.0463(13) 20.0733(9) 20.1416(6)

a, deg 90.00 90.00 90.00

p, deg 90.00 90.00 90.00

7, deg 90.00 90.00 90.00

volume, A? 8055.7(10) 8088.3(11) 14518.6(8)

z 4 4 4

Do g/cm® 2.831 2.797 2.703

absorption coefficient, mm™  3.312 4.940 S.311

F(000) 6664 6504 11136

0 range for data collection, 2.87—-28.32 1.76—28.28 2.27-28.22
deg

completeness to O, 99.6 99.3 99.9

index ranges 23 < h <21, -25 < k <26, —24<h<23,-26<k<9, —45<h <44, -28<k<28-19<1<26

-12<1<26 -15<1<26
reflections collected 7097 7585 82 064
independent reflections 564 563 9133
R(int) 0.0308 0.0725 0.0646
absorption correction semiempirical from equivalents semiempirical from equivalents semiempirical from equivalents
data/restraints/parameters 564/0/25 563/78/37 9133/384/274
goodness-of-fit on F* 1.063 1.083 1.044

R,* wR,Y (I > 26(I))

R,* wR," (all data)

largest diff. peak and hole,
e/A3

R, = 0.0478, wR, = 0.1706
R, = 0.0596, wR, = 0.1957
3.093 and —1.768

R, = 0. 0869, wR, = 0.2664
R, = 0.1039, wR, = 0.2977
10.827 and —5.587

R, = 0.0807, wR, = 0.2441
R, = 0.1104, wR, = 0.2806
10.411 and —4.518

“R, = YIIF,| — IFIl/ YIF,L. ®wR, = { S w[(F.)? — (Fc),)o/ Xwl(F,)*]?}'/2. “Values outside brackets indicate the actual formula unit and molar mass

as obtained from elemental analysis for a bulk sample.

thallium-containing POPs, and their detailed structural
characterization in the solid state and in solution, as well as
an investigation of their biomedical properties.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. All reagents were
purchased from commercial sources and used without further
purification. The NMR samples were prepared by re-dissolving
crystals in H,O/D,0. The NMR spectra of Na-GaPd;,P; were
recorded on a 400 MHz instrument (JEOL, Model ECX) at room
temperature, using 5 mm tubes for *'P and 7'Ga NMR with resonance
frequencies 162.14 MHz (*'P) and 122.02 MHz ("'Ga), respectively.
The chemical shifts were reported to the references of 85% H;PO,
and 0.1 M acidic aqueous Ga(NO;);, respectively. Typical parameters
of *'P NMR spectra used were TD (time domain) = 8k, SW (sweep
width) = —50 to SO ppm, D1 (relaxation delay) = 1 s, p1 (pulse
length) = 5.8 us (30°), and NS (number of scans) = 134. Typical
parameters of overnight ”'Ga NMR spectra used were TD = 8k, SW =
—50 to 150 ppm, D1 = 0.1 s, pI = 5.1 ps (45°), and NS = 28k.

The Tl NMR spectra of Na-TIPd;,Pg and Na-TL,Pd,;P;, were
recorded at 846 Tesla with a Bruker Avance DRX 360 MH:z
spectrometer at the University of Debrecen, using a S mm QNP probe
for 3P at 145.78 MHz and by inserting a 10 mm 500 MHz broadband
(BB) probe for **TI NMR and tuning the BB-channel to the
frequency of 2°°T1 (208.21 MHz); no 'H and D,0 lock channels are
available at this configuration. Overnight ***T] NMR spectra (pl = 12
us (60°), D1 = 3 s, TD = 4k, NS = 20k, experimental time = 17 h)
were measured by a home-modified S mm indirect BB probe tunable
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to 2°°T1 (208.21 MHz) using a D,O lock. **T1 NMR chemical shifts
were referenced externally to infinitely diluted TICIO, as 0 ppm, using
50 mM TI" and/or TI™ perchlorate solutions (TI: —4.72 ppm, TI™:
2039 ppm). *'P longitudinal relaxation time constants (T;) were
determined at room temperature by an inversion recovery experiment
(7-delay-7/2 pulse sequence) in pseudo two-dimensional (2D) mode
provided by a Bruker Avance DRX 360 MHz spectrometer. The
results were calculated by a nonlinear parameter fitting using TopSpin
3.2 software. Typical parameters used were TD = 32k, pl = 5.6 us
(90°), and D1 = 60 s.

Fourier transform infrared spectra (FT-IR) were recorded on KBr
disks by using a Nicolet-Avatar 370 spectrometer between 400 and
4000 cm™'. Thermogravimetric analysis (TGA) was carried out by
using a TA Instruments SDT Q600 thermobalance with a 100 mL
min~" flow of dinitrogen; the temperature was ramped from 20 to 800
°C at a rate of 5 °C min™'. Elemental analyses were performed by
CNRS, Service Central d’Analyze, Solaize, France.

