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A polarization-sensitive photothermoelectric photodetector
based on mixed-dimensional SWCNT-MoS, heterostructures

Xu and co-workers synthesized atomically thin MoS,
monolayers on highly aligned metallic single-walled carbon
nanotube (SWCNT) films. The photo-induced temperature
gradient in SWCNT-MoS, hybrid films drives carrier diffusion
to generate photocurrent via strong photothermoelectric
(PTE) effect, and a polarization-sensitive PTE photodetector
was demonstrated.
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Ligand-free sub-nanometer metal clusters (MCs) of Pt, Ir, Rh, Au and Cu, are prepared here in neat water
and used as extremely active (nM) antitumoral agents for HelLa and A2870 cells. The preparation just
consists of adding the biocompatible polymer ethylene-vinyl alcohol (EVOH) to an aqueous solution of
the corresponding metal salt, to give liters of a MC solution after filtration of the polymer. Since the MC
solution is composed of just neat metal atoms and water, the intrinsic antitumoral activity of the different
sub-nanometer metal clusters can now fairly be evaluated. Pt clusters show an ICsq of 0.48 uM for Hela
and A2870 cancer cells, 23 times higher than that of cisplatin and 1000 times higher than that of Pt NPs,
and this extremely high cytotoxicity also occurs for cisplatin-resistant (A2870 cis) cells, with a resistance
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Introduction

Cancer is one of the most prevalent diseases and is the second
leading cause of death worldwide. In this context, ovarian
cancer is the seventh most common type of cancer in women.
Generally, cancer therapy includes surgery, chemotherapy, and/
or radiotherapy; however, they are invasive and present
important side effects. Thus, the development of new targeted
therapies for ovarian cancer could revolutionize treatment and
significantly boost survival rates for women with this disease.?
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computational studies support an enhanced internalization and cytotoxic activation.

In medicinal inorganic chemistry, the use of metallic
complexes in cancer treatment is a burning topic, where
cisplatin [PtCl,(NH;),] represents the principal drug in wide-
spread clinical studies® and moreover, it appears in the essen-
tial medicine World Health Organization's List.* However, it
shows side effects, including cell-death resistance generated
during prolonged treatments.® Besides, as indicated in Fig. 1,
cisplatin costs >200 € per gram, which is a lot more expensive
than the public health budget.

In the last few decades, nanotechnology has received special
attention because it offers challenging opportunities to improve
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Fig.1 Comparison of PtCl,, cisplatin, Pt clusters and NPs. Some of the
most relevant features of these Pt compounds for biomedical appli-
cations are shown. Prices are an average of different commercial
sources in the year 2020, and the price for Pt clusters is calculated as
an average of the starting material prices.
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efficacy and simultaneously decrease toxicity. In this sense, the
advent of nanoscience boosted studies on different types of Pt
nanoparticles (NPs) as antitumoral agents, but the nanometer
size of the particles seems to be inadequate for the internali-
zation process by direct diffusion across the lipid bilayer.® This
inherent drawback for NPs has only been overcome with func-
tionalization strategies” and, for instance, nanodevices based
on Pt NPs have shown great therapeutic success® when linked to
easily recognizable and cell-degradable transport-facilitating
modifiers such as PEGylated and polyamidoamine (PAMAM)
tails. Thus, the search for alternative forms of Pt is continuously
spurred,’ in particular, for finding a Pt drug able to overcome
cisplatin resistance in ovarian cancer. Incidentally, these
studies have clearly unveiled that the smaller the Pt NP released
into the inner cell the higher the antitumoral activity,*” not only
because of better dynamics across the membrane but also
because of a faster disaggregation of the Pt NPs within the cell,
to give highly cytotoxic ligand-free aqueous Pt ions. Besides,
ultrasmall nanoparticles are expected to have fewer adverse
effects because of better renal clearance.' These precedents
suggest that naked sub-nanometer platinum clusters (Pt
NCs)*** may show a higher cytotoxic action by faster internali-
zation, through direct diffusion across the cellular membrane.™

