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1. Introduction

Platinum-based chemotherapy is the first-line treatment for different cancer

types, and in particular, for malignant pleural mesothelioma patients (a tumor
histotype with urgent medical needs). Herein, a strategy is presented to
stabilize, transport, and intracellularly release a platinum'V (Pt"V) prodrug
using a breakable nanocarrier. Its reduction, and therefore activation as an
anticancer drug, is promoted by the presence of glutathione in neoplastic cells
that also causes the destruction of the carrier. The nanocage presents a single
internal cavity in which the hydrophobic complex (Pt(dach)Cl,(OH),), (dach =
R,R-diaminocyclohexane) is encapsulated. The in vitro uptake and the
internalization kinetics in cancer model cells are evaluated and, using flow
cytometry analysis, the successful release and activation of the Pt-based drug
inside cancer cells are demonstrated. The in vitro findings are confirmed by
the in vivo experiments on a mice model obtained by xenografting MPM487, a
patient-derived malignant pleural mesothelioma. MPM487 confirms the
well-known resistance of malignant pleural mesothelioma to cisplatin
treatment while an interesting 50% reduction of tumor growth is observed
when mice are treated with the Pt'"V, entrapped in the nanocages, at an

equivalent dose of the platinum complex.
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Since cisplatin’s discovery in 1965,
organometallic molecules based on plat-
inum have attracted huge attention in
the biomedical field and it has been
representing the gold standard in first-
line chemotherapy for most cancers.['*
Platinum-based drugs owe their anticancer
activity to their unique ability to form co-
valent interactions with the nitrogen bases
of the DNA, leading to secondary struc-
tures capable of stopping the transcription
and replication of tumor cells.’] With the
aim to discover different Pt-derived drugs
with higher antitumoral efficacy and less
systemic toxicity, in the last decades, the
search for structural analogs of cisplatin
has been encouraged leading to the de-
velopment of second and third-generation
of Pt-based drugs that entered the clinic
(carboplatin, oxaliplatin or nedaplatin).l®#]
Despite the improvements obtained,
these complexes are still not selectively
accumulated in tumor cells, and toxic effects usually occur, forc-
ing dose reductions or treatment delays that in turn reduce
drug efficacy. Therefore, the complete cure of many cancer his-
totypes still represents a challenge. To overcome these prob-
lems, the introduction of structurally new ligands around the
platinum center has been deeply studied.®!] Also PtV com-
pounds have been employed!'?!*] as a prodrug that can, upon
reduction to Pt"' become excellent therapeutic agents. This strat-
egy has indeed shown an excellent reduction of the overall tox-
icity of the complex in vivo and activation in cancer cells trig-
gered by the presence of the reducing biological molecule, glu-
tathione, GSH. However, the often low solubility in water, the
easy hydrolysis during circulation, and the difficulties to cross
the cell membranes have attenuated the enthusiasm for such
development.!1*13]

An alternative approach to overcome these issues related to
platinum chemotherapeutics relies on encapsulation in nanocar-
riers to deliver these molecules to target cancer tissues in
the organisms.['®! Some of the encapsulation strategies use
nanotechnological products, such as inorganic particles, lipo-
somes, and polymeric and co-polymeric nanoparticles (NPs), giv-
ing rise to a significant reduction in toxicity while increment-
ing their accumulation in cancer tissues compared with the
naked drugs.['18] Among them, silica NPs have demonstrated

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.202202932&domain=pdf&date_stamp=2023-03-28

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

promising results in terms of Pt-containing molecules encapsu-
lation and their release.'! In general, silica NPs, and in partic-
ular porous or capsules-like nanoparticles, have proven to im-
prove the pharmacological properties of many anticancer drugs,
such as their systemic toxicity and their poor water solubility, and
present interesting advantages such as biocompatibility, degrad-
ability, large surface area for drug loading, stability, easy surface
functionalization, and low cost.?%21]

The entrapping of platinum-based molecules has been
achieved using different strategies, such as electrostatic interac-
tions, taking advantage of the negatively charged silica and the
often cationic nature of the complexes, or by functionalizing the
NPs with different groups to covalently link the complexes. How-
ever, even with the best strategy, the loading yields are not higher
than 10-20 wt% in most cases!??2 and rarely reach the tumor
efficiently due to macrophage uptake or the size of the particles
that prevent it to cross biological barriers.[*] Recently, Wiesner
et al.[26-28] have published single pore silica materials that resem-
ble a cage, possessing some apertures of a few nanometers and
an internal cavity of about 7 nm. Modifying his synthetic strat-
egy, we have recently reported organosilica nanocages (OSCs)
that show several advantages compared with conventional meso-
porous organosilica nanoparticles.”) These NPs are character-
ized by having a single inner pore of 8 nm and the ability to
“break” on demand since the introduction of S—S moieties in the
silica framework. Such disulfides are cleaved in the presence of
reducing agents, such as GSH, which is one of the main medi-
ators of cellular redox homeostasis and is highly overexpressed
in cancer cells (1-10 mm).3%3! Therefore, the reduction of the
disulfide to thiols leads to the destruction of the particles and
consequently the cargo release. Moreover, these disulfide bonds
provide the OSCs with a more hydrophobic behavior compared to
non-breakable NPs and reduce the negative charge of the silica,
thus helping hydrophobic molecules (such as neutral cisplatin
derivatives) to be entrapped. In addition, the release of energetic
highly ordered confined water molecules from the cavity has been
demonstrated to be an entropic driving force in the encapsulation
of non-water soluble molecules.[32-3*]

Such unusual morphology, the dual hydrophobic and hy-
drophilic behavior, and perhaps the specific chemistry of the
disulfide are definitely responsible for what we discover: that
these cage-like organosilica nanoparticles are not taken up by
macrophages (even when they are functionalized with sugar lig-
ands that favor cell phagocytosis)®>! avoiding the immune sys-
tem recognition.[?”) We have also demonstrated the encapsula-
tion of out-of-equilibrium luminescent platinum complex aggre-
gates and their delivery in cell cytoplasm with the evolution,
upon carrier destruction, toward thermodynamic stable fibers
formation.[*%]

Starting from the above considerations and promising re-
sults, herein, we present the preparation of breakable cage-like
organosilica particles (ssOSCs) characterized by a biodegradable
framework and an internal single cavity in which a hydrophobic
Pt complex 5, (Pt(dach)Cl,(OH),), acting as a prodrug therapeu-
tic has been encapsulated.