Synthesis of Na,;[Ga""OgPd;,(PO,)s]-50H,0 (Na-GaPd,Ps).
Pd(NO;), (0.023 g 0.102 mmol) and Ga(NO,); (0.006 g, 0.025
mmol) were dissolved in 2 mL of 0.5 M sodium phosphate solution
(pH 7.0, prepared by adding NaOH solid into NaH,PO, solution) at
80 °C for 60 min while stirring. Then, the solution was left to cool to
room temperature before filtration. The filtrate was allowed to
crystallize in an open vial. After several weeks, dark-red block-shaped
crystals were obtained. The product was collected by filtration and
then air-dried. Yield: 15 mg (53% based on Pd). Elemental analysis
caled (%): Ga 2.10, Pd 38.60, P 7.49, Na 9.04; found: Ga 2.20, Pd
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37.90, P 7.55, Na 9.26. IR (2% KBr pellet): 1124 (s), 956 (m), 919
(m), 676 (w), 617 (s), 550 (w) cm™.

Synthesis of Na,;[TI"'O4Pd,;,(PO,)s]-41H,0 (Na-TIPd,,Py).
Pd(NO;), (0.023 g, 0.102 mmol) and TI(NO;);-3H,0 (0.011 g
0.025 mmol) were dissolved in 2 mL of 0.5 M sodium phosphate
solution (pH 7.0) at 80 °C for 60 min while stirring. Then, the
solution was left to cool to room temperature before filtration. The
filtered solution was allowed to crystallize in an open vial. After
leaving the solution for several weeks, dark-red block-shaped crystals
were obtained. The product was collected by filtration and then air-
dried. Yield: 12 mg (41% based on Pd). Elemental analysis calcd (%):
Tl 6.00, Pd 37.50, P 7.27, Na 8.77; found: Tl 6.32, Pd 36.10, P 7.11,
Na 9.25. IR (2% KBr pellet): 1121 (s), 1090 (sh), 968 (sh), 951 (m),
916 (m), 618 (s), 524 (m), 478 (m), 405 (m) cm™".

Synthesis of Nayo[Tl,"'Pd,5P,,0,,(0H),]-55H,0 (Na-
TI,Pd,3P,). PA(NO;), (0.023 g 0.102 mmol) and TI(NO;);
3H,0 (0.011 g, 0.025 mmol) were dissolved in 2 mL of 0.5 M sodium
phosphate solution (pH 7.0) at 80 °C for 45 min while stirring. Then,
the solution pH was decreased to 4.5 using 1 M HNO; (aq), heated
again at 80 °C for 45 min, and left to cool to room temperature before
gravity filtration. The filtered solution was allowed to crystallize in an
open vial. After leaving the solution for several weeks, dark-red rod-
shaped crystals were obtained. The product was collected by filtration
and then air-dried. Yield: 22 mg (51% based on Pd). Elemental
analysis calcd (%): T1 6.94, Pd 41.50, P 7.36, Na 7.80; found: T1 7.39,
Pd 40.90, P 8.09, Na 7.29. IR (2% KBr pellet): 1121 (s), 1078 (sh),
953(m), 914 (sh), 618 (s), 530 (sh), 446 (w) cm™".

X-Ray Crystallography. The single-crystal X-ray diffraction
(XRD) data of all three compounds were collected on a Bruker
Kappa X8 APEX II CCD diffractometer with graphite monochromatic
Mo Ka radiation (1 = 0.71073 A) at 100 K. An empirical absorption
correction was applied using the SADABS program. The SHELX
software package (Bruker) was used to solve and refine the structures.
The structures were solved by direct methods and refined by the full-
matrix least-squares method (Y w(IFy> — IFJ*)*) with anisotropic
thermal parameters for all heavy atoms included in the model. The H
atoms of the crystal waters were not located. It was not possible to
locate all countercations via XRD, probably because of severe
crystallographic disorder, which is a common problem in POM
crystallography. Therefore, the exact number of countercations and
crystal waters in the bulk compounds was determined by elemental
analysis, and the resulting formula units were further used throughout
the paper and in the CIF file for overall consistency. The crystal data
and structure refinement for the three compounds are summarized in
Table 1. Cambridge Crystallographic Data files CSD-2248051 (Na-
GaPd,,P,), CSD-2248265 (Na-TIPd,,Py), and CSD-2248052 (Na-
TLPd,;P,,) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/.