Hence, Pt clusters could be an appropriate material for
delivering platinum inside tumour cells.””™ The -cytotoxic
activity of ligand-free Pt MCs has not been reported so far.
Likewise, Pt MCs are intrinsically much more challenging to
prepare than other metal clusters because metal agglomeration
is favored by relativistic effects.'® Apart from mass-selected
synchrotron techniques and some remarkable examples of
solid surface stabilized Pt clusters,'® biocompatible Pt clusters
have only been prepared with complex dendrimer-encapsulated
systems,*®**® which require a tedious synthetic approach with
cell recognizable chemical links for endocytosis internalization.
All these precedents severely limit the availability and biological
applications of Pt; thus, it would be of high interest to investi-
gate the ability of Pt MCs to induce cell death and their appli-
cation in cancer therapy.

It is known that amide solvents (N-methyl formamide, N-
methyl pyrrolidone,...) are able to generate Cu,* Pd,** Ag* and
Au MCs* in solution by endogenous reduction of the corre-
sponding metal salts and, in accordance, the amide polymer
polyvinylpyrrolidone (PVP) is a particularly good solid support
for generating and stabilizing very tiny (=1 nm) noble metal
aggregates.”*** This methodology has recently been modified
by us with the bio- and water-compatible polymer EVOH, where
an alcohol replaces an amide functionality as a mild reductant
on a solid support, to generate metal clusters in organic solu-
tions.>® With this in mind, it was envisioned here that EVOH
could generate MCs in water, and give neat MC aqueous solu-
tions after cool filtration of the EVOH polymer. This approach
will open the door for a cheap, general, biocompatible, and
scalable synthesis of MCs in water, circumventing the toxico-
logic drawbacks associated with typical reductants, i.e., amides
or NaBH,. The fact that Cu, Au, and Ag MCs, prepared by
electrochemical methods in water, had shown significant bio-
logical activity,®” strongly suggests that other metal clusters
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could be also biologically active. With this background, here we
report the multigram synthesis of ligand- and additive-free, sub-
nanometer MCs of Pt in aqueous solutions, and assessment of
cytotoxic activity towards several cell lines, including cisplatin-
resistant tumor cells.

Results and discussion
Synthesis and characterization of aqueous metal clusters

Fig. 2 shows the synthesis and characterization of Pt clusters in
water. The experimental procedure is extremely simple, and
consists of treating a water/ethanol (1 : 1 v/v) solution of K,PtCl,
(1-10 uM) with the EVOH polymer at room temperature for 2 h,
and filtering the polymer. Fig. 2a shows that the final material is
a clear solution of Pt in water/ethanol, which is stable in a fridge
for months, since the fluorescence spectra and the biological
activity do not change during this time. The synthesis can be
scaled up to 1 L of solution with the same final Pt content. For
the sake of comparison, Pt clusters were prepared by a solid-
phase procedure, dissolving EVOH at 75 °C, then adding
K,PtCly, and finally cooling to re-precipitate the polymer. The
final material is, in this case, a solid film with the MCs directly
embedded into the polymer.”® Fig. 2b shows the UV-visible
emission spectra of the Pt cluster aqueous solution (see also
Fig. S17) and Pt@EVOH (inset), where fluorescence signals can
be clearly seen, with values that fit well with sub-nanometer Pt
clusters according to the jellium model.”* The corresponding
absorption spectrum shows the absence of the typical atomic
and plasmonic bands corresponding to K,PtCl, and NPs (Fig.
S2t). These results suggest that Pt clusters are generated in
water after EVOH treatment at the expense of K,PtCl,, without
significant formation of NPs, in agreement with the ability of
clusters and the impossibility of single atoms and NPs to
fluoresce.

