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Drug resistance and metastases are the leading causes of death in clinics. To overcome this limitation, there
is an urgent need for new therapeutic agents and drug formulations that are able to therapeutically
intervene by non-traditional mechanisms. Herein, the physical adsorption and oxidative polymerization
of Pt(iv) prodrugs in pore-confined spaces of CaCO3z nanoparticles is presented, and the nanomaterial
surface was coated with DSPE-PEG;q00-Biotin to improve aqueous solubility and tumor targeting. While
the nanoparticle scaffold remained stable in an aqueous solution, it quickly degraded into Ca®* in the
presence of acid and into cisplatin in the presence of GSH. The nanoparticles were found to interact in
cisplatin-resistant non-small lung cancer cells by a multimodal mechanism of action involving

mitochondrial Ca®* overload, dual depletion of GSH, nuclear DNA platination, and amplification of ROS
Received 3rd May 2025 d lipid peroxid t lting in triggering cell death b bination of apoptosis, ferroptosi
Accepted 1st June 2023 and lipid peroxide generation, resulting in triggering cell death by a combination of apoptosis, ferroptosis
and immunogenic cell death in vitro and in vivo. This study could present a novel strategy for the

DOI: 10.1039/d35c02264a treatment of drug-resistant and metastatic tumors and therefore overcome the limitations of currently
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Introduction

Pt(u) complexes are widely used chemotherapeutic drugs for
various types of tumours.® Despite their clinical success, these
compounds are associated with severe side effects (i.e., nerve/
kidney damage, nausea, vomiting, and bone marrow suppres-
sion).> In addition, an increasing number of (cisplatin) drug-
resistant tumors are reported in the clinics, limiting the clinical
use of these compounds.* While cancer cells have developed
different mechanisms to prevent the therapeutic effect of these
metal complexes, low cellular uptake, efficient excretion, and
detoxification of the Pt(i)-based drugs are considered the leading
causes.* In particular, high levels of glutathione (GSH) in the
tumor microenvironment (TME) can generate GSH-Pt adducts,
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used therapeutic agents in the clinics.

which are subsequently excreted from the cancer cells through
GSH S-conjugate export pumps (GS-X pump) before entering the
cell nucleus.” To overcome this resistance mechanism, studies
have indicated that providing pathways to target and consume
GSH and restoring cisplatin sensitivity in tumor cells is a very
effective new strategy for overcoming tumor resistance.®

Besides the excretion of GSH-Pt adducts, high levels of GSH
are also able to limit the ability of treated cancer cells to trigger
programmed cell death through apoptosis.” To circumvent this
drawback, researchers have focused on discovering novel cell
death mechanisms.*® Among the clinically most promising cell
death mechanisms for anticancer therapy, ferroptosis has been
highlighted.'® Ferroptosis is an iron-dependent non-apoptotic
form of cell death. This cell death mechanism is characterized
by the accumulation of lipid peroxides which are formed through
the irreversible peroxidation of membrane lipids by free radicals
such as hydroxy radials or the misregulation of specific enzymes
in the cells."* Recent studies have indicated that cancer cells are
highly susceptible to the depletion of intracellular GSH levels,
causing reactive oxygen species-mediated ferroptosis through the
inactivation of glutathione peroxidase 4 (GPX4)."* Capitalizing on
this, the combination of apoptosis and ferroptosis cell death
pathways presents a promising anticancer strategy. To reduce
potential side effects, much interest has been devoted to Pt(wv)
prodrugs which remain stable and inactive in healthy human
cells but are reduced to Pt(u) and therefore activated in the
reducing TME.*” Importantly, Pt(iv) complexes have been
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demonstrated to strongly bind and deplete intracellular GSH.**
To enhance the therapeutic properties, Pt(i) and Pt(1v) complexes
could be encapsulated into nanoparticles with other anticancer
agents to combat drug resistance”'® or cancer-targeting moieties
for tumor-selective delivery.'**®

Despite their promising properties, the therapeutic Pt
complexes were found to leak from the nanomaterial,”*®
limiting their application in a clinical setting.