Cell Culture and Reagents. All chemicals used in the biological
experiments were from Capricorn Scientific (Ebsdorfergrund,
Germany), unless stated otherwise. The human cell lines H460
(lung carcinoma), SH-SYSY (neuroblastoma), HL-60 (acute
promyelocytic leukemia), and MOLT-4 (acute lymphoblastic
leukemia) were obtained from the European Collection of Animal
Cell Cultures (Salisbury, UK.). The human melanoma 518A2 cell
line was a gift from Dr. Danijela Maksimovic-Ivanic (Institute for
Biological Research “Sinisa Stankovic”, University of Belgrade,
Serbia). All cells were maintained at 37 °C in a humidified
atmosphere with 5% CO,. The H460, HL-60, MOLT-4, and 518A2
cell lines were grown in RPMI 1640 cell culture medium
supplemented with 2 mM L-glutamine and 10 mM sodium pyruvate.
The SH-SYSY cell line was maintained in Modified Eagle Medium +
F12 cell culture medium (1:1) supplemented with 2 mM L-glutamine
and nonessential amino acids (1%). All cell culture media were
additionally supplemented with 10% fetal bovine serum and 1%
antibiotic/antimycotic mixture. The cells were seeded in 96-well flat-
bottom plates for the viability assessment as follows: 4 X 10°/well
(518A2), 10 x 10°/well (H460), 15 X 10%/well (SH-SYSY), 30 X
103/well (HL-60), and 50 X 10°/well (MOLT-4). The plates were

from Sarstedt, Niimbrecht, Germany. The leukemic cells were treated
for 4 h after seeding, while adherent cells (518A2, H460 and SH-
SYSY) were left to rest overnight and treated the next day. Crystals of
Na-GaPd,,Pg and Na-TIPd,,Pg were dissolved in 60 °C PBS for 8 h
with intermittent sonication for preparing stock solutions of 2.5 mM.
Working solutions of Na-GaPd,,Ps and Na-TIPd,,P; were made by
dilution in an appropriate cell culture medium, and the cells were
treated for 24 h. Each experiment contained untreated cells as a
control. cis-Platinum (CDDP, Sigma-Aldrich, Taufkirchen, Germany),
the chemotherapeutic “gold standard” of metal ion-containing drugs,
was used as a positive control.

Cell Viability. The acid phosphatase (AcP) assay was used to
determine the number of viable cells. The AcP assay is based on p-
nitrophenyl phosphate hydrolysis by intracellular acid phosphatases in
viable cells and subsequent production of chromogen p-nitrophenol.
The assay was performed exactly as previously described,'' and
absorbances, directly proportional to the number of viable cells, were
measured in an automated microplate reader (Sunrise; Tecan, Dorset,
U.K.) at 405 nm. The viability of the cells was calculated as percent
absorbance relative to an untreated control. Each experiment was
done in three or six technical replicates two or three times
independently. The concentrations of the investigated compounds
that reduced the cell viability by 50%, the so-called IC;, values, were
calculated using GraphPad Prism software (GraphPad Prism Software
Inc,, San Diego, CA).

Antiviral Studies. African green monkey kidney cells (Vero)
(ATCC CCL-81) were cultured in Eagle’s minimal essential medium
(MEM) (Sigma-Aldrich) supplemented with heat-inactivated 10%
fetal bovine serum (FBS) (Sigma-Aldrich) and 1% antibiotic solution
(penicillin—streptomycin, Sigma-Aldrich). Human foreskin fibroblasts
(HFF-1) (ATCC SCRC-1041) at low-passage-number (<30) were
grown as monolayers in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich) supplemented with 15% heat-inactivated
FBS (Sigma-Aldrich) and 1% antibiotic solution (penicillin—
streptomycin, Sigma-Aldrich). The neurovirulent strain MS (ATCC
VR-540) of Herpes Simplex Virus type 2 (HSV-2) was propagated in
Vero cells at 37 °C, and the viral titer was determined by the standard
plaque method and expressed as plaque-forming unit (PFU)/mL, as
reported by Toujani et al.'> A bacterial artificial chromosome—derived
human cytomegalovirus (HCMYV) strain Towne, incorporating the
green fluorescent protein (GFP) sequence, was propagated on HFF-
1."> HCMV titer was determined on HFE-1 cells by fluorescence
focus assay and expressed as focus-forming units (FFU)/mL. Virus
stocks were maintained frozen at —80 °C. The antiviral activity of
GaPd,,P;, TIPd,,P; and [InOgPd,,(PO,)s]"* (InPd,,Pe)*" was
determined by plaque reduction assay for HSV-2 and by focus
reduction assays for HCMV on Vero cells and HFF-1 cells,
respectively. The cells were treated with increasing concentrations
of POPs before, during, or after the viral infection in order to use a
complete protection assay. Briefly, after a 2-h incubation of the cells
with POPs, a mixture of the same concentrations of POPs and virus
was added to the cells. The multiplicity of infection (MOI) was of
0.002 plaque-forming units (PFU)/cell for HSV-2 and of 0.00S focus-
forming units (FFUs)/cell for HCMV. The cells were incubated at 37
°C for 2 h, then washed and overlaid with a medium containing 1.2%
methylcellulose 2% FBS and serial increasing dilutions of the POPs.
For HSV-2 antiviral assays, after 24 h of incubation at 37 °C, the cells
were fixed and stained with 20% ethanol and 0.1% crystal violet
solution, and the viral plaques were counted. For HCMV antiviral
assays, after S-day incubation at 37 °C, HCMV-infected cells were
visualized as green fibroblasts by fluorescence microscopy and
counted. Results were reported as percentages of plaques (for HSV-
2) or fluorescent foci (for HCMV) in comparison to controls. The
inhibitory concentrations of POPs that reduced viral infectivity by
50% (half-maximal effective concentration, ECs,) and 95% confidence
intervals were calculated by GraphPad Prism software to fit a variable
slope-sigmoidal dose—response curve. All experiments were con-
ducted in triplicate. In parallel, cell viability was assessed using the [3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium] assay, as described by Donalisio et al.'*