Mass determination of the micromolar aqueous Pt clusters is
extremely difficult by conventional techniques such as MALDI-
TOF, since the concentration is well below the detection limit.
However, we tried here to circumvent this drawback by using an
Orbitrap analyser (HPLC-Orbitrap MS) with flow injection-high
resolution mass spectrometry (HRMS). The use of an Orbitrap
analyser was envisioned by virtue of its high sensitivity when
operating in full scan mode and the valuable mass information
provided, capable of determining low concentrations of analy-
tes while allowing retrospective analysis. Its potential has been
previously explored in the analysis of trace levels of organic
contaminants,*® but, to our knowledge, there are no applica-
tions involving metal clusters so far. As shown in Fig. 2c, the
mass spectrum of the Pt clusters obtained using the Orbitrap
revealed masses for Pt; hydroxide, oxide and chloride clusters,
according to the m/z value, the isotopic Pt distribution and the
recurrent loss of 16 a.u. fragments (oxygen atoms) when
compared with the blank sample (Fig. S31). Besides, the spec-
trum does not show any peak of the starting K,PtCl,.

Fig. 2d shows different aberration-corrected high angle
annular dark field-scanning transmission electron images (AC-
HAADF-STEM) of the Pt clusters in water, just deposited on the
grid. The presence of MCs, as the major species, can be clearly

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis and characterization of Pt clusters in water. (a) Synthesis of clusters in water solution or embedded in EVOH. (b) Emission
spectrum after irradiating the water solution with Pt clusters at 225 nm; the inset shows fluorescence microscopy of EVOH before and after
incorporating Pt clusters within the solid (Pt@EVOH). (c) High-resolution mass spectrum of the Pt clusters in water, obtained using an ORBITRAP
instrument. (d) AC HAADF-STEM image of the aqueous solution. (e) RGB image of the processed image of the Pt clusters after denoising and
background subtraction. (f) k-Means clustering method results for the experimental image. (g) Automatic identification of the subnanometer Pt
species using segmentation by k-means clustering with the corresponding cluster size distribution histogram. (h) X-ray absorption near edge
structure (XANES). (i) Extended x-ray absorption fine structure (EXAFS). (j) X-ray photoelectron spectra (XPS) of Pt@EVOH. (k) AC HAADF-STEM
image of the cluster agueous solution adsorbed on charcoal (Pt@charcoal).

observed (see also Fig. S4 and S57). Fig. 2e-g shows a denoised
HAADF-STEM image with the corresponding k-means clus-
tering analysis.”” The selection of the k-means cluster number
which corresponds to the Pt signal has allowed the image to be
binarized, where Pt is displayed in orange and the background
in blue. The Pt cluster size is estimated from these binarized
images by calculating the equivalent diameter of the orange
areas, considered as circles, providing a reliable histogram of
the MC size distribution. The results unveil that c.a. 90% of the
Pt particles are in the sub-nanometer range, with a Pt atomicity
between 3 and 10, in accordance with the fluorescence
measurements. The direct visualization of the MCs was com-
plemented with X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra.
Due to the detection limit of the detector and the low concen-
tration of Pt in the MC water solutions, spectroscopic data have
been collected on Pt@EVOH. Fig. 2h and i show that, these
clusters are partially oxidized, as evidenced by the Orbitrap
analyses. Pt foil and Pt (II) compounds were used to obtain
a “white line” intensity vs. oxidation state calibration curve (Fig.
S67), since all the “white lines” at Pt L;-edge peaks are quite
sharp; thus, their energy position is simple to identify by look-
ing at the derivative, and the Pt species analysed are surrounded
by either oxygen or Pt atoms. With these standards in hand, the
Pt clusters having between 3 and 10 atoms show an oxidation