Since platinum compounds are the backbone of the first-line
chemotherapy against malignant pleural mesothelioma, a rare
and aggressive tumor histotype with an urgent medical need,
we decided to test our approach on this type of cancer. Indeed,
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despite the addition of the anti-folate pemetrexed and more re-
cently of the antiangiogenic bevacizumab, the prognosis still re-
mains poor for malignant mesothelioma patients. For this rea-
son, our data were finally corroborated both in vitro and in vivo
in MPM487 malignant mesothelioma patient-derived xenograft,
with biphasic morphology. We evaluated the uptake and the in-
ternalization kinetics in cancer cells by confocal microscopy and
a deeper analysis of the therapeutic properties of the Pt-loaded
NPs, by flow cytometry, demonstrated the successful release of
the complex, the reduction of the toxic Pt'! drug inside the cells
and the cell death.

2. Results and Discussion

2.1. Characterization of Prodrug Pt(dach)Cl,(OH),

Platinum complexes containing chiral diaminocyclohexane
(dach) as a chelating ligand have gained increasing attention after
Oxaliplatin (FDA-approval in 2002) for their ability to overcome
the cross-resistance with cisplatin. The hydrophobic nature and
the bulkiness of the dach ligand along with its intrinsic chirality
make the corresponding metal complexes endowed with a dif-
ferent pharmacological profile in comparison to cisplatin, due
to a different interaction with DNA polymerases and the abil-
ity to elude mismatch repair proteins and damage recognition
machinery.37-3]

Pt'V(dach) complexes are particularly intriguing in this field
considering their major stability toward deactivating nucle-
ophiles and the possibility to be rapidly reduced by endogenous
molecules to the corresponding Pt!! active form once in the
cell. Starting from these premises, Pt(dach)Cl,(OH), complex
was synthesized according to Figure S1, Supporting Informa-
tion. Pt(dach)Cl, 4 was prepared according to Dhara’s method!*!
as the intermediate K,PtI, is much more reactive toward (dach)
substitution thus affording the product in higher yield and pu-
rity. The subsequent reaction with AgNO, led to the formation
of Pt(dach)(H,0),(NO,), which was converted to the Pt(dach)Cl,
upon treatment with a saturated NaCl aqueous solution. The ox-
idation step to the Pt'Y complex Pt(dach)Cl,(OH), 5 was finally
realized in the presence of 30% w/w of H,0, in water and con-
firmed by the different spectroscopic analyses (Figure S1, Sup-
porting Information).

2.2. Pt Complex Encapsulation in ssOSCs

The nanoparticles used for the encapsulation of the metal com-
plexes, as already mentioned, are similar to the beautiful “sil-
icages” previously reported by Wiesner and co-workers,[26-2]
however, we have covalently linked disulfide groups as part of
the silica framework. The easy reduction of the disulfide to thi-
ols with a consequent breaking of the S-S bond allows to de-
stroy the nanocages inside cancer cells, due to the presence of
GSH, resulting in the cargo release. Luminescent Pt"" complexes
have been entrapped within silica cage-like particles in a pre-
viously published work by our group.[?>3¢l After the loading of
Pt" molecules into the particle’s cavity, they were washed by
dispersion-centrifugation cycles to remove any physiosorbed Pt
molecule on the surface.
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Figure 1. Characterization of ssOSCs and ssOSCs@Pt. A) TEM images of ssOSCs and ssOSCs@Pt. The insets show the TEM images of single OSCs.
B) Hydrodynamic diameter of empty and loaded ssOSCs in water obtained by DLS. C) FTIR transmission spectra recorded on ssOSCS, Pt complex, and
Pt-loaded ssOSCs. D) TGA analysis of the nanoparticles and the Pt complex. E) XRD analysis of the PtV and ssOSCs@Pt.

Transmission electron microscopy (TEM) images revealed a
cage-like morphology with a size of about 18 nm and an inter-
nal single cavity of 8 nm (Figure 1A). When Pt(dach)Cl,(OH),
5 was encapsulated, the nanoparticles were significantly more
electron-dense and in the images, a significantly darker contrast
is observed compared to empty ssOSCs. Dynamic light scatter-
ing (DLS) measurements of the empty and loaded NPs were in
agreement with TEM images, exhibiting a hydrodynamic diame-
ter of ~20 nm (Figure 1B). The surface charge of the ssOSCs and
the ssOSCs@Pt were —15.2 +/— 1.09 and —14.09 +/— 2.29 mV,
respectively. These data confirmed that no residual cationic sur-
factant was present in the empty ssOSCs particles after the syn-
thesis and purification of the NPs. FT-IR spectra (Figure 1C) re-
vealed the presence of the disulfide bond incorporated within the
silica framework of the nanoparticles. The characteristic absorp-
tion bands of the methyl groups connected to the disulfide unit
occur at 1456 and 1354 cm™ attributed to the -CH, wagging and
deformation vibration. All the peaks coming from the PtV com-
plex were clearly observed in the ssOSCs@Pt, confirming again
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the encapsulation of the compound in the cage-like particles. The
amount of disulfide bonds and the loading of Pt' encapsulated
were assessed by thermogravimetric assay (TGA), indicating the
presence of the disulfide linker to be ~15%.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy dispersive X-ray spec-
troscopy (EDX) were employed to determine the presence of the
Pt in the internal cavity of the ssOSCs, as well the disulfide (S—S)
groups in the silica framework. As it is shown in Figure S2, Sup-
porting Information, it was possible to observe: 1) the presence of
the Platinum encapsulated in the NPs; 2) the signal of the sulfur
coming from the disulfide bonds present in the silica framework;
and 3) the Silicium present as the silica constituting the particles.