https://doi.org/10.1021/acs.inorgchem.3c01530
Inorg. Chem. 2023, 62, 13195-13204


https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2248051&id=doi:10.1021/acs.inorgchem.3c01530
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2248265&id=doi:10.1021/acs.inorgchem.3c01530
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2248052&id=doi:10.1021/acs.inorgchem.3c01530
http://www.ccdc.cam.ac.uk/
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

N\

“N

Figure 1. (a) Ball-and-stick representation of XPd,,Ps (X = Ga"™, TI"™). Color code: Ga and TI, turquoise; Pd, blue; P, yellow; O, red. (b—d)

Representation of the onion-like multishell structure of XPd,,Py.

Sodium phosphate solution  Palladium(ll) ions
pH 7 Thallium (lll) ions

TIPd P,

Sodium phosphate solution
pH 4.5

\ "7 .
T1,Pd,,P

23" 14

Figure 2. Synthetic scheme of polyanions TIPd,,Pg and T1,Pd,;P,,. Color code: Tl, turquoise; Pd, blue; O, red balls; {PO,} tetrahedra, purple.

Briefly, confluent cells in 96-multiwell plates were cultured as for the
antiviral assays. Vero cells and HFF-1 cells were incubated with serial
dilutions of the POPs for 24 and 120 h, respectively. Cells viability
was evaluated using the CellTiter 96 Proliferation Assay Kit
(Promega), according to the manufacturer’s instructions, and
absorbances were measured using a Multiskan FC Microplate
Photometer (Thermo Scientific). The effect of POPs on cell viability
was expressed as a percentage of absorbance values of treated cells
compared with those of cells incubated with culture medium alone.
The 50% cytotoxic concentrations (CCgy) and 95% confidence
intervals were determined with GraphPad Prism software by fitting a
variable slope-sigmoidal dose—response curve.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The main
group metal-centered polyoxopalladates (POPs)
[Xospdlz(Po4)s]l3_ (X = Ga' (GaPd,Py), T
(TIPd,;,Pg)) were synthesized by the reaction of Ga(NO;),
or TI(NO;);-3H,0 with Pd(NO;), in a 0.5 M sodium
phosphate solution at pH 7.0 and isolated as hydrated sodium
salts, Na,;[Ga™O,4Pd,,(PO,)s]-50H,0 (Na-GaPd,P;) and
Na;[TI"OgPd,,(PO,)s]-41H,0 (Na-TIPd,,Py), respectively.