© 2022 The Author(s). Published by the Royal Society of Chemistry

state of +0.66 (Fig. 2h), while a more oxidized but biologically
inactive sample (vide infra) shows a slightly higher oxidation
state (+0.82, Table S1t). The analysis of the EXAFS region
(Fig. 2i) in the K range available fits with Pt-Pt and Pt-O-Pt
bonds for the Pt clusters and the XPS spectra (Fig. 2j) is in good
agreement with the XANES and EXAFS measurements, where all
the Pt present in the cluster is partially oxidized (74.5 eV).
From the characterization above, we cannot discard the
presence of some single Pt atoms and dimers, since the AC-
HAADF-STEM histogram lists some <0.4 nm particles and the
synchrotron measurements detect single atom Pt coordination
spheres, but, oxidized MCs seem to be the major species, rep-
resenting around 90% of the total species. In order to confirm
this calculation, the Pt cluster aqueous solution was treated
with activated charcoal, since a smaller size and a higher ionic
charge-to-radius ratio of single Pt atoms and dimers with
respect to MCs should favour the adsorption of the former on
the negatively charged high surface area of charcoal, thus
providing a method for separation and analysis. The results
(Fig. S7t) showed the exclusive adsorption of Pt, and Pt, species
on the charcoal surface, which accounted for c.a. 10% of the
total Pt species in water. Thus, Pt MCs are the main species in
both water solution and the solid, accounting for ca. 90% of the
total Pt species. The latter highlights that the K,PtCl, precursor

Nanoscale Adv, 2022, 4, 5281-5289 | 5283
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has reacted quantitatively, and that Pt single atoms and Pt NPs
are not significantly formed during the aqueous synthesis.

Cellular cytotoxic activity of Pt clusters

Internalization of Pt clusters. Cellular uptake of the Pt MCs
was first assessed in human cervix carcinoma (HeLa) cells using
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) after incubation and cell lysis with a 10% Triton-100
solution and compared to cisplatin. Uptake standarisation
was carried out according to the cell number seeded in each
well, which was equal in each experiment (1.5 x 10" cells). The
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in the lysates (305 pmol), which was 2.5-fold higher than
cisplatin (120 pmol). To further check the presence of Pt MCs
inside the cells, combined high-resolution transmission elec-
tron microscopy (HR-TEM) and AC-HAADF-STEM of osmium
(Os) and uranyl (U) stained samples was carried out. Even
though visualizing sub-nanometric Pt MCs in Os- and U-stained
samples was unsuccessful, amorphous Pt oxide aggregates were
found inside cells (Fig. 3a). Pt aggregates mainly displayed
a cytoplasmic localization, and, noticeably, they were able to
reach the nucleus. More details are provided in the ESI (Fig. S8
and S97).