To determine the encapsulation loading, thermogravimetric
analysis and microwave plasma atomic emission spectroscopy
(MP-AES) analysis were performed. TGA analysis allowed
estimating the loading of the Pt compounds being ~20 wt%
upon comparison with the thermogram recorded for the empty
ssOSCs (Figure 1D). For quantifying the exact amount of
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Pt(dach)CI2(OH)2 5 encapsulated, MP-AES revealed 0.12 +/—
0.01 mg of atomic Pt/mg of ssOSCs, thus a 12% of loading,
being in good agreement with TGA analysis (as in TGA a small
contribution of retained dH20 could be contributed to the
weight decrease obtained).

Finally, to confirm the presence of the Pt(dach)Cl,(OH), 5 in-
side the nanoparticles’ pore, an XRD analysis was carried out.
Figure S3, Supporting Information, shows how the ssOSCs were
amorphous (no distinct peaks were observed). On the contrary,
when analyzing the ssOSCs@Pt, the crystalline structure of the
Pt compound could be also observed (compared with the non-
encapsulated molecule) demonstrating that it was successfully
entrapped into the NPs (Figure 1E). Indeed, the shift of the peaks
are indicating that the complexes are inside the cavity.

2.3. In Vitro Internalization Experiments

Motivated by the possibility of using this ssOSCS@Pt for cancer
treatment, the breakability of the NPs and their potential thera-
peutic effect were probed in vitro to demonstrate that the release
and activation of the anticancer drug can take place in a complex
medium such as living cells. As a well-established in vitro cancer
cell model, HeLa cells were used to test the antitumoral activity of
the Pt-loaded ssOSCs. In order to have a homogeneous size distri-
bution of the purified ssOSCs@ Pt, nanoparticle suspension was
extensively sonicated (15 min) before being used.

The internalization of ssOSCs@Pt in HelLa cells was first eval-
uated by confocal microscopy and then quantified by flow cytom-
etry. For internalization experiments, ssOSCs@Pt were labeled
with the sulfo-Cy5-NHS, a red-emitting dye, as described in the
Experimental Section. Cy5-labeled NPs exhibited a characteris-
tic maximum emission peak at 670 nm when they were excited
at 633 nm (Figure S4, Supporting Information). In Figure 2 and
Figures S5 and S6, Supporting Information, cells were permeabi-
lized and stained with Hoechst 33 342 to label the nuclei (blue)
and with phalloidin-Alexa568 to stain the cytoskeletal actin fibers
(green). Z-stack orthogonal projections were carried out in order
to demonstrate the presence of the nanoparticles inside the cy-
tosol. Figure 2A shows the results of Hela cells incubated with
15 pg mL™! of ssOSCs@Pt. Nanoparticles were clearly internal-
ized forming aggregates inside the cell cytoplasm, probably in-
side vesicles following the endosomal route as it is reported in the
literature.[*!l The fluorescence of the nanoparticles was clearly
and significantly incremented after 24 and 48 h of incubation.
Confocal images of the uptake of ssOSCS@Pt in Hela cells, in-
cubated with 10 and 5 pg mL™!, are included in the Supporting
Information (Figures S5 and S6, Supporting Information). In-
ternalization dynamics of the nanoparticles in Hela cells were
also evaluated using flow cytometry. As demonstrated by confo-
cal microscopy and flow cytometry after 4 h of incubation, some
NPs were already observed inside cells. However, the presence
of the ssOSCs@Pt inside the cytoplasm of the cells increased
significantly after 24 h of incubation, reaching a maximum at
72 h (Figure 2B). This trend was clearly observed for all the tested
doses, demonstrating a concentration-dependent internalization.
Cy5 fluorescence histogram plots of the analyzed cells at the dif-
ferent time points incubated with ssOSCs@Pt (5, 10, and 15 pg
mL!) are included in Figure S7, Supporting Information.
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Taking into account the poor solubility of complex 5 in water, it
is expected that ssOSCs@ Pt are taken up by cells following an en-
docytic translocation. Then, because of the presence of the disul-
fide bonds in the silica structure, the presence in the cytosol of
cancer cells of GSH in a concentration higher than 5 mm was able
to trigger the breakability of the disulfide-containing organosilica
leading to the release of the active reduced Pt"" complex.

2.4. In Vitro Uptake of Pt-Loaded ssOSCs

To determine the internalization and the efficacy of the
ssOSCs@Pt as antiproliferative agents, the loaded nanoparticles
were studied using HeLa cells and the MPM487 human malig-
nant mesothelioma cells (see next sections). In Hela cells, the par-
ticles were incubated for different times: 3, 6, 24, and 48 h and
using different concentrations of NPs (0.5 to 30 ug mL™"). Empty
nanoparticles (ssOSCs) were used as a control. Figure 3A shows
that for the lowest time-point (3 h) only the highest doses (30 and
15 pg mL™') caused a significant decrease in cell viability. On the
contrary, for the highest time point (48 h), a significant decrease
in cell viability was observed even for the lower doses. According
to Figure 3A, the antiproliferative effects of ssOSCs@Pt were ac-
companied by a change in the cell morphology visible after 48 h
of incubation. Cells exhibited irregular shapes with a large num-
Dber of vesicles and apoptotic bodies within them. For the control,
empty ssOSCs, no cytotoxic effects were observed at any of the
doses and time points tested.