Single-crystal X-ray diffraction revealed that the polyanions
GaPd,P; and TIPd,Pg are isostructural and they can be
regarded as two new members of the POP nanocube family
{XPd,Lg} (X = central metal ion guest, L = capping group),
see Figure la. The guest metal ions Ga™" and TI"™ in XPd,,Pg
are coordinated by eight ,-O atoms to form an ideal cubic
{XOy} coordination sphere with bond lengths Ga—O = 2.191
A and TI-O = 2.314 A, respectively (Figure 1b). This core
assembly is further surrounded by 12 square-planar coordi-
nated palladium(II) ions and capped by eight PO,*~ groups to
obtain a closed cuboid-shaped shell (Figure lc,d). To date,
only a handful of main group metal-centered cuboid POPs
have been synthesized with phenylarsonate as the capping
group (M = Ga and In"™;** or TI""'®) or phosphate as the
capping group (In',*" Sn' and Pb™”). The crystal structures
of Na-GaPd,,Pg and Na-TIPd,,Pg are isomorphous, see Table
1. Interestingly, a unique sodium-oxo-aqua cluster
{Na,0,(H,0),,} was observed in the solid-state structure of
Na-GaPd,,P; (Figure Sla). Each sodium ion is hexa-
coordinated in a distorted octahedral geometry by three p,-
oxo ions (terminal oxygens of phosphate capping groups) and
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Figure 3. (a) 162.14 MHz *'P NMR spectrum of Na-GaPd,P; in D,0/H,0: 15 mg mL™" = ~35 mM for PO,*", 6= 13.9 ppm. (b) 122.02 MHz
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Figure 4. (a) **Tl-coupled doublet *'P NMR signal (145.78 MHz) of Na-TIPd,P; in water (10% D,0): 18.5 mg mL ™' = ~43 mM for PO,*", § =
15.6 ppm, ‘J(**T1->'P) = 140 Hz. The small signal can be attributed to free phosphate as an impurity; estimated pH = 11. (b) *'P-coupled nonet
205T] NMR signal (207.74 MHz) of the same sample: 5.3 mM for TI(II1); § = 2407 ppm, *J(**TI-*'P) = 138 + 10 Hz. Minor impurities might be

detected at around 2390 ppm.

three water molecules, which are interlinked with four
GaPd,P; polyanions (Figure S1b). Accordingly, one
GaPd,P; ion is connected to eight tetra-sodium clusters
{Na,04(H,0),,}, resulting in a 3D framework (Figure Slc,d).

The double-cube Na-T1,Pd,;P,, can only be synthesized
through the reaction of TI(NO;);-3H,0 with Pd(NO;), in a
0.5 M sodium phosphate solution at pH 4.5, i.e, the pH is
lower than that of Na-TIPd,Ps. The synthetic scheme
showcases that the pH value plays critical effects in the TI-
POP system, indicating that a lower pH is beneficial to the self-
assembly of larger POPs (Figure 2). The double-cube structure
of TL,Pd,;P,, can be described as two mono-lacunary
{TIPd,,P,O+} units linked by an extra central Pd ion. In
contrast, the reported Na,,[In,Pd,;0,,(OH)-
(PO,)1,(PO;(OH))]-58H,0 (In,Pd,;P,;) contains one phos-
phate group less (only 13 rather than 14).°° Therefore,
TL,Pd,;P,, possesses higher symmetry than In,Pd,;P;;. We
were unable to prepare the hypothetical Ga-centered double
cube, even when modifying the reaction pH to more acidic
values. A possible reason could be the shorter bond lengths of
Ga—0 (2.191 A) as compared to In—O (2.254 A) and TI-O
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(2.314 A), respectively. A decrease of the M—O bond lengths
in the MPd;,P; family (from TI-O via In—-O to Ga—0)
results in a more distorted square-planar coordination
geometry around the Pd" atoms, which is unfavorable for
the formation of the double-cuboid structure. FT-IR spectra
were recorded for all three compounds (Figure S2). The bands
from 900 to 1200 cm™" correspond to P—O stretching modes
of the phosphate heterogroups. The other peaks below 900
cm ™! are attributed to Pd—O as well as to Ga/T1—O vibrations
for all three samples. Meanwhile, thermogravimetric analysis
(TGA) of the crystalline compounds has been performed to
investigate their thermal behavior (see Figure S3) and two
weight loss steps were observed for all of them.
Multinuclear NMR Spectroscopy. To explore the
solution behavior (e.g, solubility and stability) of the three
POPs, we performed multinuclear NMR studies on the
respective salts of POPs after re-dissolving them in H,0/
D,0 at room temperature. Since GaPd;,Pg possesses 8
chemically equivalent phosphorus atoms in the polyanion
structure with a tetrahedral symmetry, the 3Ip NMR spectrum
of Na-GaPd,,P; exhibits a singlet at 13.9 ppm, which is in full
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Figure 5. (a) Proposed major route of TL,Pd,3P;, decomposition in solution. (b) *Tl-coupled *'P NMR spectrum (145.78 MHz) of the
disintegrated T1,Pd,;P,, in water (10% D,0): 22.5 mg mL™", ~40 mM for PO,*". The most intense doublet at § = 15.4 ppm; *J(**TI-*'P) = 149
Hz is attributed to the TIPd,,Py fragment, while doublets shown in the inset with *J(**TI—*'P) = 155, 143, and 142 Hz are the signals of the
phosphate groups in the fragments {TIPd,,P,} and {TIPd,,P,}, respectively, see (a). The free phosphate is detected at § = 0.6 ppm, the estimated
pH = 2. The small signals at 21 and 11 ppm can be attributed to minor impurities. (c) *'P-coupled multiplets ***T] NMR signals (207.74 MHz) of
the same sample: 7.6 mM for TI™; the nonet of the TIPd,,P fragment at § = 2379 ppm, J(**TI-*'P) = 138 + 10 Hz; two octets, at § = 2372
ppm, YJ(®TI-'P) = 143 + 10 Hz and & = 2353 ppm, J(**TI-*'P) = 139 + 10 Hz, are assigned tentatively to the fragments {TIPd,P,} and
{TIPd,,P,}, respectively. Minor impurities might be detected at around 2320—234S ppm. The red traces (left to right) are the simulated nonet