Cytotoxicity of Pt clusters. Afterward, the antiproliferative

results showed that a significant amount of the metal was found ~ Properties of Pt MCs were investigated using the colorimetric
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Fig.3 Cytotoxicity activity of Pt metal clusters. (a) Cellular uptake of Pt MCs in HeLa cells. HR-TEM amorphous aggregations of Pt clusters circled
in blue and inset: AC-HAADF-STEM images of a HeLa sample treated with Pt MCs. (b) Cytotoxicity of Pt MCs against tumoral and non-tumoral
cell lines by MTT assay. Data are the mean + SD of three dose-response independent experiments. Cisplatin (0.1-50 pM) was used as the
standard compound. (c) Cytotoxicity profiles of Pt MCs (left) and cisplatin (right) including ovarian cancer cells (A2780) and cisplatin-resistant
cells (A2780cis). (d) Top: Cell morphology and fluorescence microscopy images of annexin-V/propidium iodide double-staining of Hela cells
after treatment with Pt MCs. Cells were labelled with annexin-V-FITC (Aexc/Aem 485/535 nm; green fluorescence) and propidium iodide (Aexc/Aem
535/617 nm; red fluorescence) and visualized with a Leica fluorescence microscope PAULA. Bottom: Caspase-3 activation assay and LDH release
by Hela cells upon treatment with platinum metal clusters. Data are the mean 4 SD of three independent dose-response experiments. Asterisks
indicate the confidence degree of the measurements between groups by the student's t-test (***p < 0.001 ns: non-significant). (e) DNA damage
induced by Pt MCs against Hela cells by comet assay. Left: Fluorescence microscopy images (green fluorescence) of comet experiments. Cells
were treated with PtMCs and incubated for 24 h. Images are representative of three independent experiments. Right: Quantitation of DNA
damage by means of a 6-class visual classification score. Data represent the mean + SD of three independent experiments. Asterisks indicate the
confidence degree of the measurements between groups by the DNA damage (***p < 0.001).
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MTT cell viability assay.”® For this purpose, a panel of the
human ovarian cancer cell line was selected: HeLa, A2780, and
its cisplatin-resistant variant A2780cis. Thus, after 24 h treat-
ment of the above-mentioned cells with an appropriate range of
concentrations (0.05-10 puM, see the ESIf for further details),
dose-response curves (Fig. S10T) were obtained to determine the
ICs, values and they were compared with those obtained for
cisplatin, which was used as a reference (Fig. 3b). The results
point out an antiproliferative effect for the Pt MCs against HeLa
and A2780 cells in the nanomolar range with an IC5, of 0.48 uM
and 0.62 M, respectively, which was ca. 20-fold lower than that
for cisplatin (ICs, = 11 uM). Next, antiproliferative properties of
Pt MCs were investigated in HeLa cells using a higher incuba-
tion period (48 h). However, no significant differences were
found between the IC;, values obtained at both incubation
periods. Hence, when the study was extended to other cell lines,
attention was paid antiproliferative research at 24 h. In a further
step, to determine the compound selectivity against tumoral
cells, assays were conducted using non-tumoral cells HEK-293
and human fibroblasts. As a trend, Pt MCs displayed lower
cytotoxicity against non-tumoral cells with a higher ICs,
compared to tumoral cell lines. This effect was higher for
human fibroblasts with an 8.3-fold higher ICs, value, thus
suggesting that Pt MCs could be quite selective against tumoral
cells.

Cisplatin drug resistance is significantly attributed to the
loss of Pt internalization by active diffusion through the Cr1 Cu
channels in resistant cells,> and since the internalization of the
Pt clusters is expected to also occur by passive diffusion, it may
be that the Pt clusters circumvent the Cr1 Cu resistant channels
to kill cisplatin-resistant tumour cells, regardless of how the
final DNA damage occurs.”® To test this exciting hypothesis
a new set of experiments were performed on the human ovarian
cancer A2780 cell line and its cisplatin-resistant variant
A2780cis. Fig. 3c shows that Pt clusters in water exhibited
a nanomolar cytotoxic activity for cisplatin-resistant tumour
cells, nearly similar to non-resistant cells (IC5, = 0.68 vs. 0.48
1M, respectively), with a resistance factor of just 1.4. This result
is highly remarkable and provides a new strategy to treat
cisplatin-resistant tumours beyond complex organometallic
compounds or biomolecular systems.

To investigate whether the cytostatic properties displayed by
Pt MCs could lead to cell death, cells treated for 24 h with the
metal clusters were stained with annexin V-FITC/propidium
iodide (AnnV/PI) and visualized using fluorescence microscopy.
This assay detects phosphatidylserine translocation to the outer
leaflet of the plasma membrane using recombinant annexin V
conjugated with FITC (green-fluorescent dye) and membrane
permeabilization with propidium iodide, giving red fluores-
cence. As shown in Fig. 3d, cells upon treatment with Pt MCs
displayed mainly green and red fluorescence, indicative of late
apoptotic cells or necrotic cells, whereas non-treated cells
showed negligible fluorescence. Different apoptotic and
necrotic cell death markers were further analyzed to explore the
mechanism of Pt MC-induced cytotoxicity. In this sense,
caspase-3 activity is usually considered a hallmark of apoptosis,
whereas lactate dehydrogenase (LDH) release indicates

© 2022 The Author(s). Published by the Royal Society of Chemistry
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compromised cell membranes, which is characteristic of
necrotic cell death. The results displayed in Fig. 3d for both
experiments indicate that Pt MC treatment induces significant
activation of caspase-3, with non-significant LDH release to the
medium, thus suggesting apoptosis as the underlying pathway
promoting cell death by the clusters.