Tumor cells were then incubated with ssOSCs@Pt (10, 5, and
2.5 ug mL1) for 24 and 48 h and the percentage of live and
dead cells was determined by flow cytometry (Figure 3B and Fig-
ures S8 and S9, Supporting Information). In agreement with the
metabolic cell viability assay, empty ssOSCs exhibited no cyto-
toxic effects and the percentage of live and dead cells was compa-
rable to the control cell cultured (nontreated) at both time points.
On the contrary, in the case of ssOSCs@Pt, a significant increase
in dead cells was observed. In particular, dead cells showed a 50%
of increase after their incubation with 10 ug mL~! Pt'V-loaded
silica-cage particles during 24 and 48 h.

To evaluate the mechanism of action of the ssOSC@Pt, expo-
nentially growing Hela cells were incubated with 5, 10, and 15
pg mL~! of NPs, and the cell cycle perturbation was evaluated at
48 h after treatment. Cell cycle data are depicted in Figure 4. A
significant decrease in the percentage of cells in the G1 phase
and consequently, an accumulation of cells in the S and G2M
phases of the cycle compared with the control (untreated cells),
were clearly observed after treatment with Pt'V-loaded ssOSCs.
On the contrary, no significant differences were found in the per-
centage of cells in phases G1, G2/M, and S when cells were in-
cubated with empty ssOSCs. In particular, when HelLa cells were
incubated with 5 pg mL™" of ssOSCs@Pt, 47.7% of the cells were
in phase G1 compared to 74.54% of the non-treated cells (nega-
tive control). Upon increasing the concentration of ssOSCs@Pt
to 10 and 15 pg mL™!, the percentage of cells in phase G1 de-
creased even more, up to 34.98% and 12.45%, respectively. As
expected, the PtV compound internalized by the cells trough
the nanoparticles, induced an S and G2/M block. On the con-
trary, empty NPs did not show any effect on cell distribution in
cell cycle phases. This result confirmed the nanoparticle uptake
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Figure 3. Cell viability experiments. A) MTT assay results for ssOSCs and ssOSCS@Pt in Hela cells. B) Flow cytometry analysis of live/dead cells after

their incubation with both empty and Pt-loaded ssOSCs.

capacity previously demonstrated by flow cytometry (Figure 2B),
showing a dose and time-dependent behavior. More interestingly,
these results suggest the capability of the nanoparticles to release
the compound after the cells’ uptake and internalization and the
activation of the Pt!V to an active Pt species leading to cancer cell
death.

2.5. Colocalization Studies of ssOSCs in MPM487 Human
Malignant Mesothelioma Cells

For studying the internalization and trafficking of the ssOSCs
within the cancer target cells, MPM487 cells were incubated with
the NPs for 2, 4, 8, 24, and 48 h. During these time points,
the colocalization of the NPs in the different compartments was
assessed by confocal microscopy. To this end, early endosomes
were labeled with a specific EEA1 antibody, the cell nuclei with
Hoechst, the lysosomes with Lysotracker, and the ssOSCs with
Cy5. When evaluating early endosomes (Figure 5A), confocal mi-
croscopy images revealed high yellow fluorescence pixels on the
MPM487 cells cytoplasm, that is, the merging of the green and
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red fluorescence, which corresponds with the early endosomes
and the ssOSCs. On the contrary, after 24 and 48 h, most of the
degraded silica NPs were located in the lysosomal organelles for
being eliminated by the cells, evidencing that the NPs have been
already broken and their inner cargo has been released to the cy-
tosol of the cells.

2.6. Intracellular Activation of Pt(dach)Cl,(OH), Prodrug in
MPM487 Human Malignant Mesothelioma Cells

In order to understand the role of the nanocages in the protec-
tion and intracellular release of the drug, we have compared the
growth inhibitory effect induced by cisplatin, DPP (positive con-
trol), ssOSCs@Pt, the prodrug 5, and the active compound 4,
in different doses. We have employed MPM487 malignant pleu-
ral mesothelioma. After 6 h of incubation, the excess drugs or
nanomaterials, have been removed by washing twice with PBS
and adding fresh cell culture media. Different incubation times
have been observed by metabolic assays (see Figure 6). As can
be seen, after 24 h, neither the DPP, Pt'V, and Pt!! molecules
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Figure 4. Cell cycle analysis. Cell cycle evaluation of HeLa cells incubated with ssOSCs and ssOSCs@Pt (15, 10, and 5 ug mL~") during 48 h.

induced a strong inhibition of cell growth (Figure 6B). On the
contrary, ssOSCs@Pt exhibited cell viability decreased at the
highest doses. After 48 h, cells treated with ssOSCs@Pt and
with the active drug 4 exhibited a similar antitumoral efficacy, al-
though the nanoparticles were more effective compared with the
naked active drug, Figure 6C. The MPM487 human malignant
mesothelioma cells treated with the highest doses of Pt'V (5) ex-
hibit lower cell viability caused by the intracellular activation of
the prodrug. After 72 h, higher cell mortality has been observed,
as expected, but a similar trend is observed for all the analyzed
compounds. Interestingly, the graph shows that with a very low
concentration of the Pt drug encapsulated in the nanocages, the
effect is even better than the Pt drug alone. In addition, the com-
parison with prodrug 5, demonstrates the lower activity of the
PtV system. As a control experiment, the empty ssOSCs did not
cause any toxicity on cells at any of the time-point and concentra-
tions tested.