(AXg) and two octets (AX;), respectively.

agreement with the crystal structure (Figure 3a). Due to the
highly symmetrical cubic coordination geometry of the Ga™
center in GaPd|,Pg, the expected narrow signal in 7'Ga NMR
has been recorded at 73.0 ppm (Figure 3b). As one can see
from Figure 3, neither the *'P nor the "'Ga NMR spectrum of
Na-GaPd,,P; shows spin—spin coupling (in contrast to the
analogous Na-TIPd,,P,, see Figure 4). The lack of splitting
might be attributed to the quite fast quadrupole relaxation of
the central 7'Ga/®Ga (I = 3/2) nucleus.

As expected, the *'P NMR spectrum of Na-TIPd,,Pg shows
one doublet (Figure 4a) due to the spin—spin coupling
(YJ('P—2°°T1) = 140 Hz) between *'P (I = 1/2) and 2%/2%T]
(I = 1/2) nuclei. The doublet at § = 15.6 ppm can be
attributed to 8 chemically equivalent phosphorus atoms
coupled to one central Tl atom (I =1/2 for both *%T],
29.5% and *%TI, 70.5%). It is important to note that two
different isotopologs, containing **TI and *®TI nuclei, give
separated doublets, the latter one has *J(*'P—2"TI) = 138.6
Hz, 1% smaller compared to J(*'P—2®TI) = 140 Hz, see
Figure S4. In accordance, the ***TI NMR spectrum (Figure 4b)
displays the expected one signal at 2407 ppm with *J(*'P—TI)
= 138 + S Hz, which is in reasonable agreement with the one
observed in *'P NMR (the larger uncertainty, about +5 to 10
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Hz, of the *®T] NMR is due to the substantially larger line
width (>50 Hz) at the actual field strength compared to the
~1 Hz of P NMR signal). These findings indicate that the
cubic TIPd,Pg keeps the structure determined by single-
crystal XRD.

Unlike the phosphate-capped nanocubic POPs with different
central metal ions,Sb’9 the multinuclear NMR results shown in
Figure S suggest that the double-cuboid TL,Pd,;P,, is not
stable in aqueous solution. T1,Pd,;P,, disintegrates immedi-
ately to several fragments upon re-dissolution, although the
species found in solution remain constant without further
decomposition for at least several weeks, according to repeated
*'P NMR measurements. The assignment of the complicated
P NMR spectrum is not straightforward for all signals,
although the three main fragments detected by ***TI NMR can
be attributed to the 2*/*Tl-coupled *'P NMR doublets. First
of all, the most intense doublet at § = 15.2 ppm; “J(**T1->'P)
= 149 Hz, belongs to the TIPd,P; fragment. The small
difference in chemical shift and *J(**T1—*'P) compared to the
values shown in Figure 4 might be explained with the acidic
pH of this sample. Based on the chemical shift of free
phosphate at 6 = 0.6 ppm, the estimated pH ~2, ie., the
decomposed solution is quite acidic. The detailed examination
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of the decomposition reactions is not in the scope of this work,
but we suppose that some part of TI™' might form mixed
hydroxo species, and the released protons push the pH from
neutral to acidic. The proposed major route of decomposition
is shown in Figure Sa: TL,Pd,;P,, breaks up into {TIPd,,P,}
and {TIPd,,P,} fragments. It is likely that in solution the two
central, bridging phosphate groups of T1,Pd,;P,, break away
from the “dimer”, mainly because the bidentate phosphate
groups (coordinated atoms: O8 and O19) are not bound as
strongly as the tridentate ones, resulting in the formation of
two fragments, {TIPd,,P;} and {TIPd, P,}. The formation of
TIPd,,P, from reaction of a {TIPd,P,} fragment with a free
PO,>” ion in solution is evident. Two of the three doublets
with medium intensities at around 14—16 ppm and shown in
the inset with *J(*T1—*'P) = 142, 143, and 155 might be the
signals of the 4 equivalent “equatorial” phosphate groups in the
fragments, {T1Pd,,P,} and {TIPd ,P,}, respectively, see Figure
Sb, and can tentatively be attributed to the 2 equivalent “axial”
phosphates, supposing coincidence of the peaks both having
half-intensities. The pairing of the 6 signals with likely equal
intensities to doublets is based on T; measurements. Signals
belonging to the same doublet have equal longitudinal
relaxation time constants in the range of 3.8—4.7 s and are
summarized in Table S1. Two signals, the triplet at 20.8 ppm
and two peaks at 11 ppm, are unknown impurities, while the
smallest peaks in the doublet region (14—16 ppm) are likely
the signals of the seventh phosphate groups in the {TIPd,,P,}
and {TIPd,,P,} species.