Genotoxic effects of Pt clusters. To understand whether the
Pt MCs could induce alterations in the DNA molecule and
therefore producing genotoxicity in cells, alkaline single-cell gel
electrophoresis (comet) assay experiments were carried out.
This test reveals different kinds of damage to the chromosomic
DNA of an individual cell, such as single and double-strand
breaks, incomplete excision repair sites and alkali-labile sites.
Thus, as shown in Fig. 3e, exposure of cells to the metal clusters
resulted in significant DNA damage in HeLa cells, as revealed by
high DNA migration that moved faster through the agarose gel,
forming a tail. By contrast, negligible DNA damage was
observed upon Pt MC treatment in non-tumoral cells (Fig.
S117). In addition, the MCs are confirmed to be stable under-
conditions mimicking intracellular conditions (Fig. S127).

Rationalization of the cytotoxic activity of metal clusters

Computational calculations were performed in order to mimic
the DNA damage imparted by this series of Pt compounds.** Our
model systems are designed by locating an initial Pt center on
the N7 guanine atom, which is the preferred site for DNA
platination.*

The top panel of Fig. 4 shows that the equilibrium associated
with the reaction of Pt,-Pt;, MCs with guanine is largely shifted
towards the adduct product, with interaction energies in the
range of —38 and —59 keal mol~". However, a dissimilar bio-
logical activity is expected depending on the cluster size.
Indeed, even though the smallest clusters (Pt;—Pt,) can platinate
DNA, MCs with 5-8 metallic centres might be optimal for
inducing cellular damage, as they correlate with the strongest
interaction with DNA (Fig. S131). Not only that, the performed
calculations predict the reactivity of partially oxidized clusters
with the same atomicity of the parent MCs (Pt,O, 4, with 2 < x
= 6), since the smallest oxidized entities (i.e. Pt,O and Pt;0,)
produce adducts with a similar efficiency to those of the pure-Pt
counterparts (Pt; and Pts, respectively). In contrast, larger
oxidized forms (Pt,0;, Pt;0, and PtsOs) are associated with
significantly more stable adducts (interaction energies of about
—65 and —70 kcal mol ).

Aiming to gain a better understanding of such numeric
values, the computational analysis is completed by monitoring
the attack of the Pt species to guanine, which in turn allows for
assessing the kinetics of the reaction. The most reactive
oxidized clusters (i.e. Pt and Pt,O3, respectively) are compared
to cisplatin. Fig. 4 (bottom panel) illustrates that cisplatin leads
to a more stable adduct with guanine with a predicted interac-
tion energy of —87 kcal mol . This observation agrees with that
the formal 2+ positive charge on the metallic centre is
concomitant with a larger interaction energy compared to MCs.
However, theory demonstrates that cisplatin requires an early
activation by hydrolysis of the chloride ligand, with an energetic
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Pt302—Guanine
(-49.26 kcal/mol)

Pt2O—Guanine
(-47.29 kcal/mol)
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(-65.25 kcal/mol)

Pt4Os—Guanine
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o
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1
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Pt-N7(G) distance (angstroms)

Fig. 4 Density-functional calculations. Optimized geometries of MC-guanine adducts as predicted by computational methods. Both precursor
clusters (Py-guanine left panel) and their oxidized counterparts (P,O,_1-guanine, right panel) have been assessed. Values in parenthesis indicate
the computed complexation energies in kcal mol™. The used level of theory combines the M06 functional and the def2SVP basis set for all
atoms, except Pt. For the latter, the def2-ECP basis set is used to account for relativistic effects. Color scheme: gray, C atoms; blue, N atoms; red,
O atoms; dark blue, Pt atoms; white, H atoms. The graphic below shows the interaction energy profile (kcal mol™?) for the reaction with a guanine
base. All intermediate geometries are optimized by monitoring the distance between the reactive Pt center and the N7 site (distance is marked as
a pink line and displayed in angstroms). Colour scheme: gray, C atoms; blue, N atoms; red, O atoms; green, Cl atom; white, H atoms. Pt atoms are

displayed as larger gray balls.