Adv. Healthcare Mater. 2023, 12, 2202932 2202932 (7 Of'|2)

In summary, these data evidenced the breakability of the
loaded ssOSCs triggered by the reduction of the disulfide-
containing organosilica and demonstrated the release and re-
duction of 5 to 4 leading to an intracellular activation of the
drug inside the cancer cells (Figure 6A). We believe that the
nanocages prevent the degradation and sequestration of the drug
before reaching the tumoural cells and for the efficacy of the
ssOSCs@Pt is already visible at a concentration as low as 2.5
um. These results, together with the analysis of the DNA content
shown in Figure 4 demonstrated that the Pt compound is able to
interact with the target cells by exerting cytotoxic effects through
its binding to the DNA of cancer cells. Previously, it has been
demonstrated that exposure to Pt-based DNA damaging agents
induced cell arrest by activating cell cycle checkpoint thanks to
its interaction with the DNA.[** Our results are in concordance
with previous literature and envisaged DNA damage caused by
the Pt compound leading to cell death.[*}]
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Figure 5. Colocalization study in MPM487 cells. Confocal images of MPM487 human malignant mesothelioma cells incubated with ssOSCs@CyS5 for 2,
4,8,24, and 48 h. A) The green channel corresponds to early endosomes labeled with anti-EEA1 antibody, the blue channel shows the nuclei stained with
Hoechst, and the red channel shows the ssOSCs functionalized with Cy5. B) Lysosomes were labeled in green with Lysotracker and nuclei and ssOSCs
were stained with Hoechst and Cy5, respectively.

48 h

2.7. In Vivo Therapeutic Effect of ssOSCS@Pt in a Mesothelioma
Model

To evaluate the in vivo therapeutic potential of the new vec-
tor herein designed, the MPM487 malignant pleural mesothe-
lioma PDX model with a biphasic morphology was used in mice.
The tumor was engrafted subcutaneously and grown until tu-
mor weight reached ~200-250 mg. The therapeutic effect of
the ssOSCs@Pt was compared with cisplatin (DPP) as it is the
platinum-approved drug established as the gold standard in the
first-line chemotherapy of mesothelioma cancer and the encap-
sulated drug is not water-soluble. DPP was administered intra-
venously, twice a week, ata dose of 2.5 mgkg~". Pt-loaded ssOSCs
were given at the equivalent Pt content, with the same schedule.
Control mice received an intravenous injection of saline solu-
tions. Tumor growth was monitored, over a period of 37 days.
The antitumor efficacy was expressed as T/C% where T and C
are the mean tumor weight of treated and control mice, respec-
tively. For more details, see the Experimental Section. This tumor
model is poorly sensitive to the main clinically used drugs, with
only gemcitabine treatment able to cause a slight but significant
reduction in tumor growth.[**]

As shown in Figure 7, while DDP is completely ineffective,
ssOSCs@Pt treatment caused a significant tumor growth de-
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lay (p < 0.05) resulting in a T/C of 54.6% on day 26. With both
treatments, a body weight loss (BWL) always <10% was ob-
served suggesting a good tolerability profile of the new nanofor-
mulation. Previous data obtained in our mesothelioma models
highlights impressive differences between the good cytotoxic ef-
fect observed in vitro and the scant tumor response observed in
vivo.[**] These differences may be explained by the in vivo pres-
ence of the tumor microenvironment. It may play a dual role: 1)
decreasing cancer cell susceptibility to anticancer drugs via the
expression of various factors such as chemokines and cytokines,
and 2) impeding efficient drug intratumor distribution. Our data
demonstrate that the last issue can be addressed by the use of
tumor-specific nanocarriers such as ssOSCs@Pt.

3. Conclusion

We have demonstrated the use of OSCs as suitable nanocarriers
to host, stabilize, and release Pt!V complexes as a prodrug that
can be activated intracellularly to the very toxic Pt analog, while
the same reduction causes the destruction of the carriers. The
data show that the antitumoral activity is present for all the drugs
in vitro but only for the ssOSCs@Pt in vivo. In a detailed anal-
ysis of the mesothelioma cells, metabolic cell viability and flow
cytometry demonstrated that the internalization of ssOSCs@Pt
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Figure 6. Growth inhibition with anticancer Pt-based agents and activation of Pt'"V prodrug in MPM487 human malignant mesothelioma cells. A)
Schematic representation of the degradation of the ssOSCs@Pt followed by the release of the Pt'V prodrug and its conversion to the active drug (Pt'")
inside the cells. B-D) Viability of cells after incubation with the different Pt compounds during 6 h and drug washing out for 24, 48, and 72 h, respectively.
Each point is the mean of five replicates; bars represent the standard deviation. Asterisks indicate a significant difference in the mean of cell viability
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Figure 7. Antitumor activity study. Mice bearing MPM487 human malig-
nant mesothelioma xenograft were treated with ssOSCs@Pt or DDP at the
dose of 2.5 mg kg™! (DDP equivalent) twice a week for 3 weeks. * p < 0.05
(Mixed model ANOVA).

and the release of the active Pt molecules produced a decrease
in tumor cell viability even at very low concentrations. The anti-
tumoral properties of the Pt-loaded cage-like nanoparticles were
finally demonstrated in hard-to-treat cancer such as mesothe-
lioma. The treatment with the reference compound, DPP, the
ssOSCs@Pt, and the vehicle (saline) resulted in a significant re-
duction in tumor growth only when the animals were treated with
the ssOSCs@Pt. For the first time, in this work, we prove the ef-
ficacy of the nanocages as non-toxic nanocarriers, their ability to

Adv. Healthcare Mater. 2023, 12, 2202932 2202932 (9 of 12)

release on demand the drug inside cancer cells, and more impor-
tantly, their efficacy in a platinum-resistant xenograft model of
malignant mesothelioma.

4. Experimental Section

Materials:  All the materials were acquired from Merck and used as
received. Sulfo-cy5-NHS ester was purchased from Lumiprobe. Phalloidin-
Alexa-568 and Hoechst 33 342 were purchased from Life Technologies.