Turning to the 31P-coupled 205T1 NMR spectrum, see Figure
Sc, the nonet signal at 2379 ppm is the signal of the TIPd,,Pg
species, while {TIPd,P;} and {TIPd,;P,;} may have octet
signals at 2372 and 2353 ppm, respectively. The values of
YJCSTI-3'P) = 149, 143, and 139 Hz are in suitable
agreement with the (more accurate) values measured by *'P
NMR. At first glance, the intensities of the multiplet peaks
follow the Pascal triangle. It is obvious that TIPd,,Pg having 8
equivalent phosphate groups forms an AXj spin system, but the
proposed structures of the {TIPd,,P,} and {TIPd,,P,}
fragments, see Figure Sa, fit to an AX,Y,Z spin system. The
clear separation of the different *'P NMR signals and their
narrow shape rule out any kind of internal rearrangement.
Actually, the resolution of ***TI NMR is not high enough at 8.4
T to show the fine structure of the spin—spin coupling due to
the chemical shift anisotropy, resulting in quite broad (50—60
Hz) signals, especially in the case of very similar coupling
constants that we observed. Model calculations using the
MestraNova software indicate that the shape of the overall
multiplets AXg and AX,Y,Z is practically identical for half-
widths above 20 Hz (Figure S5). This means that the directly
measured *J(?*T1-3'P) values of {TIPd,,P,} and {TIPd,,P,}
from *®T1 NMR are some kind of averages of the (slightly)
different, “real” values, properly measurable by *'P NMR.

Antitumor Activity. Considering that both Na-GaPd,,Pg
and Na-TIPd,,P; are solution stable in water at pH 7, it is
interesting to assess their antitumor potential. Both GaPd;,Pg
and TIPd,P; were fairly toxic against human melanoma
(518A2), lung cancer (H460), and acute promyelocytic
leukemia (HL-60), without significant differences between
the two of them. Rather, low toxicity was observed for both
GaPd,,Pg and TIPd,,P; against human neuroblastoma (SH-
SYSY) and acute lymphoblastic leukemia (MOLT-4).
However, GaPd,P; showed significantly higher cytotoxic
potential against MOLT-4 cells compared to TIPd,,P,

suggesting the specificity of GaPd,Pg toward acute lympho-
blastic leukemia. Importantly, both GaPd,,Pg and TIPd,,Pg
were as efficient as cis-platinum, the gold standard of
chemotherapy, against human melanoma and acute promye-
locytic leukemia cells, with ICg, values on human melanoma
cells of the same order of magnitude as for cis-platinum,
suggesting antimelanoma, in particular, and antileukemic
potential that should be further explored. All results are
summarized in Table 2.

Table 2. Antitumor Activity (ICso; 24 h) of GaPd;,Pg and
TIPd,,P; Determined by Acid Phosphatase Assay”

ICs, (uM)
human tumor cell
lines GaPd,,Pg TIPd,,Pg CDDP
518A2 367 + 1.5 250 + 5.6 312 + 0.9
H460 39.1 + 4.9 39.7 + 32 104 + 13"
SH-SYSY 87.0 + 7.3 95.6 + 13.8 30.3 + 82"
HL-60 325 +2.8 317 + 8.1 174 + 3.3°
MOLT-4 69.0 £ 142 11271 £ 29.5% 171 = 1.6'"°

“The values presented are means + SD from two or three
independent experiments done in triplicate or sextuplicate; CDDP:
cis-platinum; *p < 0.05 vs GaPd,Pg; *p < 0.05 vs GaPd,,Py and
TIPd,,P;.