barrier of 16.32 kcal mol . In striking contrast, MCs do not
need such activation by hydrolysis and react with DNA through
a barrierless profile as MCs undergo via barrierless processes.
All these accumulated numeric outputs suggest that the
smallest MC (with an atomicity of up to 5) will be equally
reactive with DNA; however, larger oxidized MCs are expected to
induce more permanent damage to DNA compared to their raw
precursors. In both cases, the reaction of MCs with DNA is
kinetically favoured over cisplatin.

To check the feasibility of binding Pt clusters to a guanine
base, analysis by MALDI-TOF evidenced new peaks at m/z 347,
which corresponds to an increment of 151 a.m.u. and is related
to the formation of an adduct (Pt-guanine), and at m/z 1045,
which is compatible with protonated Pt;-(guanine); and loses

5286 | Nanoscale Adv, 2022, 4, 5281-5289

one and two Pt atoms to give new peaks at m/z 850 and 655,
respectively. These results further support the good correlation
between the calculated energies for the formation of the adduct
Pt-guanine and the experimental studies, regardless of how the
final DNA damage occurs.*

Cisplatin is most probably the cheapest antitumoral metal
drug in the market, despite an estimated price >200 € per
gram.* The relatively high price of cisplatin comes from the
four-step manufacturing method, which starts from K,PtCl,
and requires the use of expensive stoichiometric reagents such
as AgNO;. The aqueous Pt cluster synthesis starts from the same
Pt precursor as cisplatin, ie., K,PtCl,, but requires just the
cheap polymer EVOH as the only reagent and one synthetic
step, which makes the price of the therapeutic Pt dramatically

© 2022 The Author(s). Published by the Royal Society of Chemistry
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lower. For the sake of illustration, Fig. 1 compares the most
relevant characteristics of representative Pt compounds: PtCl,,*
cisplatin, Pt NPs and the Pt clusters synthesized in this work,
and it can be seen there that the Pt clusters are not only much
more active than cisplatin and Pt NPs, but their synthesis clearly
simplifies and strikingly improves current Pt drugs, with an
estimated price at least 5-10 times cheaper, nearly as simple as
PtCl,. Thus, the present study introduces not only fundamental
but also synthetic and economic approaches to produce novel
metal drugs for the treatment of ovarian cancer cell lines.

Synthesis of other potential cytotoxic MCs

The synthetic methodology for Pt MCs can be extended not only
to PGM metals such as Rh and Ir, but also to Au and Cu, by also
obtaining MC-supported solids (M@EVOH, M = Pt, Rh, Ir, Au,
and Cu). The resulting materials can be stored at room
temperature for longer-periods of at least two years, and serve
comparative characterization purposes between MCs. The solid
films can be used as a source of ligand-free aqueous MCs on
demand, after releasing the MCs in water.>** The new MCs were
characterized by combined spectrophotometric, mass spectro-
metric and electron microscopy measurements (Fig. S14-S187).
With these results in hand, one can say that sub-nanometer
MCs of 3 to 10 atoms can be formed in water just by simple
treatment of a metal salt with EVOH.

As shown in Fig. 5a, a significant amount of cell internalized
metal was found for cisplatin compared to all the MCs tested.
These results suggest that MCs act as a convenient shuttle for
metal cell internalization, without the need of ligands or