Synthesis of Pt Complex Pt(dach)Cl,(OH),: Platinum complex 5
Pt(dach)Cl,(OH), (dach = R,R-diaminocyclohexane) was synthesized
starting from K,PtCl, using Dhara’s method (Scheme S1, Supporting
Information).[*0 K,PtCl, (2 g, 0.005 mol) was dissolved in 50 mL of de-
gassed water and a solution of KI (2.8 g, 0.017 mol, 3.5 equiv.) in 10 mL of
water was added under a nitrogen atmosphere. The reaction mixture im-
mediately turned brown. After having stirred the solution for a further 45
min, R,R-diaminocyclohexane (dach) (550.3 mg, 1 equiv.) in 10 mL of wa-
ter was added dropwise affording Pt(dach)l, 3 as a yellow precipitate. The
mixture was stirred overnight in the dark under a nitrogen atmosphere and
the precipitate Pt(dach)l, was then filtered and washed extensively with
water and acetone (2.54 g, 0.0045 mol, 94% yield). Pt(dach)l, was then
suspended in 50 mL of water and AgNO; (1.53 g, 2 equiv.) was added
to the slurry and the resulting mixture was stirred for 24 h at room tem-
perature. The Agl precipitate was then removed by filtration and the prod-
uct Pt(dach)Cl, 4 was obtained as a yellow solid by adding dropwise a
saturated NaCl solution. The product Pt(dach)Cl, was washed extensively
with water, acetone, and ethanol (1.68 g, 0.0044 mol, 98% yield). The syn-
thesis of Pt(dach)Cl, (OH), 5 was carried out according to the procedure
reported in the literature. 401 Pt(dach)Cl, (1.68 g, 0.0044 mol) was sus-
pended in 50 mL of water and 15 mL of H,0, 30% w/w was added. The
slurry was heated at 50 °C overnight in the dark. The obtained precipitate
was filtered off and washed with water and acetone and product 5 was
isolated as a pale-yellow solid (1.28 g, 0.003 mol, 68% yield).
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All manipulations involving air-sensitive materials were carried out in
an inert atmosphere glove box or using standard Schlenk line techniques,
under an atmosphere of nitrogen or argon in oven-dried glassware. All
solvents were used as anhydrous. "H-NMR and '*C-NMR spectra were
recorded on a Bruker DRX Avance 300 MHz equipped with a non-reverse
probe (BBI). MS analyses were performed by using a Thermo Finnigan
(MA, USA) LCQ Advantage system MS spectrometer with an electro-
spray ionization source and an “lon Trap” mass analyzer. The MS spec-
tra were obtained by direct infusion of a sample solution in MeOH un-
der ionization, ESI positive. Elemental analyses were performed using
a Perkin Elmer Seriesll/CHNS/O 2400 Analyzer. FTIR spectra were col-
lected by using a Perkin Elmer (MA, USA) FTIR Spectrometer “‘Spec-
trum One” in a spectral region between 4000 and 450 cm™' and ana-
lyzed using the transmittance technique with 32 scans per ion and 4 cm™!
resolution.

Breakable Organosilica Nanocages Synthesis:  ssOSCs were synthesized
following a previously published protocol.126:2%1 Briefly, cetyltrimethylam-
monium bromide (CTAB) (408 mg, 1.12 mmol) was dissolved in 50 mL
of deionized water at 50 °C in a 100 mL round-bottom flask. The solution
was stirred for 30 min at 250 rpm with a magnetic stirrer (Teflon, cylindri-
cal geometry, 1 cm length). Then, aqueous NH; (12.5 ul, 28% in water)
was added and the stirring speed was increased to 750 rpm. Subsequently,
a mixture of tetraethyl orthosilicate (TEOS) (448.1 uL, 2 mmol) and bis[3-
(triethoxysilyl) propyl]disulfide (BTDS) (102.8 uL, 0.223 mmol) were added
and the mixture was stirred at 750 rpm, during 20 h at 50 °C.

The ssOSCs dispersion was purified by dialysis against
EtOH/H,0/AcOH (1/1/0.007 v/v/v) mixture during 72 h, then against
EtOH/H,0O (1/1 v/v) for 24 h and finally against dH,O during 24 h. The
dialysis solutions were replaced every 12 h.

The resulting ssOSCs were characterized by TEM using a T20-FEI mi-
croscope with a LaB6 electron source fitted with a “SuperTwin” objective
lens allowing a point-to-point resolution of 2.4 A. For TEM observations,
samples were pipetted onto a TEM copper grid. The size distribution and
the surface charge of the nanoparticles were obtained by employing a DLS
instrument. The DLS measurements were performed on dispersions of
ssOSCs in dH,0O (pH 7) using a Zetasizer Ultra equipment equipped
with Multi-Angle Dynamic Light Scattering (MALDLS) technology from
Malvern Panalytical and using the software ZS Xplorer. Fourier transform
infrared (FTIR) spectra were recorded using a Shimadzu IRAffinity-1 spec-
trometer. The transmittance spectrum was collected using a spectral res-
olution of Tcm™" accumulating 64 scans from 600 to 4000 cm™").

TGA was conducted on a Netzsch model STA 449 fi Jupiter instrument.
The samples (0.5-3 mg) were kept at 100 °C for 30 min for stabilization,
then heated from 130 to 800 °C at a speed of 10 °C min~', before being
held at this temperature for a further 30 min at the end of the measure-
ment. The analysis was carried out under a 20 mL min~" airflow.

The HAADF-STEM imaging at 300 kV and the elemental analysis of the
ssOSCs@Pt were carried out by EDX, with an Analytical Titan (FEI com-
pany) high-resolution transmission electron microscope with a spherical
aberration corrector.

For internalization experiments, nanoparticles were labeled with sulfo-
Cy5-NHS probe. First, a sulfo-Cy5-silane was prepared. To do that, a so-
lution of sulfo-Cy5-NHS ester (0.5 mg, 0.643 umol) was suspended in
dry dimethylsulfoxide (DMSO). Then, APTES (4.5 ul, 0.142 ™ in dry
DMSO) was added and the reaction mixture was allowed to stir for
30 min in the dark. The reaction mixture was used for post-synthesis and
post-Pt-encapsulation grafting of the ssOSCs without further purification.
Emission spectra of Cy5 functionalized NPs were recorded on a Horiba
Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W
xenon arc lamp, double grating excitation, and emission monochromators
(2.1 nm mm™" of dispersion; 1200 grooves per mm) and a TBX-04 single
photon-counting detector. The samples were excited by a wave laser at A,
= 633 nm. The emission of the samples was collected in the range from
640 to 820 nm.