Antiviral Activity. The antiviral activity of the selected two
POPs was investigated against two herpetic viruses, HSV-2 and
HCMYV, analyzing their ability to reduce the number of viral
plaques or foci, respectively, in cell cultures. To this aim, assays
were performed by incubating cells in the presence of
increasing concentrations of the polyanions before, during,
and after viral adsorption. As reported in Figure 6, GaPd,Pg
and TIPd,Pg exhibited an antiviral activity against the two
viruses generating dose—response curves. In detail, GaPd,Pg
exhibited an inhibitory effect with ECs, values of 0.21 and 0.44
UM against HSV-2 and HCMYV, respectively. Also, TIPd,,Pg
was able to inhibit HSV-2 and HCMV replication with ECy,
values of 1.02 uM vs 12.56 uM, respectively. Furthermore, the
indium (I11)-centered analogue InPd,,Ps* was assessed, and a
remarkable antiviral activity was demonstrated against both
viruses (ECg, values of 0.26 uM against HSV-2 and 1.08 yM
against HCMV). These data evidenced an antiviral activity
against HSV-2 greater than HCMV by all three POPs. Of note,
GaPd,,P; and InPd,,Pg exhibited the best antiviral activity
against HSV-2 infection amongst the POMs reported in the
literature, ' with an ECs, value lower of at least 1 log than the
previously reviewed POMs.'” By contrast, GaPd,,Ps and
InPd,P; exerted an ECs, similar or slightly lower than the
previously studied POM:s against HCMV. In order to ascertain
that the antiviral activity was not a consequence of cell toxicity,
cell viability assays were performed by incubating the cells with
the polyanions under the same conditions used for the antiviral
assays in order to determine the half-maximal cytotoxic
concentration (CCsy) (Figure 7). A difference of two
logarithms was evidenced mainly for GaPd,,Pg and InPd;,Pg
between the CCy, values and the ECg, values, demonstrating
that the polyanions are not toxic at the concentrations used in
the antiviral assays (Table 3). In order to identify antiviral
candidates, an evaluation of the selectivity index (SI) is
fundamental, ie., the parameter that measures the relative
effectiveness of a compound in inhibiting viral replication with
respect to its cytotoxicity. In this regard, GaPd,Pg exhibited
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Figure 6. Antiviral activity of GaPd;,Pg, TIPd,Pg, and InPd;,P, against HSV-2 (A) and HCMV (B). On the X-axis, the concentrations of the
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Figure 7. Effect of GaPd,,Ps, TIPd,,P;, and InPd,;,Ps on the viability of Vero cells (A) as a function of the drug concentrations at 24-h
postadministration and on HFF-1 cells (B) at 120-h postadministration. On the X-axis, the concentrations (#M) of the polyanions are reported. On
the Y axis, the cell viability is reported as the percentage of viable cells in comparison to the untreated control. The values are reported as means +

SEM for three independent experiments performed in duplicate.

Table 3. Antiviral Activity of GaPd,,Pg, TIPd,,Pg, and InPd,,Pg

compound virus ECg” (uM) (95% CI?) CCq° (uM) (95% CI) s1¢
GaPd,,P, HCMV 0.44 (0.34—0.57) 13.10 (8.67—19.77) 29.77
HSV-2 0.21 (0.20—0.23) 41.96 (32.14—54.77) 199.80
TIPd,,P, HCMV 12.56 (9.78—16.13) 47.75 (37.89—60.18) 3.80
HSV-2 1.02 (0.79—1.31) 56.46 (46.43—68.66) 55.35
InPd,,P, HCMV 1.08 (0.71—1.65) 17.37 (15.40—19.59) 16.08
HSV-2 0.26 (0.24—0.28) 36.41 (26.86—49.35) 140.04

“ECsp: half-maximal effective concentration. bCI: confidence interval. “CCsp: half-maximal cytotoxic concentration. gI selectivity index (ratio

CCsy/ECyy).

the best SI against both HSV-2 (SI 199.8) and HCMV
infection (SI 29.77), making it a favorable candidate for further
investigation on its mechanism of antiviral action and drug
development.

B CONCLUSIONS

In conclusion, the phosphate-capped gallium(III)- and indium-
(IIT)-centered polyoxo-12-palladate nanocubes GaPd;,Pg and
TIPd,Ps as well as the phosphate-capped polyoxo-23-
palladate double-cube TI,Pd,;P,, were synthesized and
structurally characterized. GaPd;,Pg and TIPd,,P; were
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shown to be solution stable as verified by *'P, "'Ga, and
*5T] NMR. Biological studies demonstrated that GaPd,,P
and TIPd,Ps possess antitumor potential and are as efficient
as cis-platinum against human melanoma and acute promye-
locytic leukemia cells. Furthermore, both cuboid POPs exerted
inhibitory activity against two enveloped DNA viruses, i.e.,
HSV-2 and HCMV. The synthesis and structural character-
ization of three novel gallium- and thallium-centered POPs
further expands the class of discrete, anionic palladium-oxo
clusters, but perhaps most importantly, the promising
antimelanoma, antileukemic, and antiviral activities of the
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cuboid derivatives GaPd;,Pg and TIPd,,Pg should be further
investigated for possible real-world applications.
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