a) b)
Mcs | [1internalized [y 000 0y
(umol)*
RhMC 150 45+0.5
Ir MC 162 24+0.2 Rh MC
AuMC 900 > 40
« quantifed by ICP-MS
2nalyzed by the MTT assay upon 24 h traatment with MCs
C) IrMC
2
T 801 > 80 g
E =
k-1 2
- g
2 40 Lo 2 AuMC
- . s
S rl
J0 - 1l 1l 01,
Control RhMC IrMC AuMC
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additives. Since the antitumoral activity only depends on the
type of metal employed and not on the ligands or additive,
different aqueous MCs can be used to fairly compare the
intrinsic antitumoral activity between metals. Fig. 5a also shows
the ICs, values obtained for the different metal compounds and,
even though they have lower ICs, values, there is a remarkably
higher activity for Rh and Ir MCs of 2.4 and 4.5 uM against HeLa
tumour cells, respectively (see also Fig. S191), compared with
cisplatin (11 pM, see Fig. 3). These MCs are also stable under
mimic conditions for intracellular conditions (Fig. S207), and
Fig. 5b shows that Rh MCs displayed a very similar cell death to
Pt MCs at the ICs, concentrations. Fig. 5¢ shows that cell death
occurs by apoptosis and not by necrosis, as revealed by the
caspase-3 activity and LDH release experiments, respectively,
which indicates that the Pt and Rh clusters specifically trigger
the programmed death mechanism within the tumour cell.
Overall, these results suggest that the Ir and Rh MCs also require
special attention as promising new antitumor agents.** Despite
having the highest cell uptake of the MCs tested, Au clusters
showed a very low cytotoxicity (ICso = 40 uM), which indicates
that Au metal is intrinsically less cytotoxic than Pt, Rh and Ir. To
further test this hypothesis, not only Pt but also Au and Cu, both
metals associated with a low cytotoxicity, were prepared in the
form of different clusters by an electrochemical method*® and
also with PAMAM as a ligand (Fig. S21-S2571),* and tested in the
MTT assay. However, cell proliferative analysis (Fig. S261) and
dose-response viability curves (Fig. S271) with HeLa cells showed
that the ICs, value was very high for all PAMAM-MCs, regardless
of the synthetic method or size, which showcases the relevance

Annexin V- FITC
(here/ hem 485/535nm).

Propidium lodide
(hese/ hem 535/617 nm)

Phase Contrast

Fig. 5 Antitumoral activity of metal clusters. (a) Table with the results from cellular internalization and ICsq values of metal clusters in the Hela
cell line. Uptake standarisation was performed according to the cell number seeded (1.5 x 10* cell per well) for each condition. (b) Cell
morphology and fluorescence microscopy images of annexin-V/propidium iodide double-staining of Hela cells after treatment with metal
clusters. Cells were labelled with annexin-V-FITC (Aexc/Aem 485/535 nm; green fluorescence) and propidium iodide (Aexc/Aem 535/617 nm; red
fluorescence) and visualized with the Leica fluorescence microscope PAULA. (c) Caspase-3 activation assay and LDH release by Hela cells upon
treatment with metal clusters. Data are the mean + SD of three independent dose-response experiments. The arterisks indicate the confidence
degree of the measurements comparing them with untreated cells (control) by the t-Student test (***p < 0.001, **p < 0.01, *p < 0.05; ns: non-
significant).
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for the antitumoral activity of the ligand-free form of MCs. The
stability of the naked MCs in solution without stabilizing agents
comes from the high dilution, as assessed by fluorescence
measurements at increasing concentrations of Pt, where the
rapid disappearance of the Pt MC fluorescence at higher
concentrations can be observed (Fig. S287).

Conclusions

Sub-nanometer additive-free aqueous clusters of Pt, Rh and Ir
have been prepared in one step from the corresponding metal
salts, allowing the comparison of the intrinsic cytotoxicity of the
metals. Thus, Pt MCs show an extremely high cytotoxic activity
(in the nM range) toward cancer cell lines, including cisplatin-
resistant cells. Moreover, Pt MCs reveal DNA damage through
the comet experiments. Experimental and computational
studies indicate that the high cytotoxicity of the Pt clusters
could be ascribed to their unique structure and atomicity,
which allow an enhanced internalization within cells. All these
findings point to MCs as promising potential candidates for
cancer therapy and open new avenues in the search for new
antitumoral metal drugs.*”
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