Pt(dach)Cl,(OH), 5 Loading into ssOSCs: Pt(dach)Cl,(OH), 5 en-
capsulation into the particles was achieved using a slightly modified
procedure.l3¢] 50 mg of NPs were suspended in 10 mL of EtOH. In parallel,
Pt compound (50 mg) was also dissolved in 10 mL of EtOH. Both solu-
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tions were sonicated for 10 min separately. After that, they were mixed and
briefly sonicated for a further 20 min and stirred for 12 h at room tempera-
ture. Subsequently, to recover Pt-loaded ssOSCs (ssOSCs@Pt), they were
washed with EtOH (10 mL X 3) and water (10 mL x 3). The resulting ma-
terial was resuspended in PBS and was kept at 4 °C for the in vitro and
in vivo experiments. Some of the material was lyophilized for character-
ization. The content of the Pt compound loaded inside the ssOSCs was
quantified by MP-AES, using a quadrupole mass spectrometer (4100 MP-
AES, Agilent Technologies, USA). NPs were digested with 10% Aqua regia
(HNO3 + 3HCl) in dH,O. Calibrations were carried out using Pt standards
in 20 regia water ranging from 0 to 15 ppm. FT-IR spectra were also carried
out as previously mentioned to corroborate the presence of the Pt com-
plex within the nanoparticles. Furthermore, TGA allowed determining the
loading upon comparison with the thermogram recorded for the empty
ssOSCs. Finally, TEM analysis was performed.

In Vitro Internalization Experiments: Hela cells were grown in Dul-
becco’s modified Eagle’'s medium (DMEM, Biowest, France) supple-
mented with 10% fetal bovine serum (FBS, GIBCO, USA), 1% peni-
cillin/streptomycin (Biowest, France), and maintained at 37 °Cin a 3.5%
CO,-humidified atmosphere under normoxic conditions. The internaliza-
tion of ssOSCs@Pt was evaluated by confocal microscopy and by flow cy-
tometry. First, the cellular uptake was determined by confocal microscopy
(Nikon A1 confocal scan unit with a 100 x 1.49 NA oil immersion objec-
tive managed by NIS elements software). Cells were seeded at a density
of 3 x 10* cells onto 20 mm coverslips (in a 24-well plate) and cultured
for 24 h. In order to visualize the Pt-loaded ssOSCs, they were labeled with
sulfo-Cy5-NHS as previously described.[?° Then, Cy5-labeled ssOSCs@Pt
(5, 10, and 15 pug mL™") were resuspended in DMEM and were added
to the cells during 2, 4, 8, 24, and 48 h. Afterward, cells were fixed with
paraformaldehyde (PFA) 4% and finally washed three times with PBS.
In order to label the cytoplasm actin, cells were stained with phalloidin-
Alexa568 (Invitrogen, USA). Hoechst 33 342 was used to observe the nu-
clei. The cells’ capability to internalize the ssOSCs@Pt was evaluated in
exponentially growing cells. Briefly, 5 x 10* cells were seeded onto a 6-well
plate. Then, they were treated with Pt-loaded and Cy5-labeled ssOSCs@Pt
at the concentration of 5, 10, and 15 ug mL~". At specific time points (2, 4,
8,24, 48, and 72 h after the treatment), cells were collected and analyzed by
flow cytometry using Cytoflex LX instrument (Beckman coulter), and the
data were analyzed by Kaluza Software (Beckman Coulter). Non-treated
cells were used to set the gate and both the percentage of positive cells
and the mean fluorescence intensity were taken into account to assess
nanoparticle internalization. For the detection of Cy5-labeled ssOSCs@Pt,
an excitation wavelength of 633 nm was used. The emitted signal was col-
lected with BP 610/10 filters. All the samples were analyzed acquiring at
least 10000 events.

In Vitro Antitumoral Activity of ssOSCs@Pt:  To determine the antipro-
liferative properties of Pt-loaded ssOSCs, the MTT Cell Viability assay
(ThermoFisher Scientific) was employed following manufacturer instruc-
tions. During the evaluation, Hela cells were seeded into a 96-well plate at
a concentration of 4 x 103 cells per well in 100 uL of the above-mentioned
medium. After incubation at 37 °C for 24 h, the medium was changed
to 100 pL of freshly prepared medium enriched with ssOSCs@Pt or with
ssOSCs (5, 10, 20, 50, and 100 pg mL~"), and cells were cultured for an-
other 3, 6, 24, and 48 h. At these different time points, cells were washed
with PBS and then treated MTT test. Briefly, tetrazolium solution (20 uL of
5 mg mL™") was added to each well and incubated for 4 h. The medium
was replaced with acidified isopropanol (0.04 m HCI) to dissolve the purple
precipitate and the absorbance intensity was measured at 570 nm using a
plate reader (Infinite M200, Tecan). Data were expressed as percentages
of controls (non-treated cells) for three separate replicates. The percent-
age of dead cells after the treatment of ssOSCs@Pt was also estimated
by flow cytometry comparing the differently treated samples with control
(non-treated) cells at different time points. As previously described, expo-
nentially growing cells were seeded onto a 6-well plate and incubated with
the empty and Pt-loaded ssOSCs, respectively (2.5, 5, and 10 ug mL™")
for 24 and 48 h. After these two time points, both detached cells and cells
present in the supernatant were stained with 2.5 ug ml~" of Propidium lo-
dide (ProboKine, Heidelberg, Germany). The percentage of live and dead
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cells was determined by acquiring at least 10 000 events with a CytoFlexLX
Flow Cytometer (Beckman Coulter). Cells without Propidium lodide were
used as the negative control.

Finally, the cell cycle was analyzed by flow cytometry via DNA staining.
As previously mentioned, exponentially growing cells were seeded onto a
6-well plate and incubated with the NPs (with or without Pt complex) (5,
10, and 15 ug mL~") for 48 h. After trypsinizing the cells, they were washed
with PBS and fixed in 70% ethanol. Finally, 1-2 x 10 cells were incubated
overnight with 1 mL of 25 ug mL~" Propidium lodide (ProboKine, Heidel-
berg, Germany) plus 12.5 uL of 1 mg mL~! RNAse (Merck, Darmstadt,
Germany) PBS. All the samples were analyzed acquiring at least 10000
events with a CytoFlex LX Flow Cytometer (Beckman Coulter).

Colocalization Studies of ssOSCS in MPM487 Human Malignant
Mesothelioma Cells: The presence of the ssOSCs in MPM487 cells and
their colocalization were evaluated by confocal microscopy. Cells were
seeded at a density of 2 x 10* onto 20 mm coverslips (in a 24-well plate)
and incubated with ssOSCs labeled with Cy5 (15 ug mL™") during 2, 4, 8,
24, and 48 h. For labeling the early endosomes, cells were fixed with PFA
4% (20 min) and immunocytochemistry was performed. Samples were
blocked with PBS/BSA 1% and permeabilized with Tryton-100X. Then, anti-
EEAT (1/500, rabbit mAb, Abcam ab109110) was incubated with the cells
for 1 h and finally, the secondary antibody anti-rabbit 1gG Alexa Fluor 488
(1/400 Invitrogen) was incubated for one more hour. Lysosomes were la-
beled with Lysotracker Green DND-26 (Life Technologies) by incubating
the molecule with the cells for 45 min at a concentration of 65 mm. Nuclei
were stained with Hoechst and the ssOSCs were functionalized with Cy5
as previously mentioned. Cells were observed under confocal microscopy
as described before.

Intracellular Activation of Pt(dach)Cl,(OH), Prodrug: MPM487 hu-
man malignant mesothelioma cells were cultured with Ham’s F-10
(Sigma Aldrich) supplemented with 10% FBS (GIBCO, USA), 1% peni-
cillin/streptomycin (Biowest, France), and L-glutamine and incubated at
37 °C with 5% CO,.

For evaluating the activation of the PV prodrug encapsulated within the
ssOSCs, MPM487 human malignant mesothelioma cells were seeded in
a 96-well plate format (2000 cells per well) and incubated for 24 h before
treatment. Each well was then replaced with fresh media containing DPP
(40-2.5 pm), ssOSCs, ssOSCs@Pt (40-2.5 um), Pt(dach)Cl, (OH), (40—
2.5 pum), and Pt(dach)Cl, (40-2.5 um). Non-treated cells were considered
as the negative control. The amount of ssOSCs@ Pt added was considered
at the equivalent Pt content. After 6 h of incubation, cells were washed
three times with PBS and treated with fresh media for an additional 24,
48, and 72 h. Cell viability was determined by MTT as described above. All
conditions were normalized to the untreated cells (100%). Experiments
were performed in triplicates.

In Vivo Efficacy of ssOSCs@ Pt in a Mesothelioma Model:  7-week-old fe-
male athymic nude mice were obtained from Envigo. Animals were housed
and handled under specific pathogen-free conditions in the Institute’s An-
imal Care Facilities, which meet international standards. They were regu-
larly checked by a certified veterinarian who is responsible for health moni-
toring, animal welfare supervision, experimental protocols, and procedure
revision.

The following laws, rules, and guidelines governing the use and care
of laboratory animals were followed during procedures involving animals:
Italian governing law (D.Igs. 26/2014; Ministry of Health authorization
n.19/2008-A given on March 6, 2008); Guidelines for the welfare and use of
animals in cancer research (Workman P. BJC (2010) 102,1555-1577), the
NIH Guide for the Care and Use of Laboratory Animals (2011 edition),
and EU directives and guidelines (EEC Council Directive 2010/63/UE).
They are all in accordance with Mario Negri Institutional Regulations
and Policies that provide internal authorization for persons conducting
animal experiments (Quality Management System Certificate — UNI EN
ISO 9001:2008 — Reg. No. 6121. MPM487 human malignant mesothe-
lioma xenograft was obtained from cells isolated from pleural effusion
of a patient with stage Il biphasic pleural mesothelioma as previously
described.[*3] Mice were engrafted subcutaneously with 3 x 3 mm tumor
fragments. The increasing tumor masses were measured using a Vernier
caliper, and the tumor weight (1 mm? = 1 mg) was estimated using the for-
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mula: length x (width)?/2. Mice were randomly assigned to the treatment
group (four mice per group) after tumor weight reached ~200-250 mg.

Cisplatin (DDP) was administered intravenously, twice a week, ata dose
of 2.5 mg kg™". Pt-loaded ssOSCs were given at the equivalent Pt content,
with the same schedule. Control mice received an intravenous injection of
saline. Tumor growth was monitored, twice a week, up to 1500-2000 mg
(ethical end-point). The antitumor efficacy was expressed as T/C% where
T and C are the mean tumor weight of treated and control mice, respec-
tively. Tolerability was evaluated based on BWL, clinical observation, and
mortality.

Statistics:  All the data are indicated as mean + SD. Statistical analy-
sis of the in vitro data and the significant differences among the means
were analyzed by two-way analysis of variance (ANOVA) for multiple com-
parisons by Dunnett’s multiple comparisons test (GraphPad Software).
Statistically significant differences were expressed as follows: *p < 0.05;
**p < 0.07; ***p < 0.0001 y ****p < 0.00001. In vivo experiments were
analyzed using a mixed model ANOVA.
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