Besides chemotherapy, cancer immunotherapy is frequently
used in clinics.” Despite its promising therapeutic outcome,
the immunosuppressive microenvironment of cancer cells
strongly limits the treatment's therapeutic efficiency. Capital-
izing on this, there is a high demand for compounds that
induce an immunogenic response inside the targeted cancer
cells.?** Among other strategies, chemotherapy-induced
immunogenic cell death (ICD) may offer a general strategy to
kill the tumor cells by eliciting broad antitumor immunity.*
Previous studies*®*?® have demonstrated that Pt(u) and Pt(wv)
complexes can cause ICD. Interestingly, while cisplatin was
found not to induce ICD, the structurally related metal complex
oxaliplatin showed a strong ICD effect in (drug-resistant) cancer
cells.*® Recent studies have indicated that ferroptosis-inducing
compounds can enhance the immunogenic effect through the
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activation of cytotoxic T lymphocytes (CTLs).** Reciprocally,
activated CD8" T cells can secrete high levels of interferon y
(IFN-y) to trigger ferroptosis-specific lipid peroxidation in
cancer cells.?” Capitalizing on these preliminary studies, devel-
oping therapeutic agents that can trigger cell death by
a combination of ferroptosis and ICD is of high interest.
Herein, a novel strategy for the selective delivery and multi-
modal treatment of drug-resistant cancer tumors is presented.
Thiol functionalized Pt(1v) complexes were physically loaded into
CaCO; nanoparticles and then covalently linked by in situ
oxidative polymerization to form Pt(v)SS NPs-2 within the
supramolecular CaCO; nanoparticle scaffold (Pt(iv)SS@CaCOs3).
This prevents drug leakage of the molecular agent and allows for
efficient and selective delivery to the tumorous tissue. To
enhance aqueous solubility as well as improve tumor targeting,
the nanomaterial Pt(iv)SS@CaCO;@Biotin was coated on the
surface with DSPE-PEG,¢-Biotin.** While the nanomaterial was
found to be stable in an aqueous solution, the particles quickly
degraded into Ca*" ions and soluble therapeutic Pt complexes in
the presence of acid upon depletion of intracellular glutathione.
Ca®" levels and storage in the mitochondria are crucial for cell
survival and proliferation.** Upon misregulation of the Ca**
balance, cytochrome C in the mitochondria is released, and
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Scheme 1 Schematics of physical adsorption and oxidative polymerization of a Pt(iv) prodrug inside of supramolecular calcium carbonate
nanoparticle (Pt(v)SS@CaCOs@Biotin)-mediated efficient cancer immunotherapy by releasing cisplatin, generating ROS and dual GSH depletion

to trigger the combination of apoptosis and ferroptosis.
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caspase-3 activated, resulting in apoptosis.®*® In this study, we
report on nanoparticles that are able to therapeutically intervene
in cisplatin-resistant non-small lung cancer cells by a multimodal
mechanism of action involving Ca®* overloading of the mito-
chondria, the depletion of intracellular level glutathione, binding
to nuclear DNA, and amplification of the generation of reactive
oxygen species and lipid peroxides, resulting in triggering cell
death by a combination of apoptosis, ferroptosis, and ICD
(Scheme 1). This combination of cell death mechanisms is
associated with high clinical relevance. Strikingly, the nano-
material was found to show a strong anticancer effect towards
cisplatin-resistant non-small lung cancer tumors in a mouse
model without any indication of side effects such as those
observed for the parent drug cisplatin (i.e., hematopoietic
toxicity, hepatotoxicity, or nephrotoxicity), therefore indicating
a high potential to overcome (cisplatin) drug-resistant tumors.
Importantly, the ability to induce ICD inside immunocompetent
C57BL/6] mice was demonstrated to nearly fully eradicate
a metastatic syngeneic tumor. These findings suggest that the
here presented promising therapeutic strategy for cancer che-
moimmunotherapy could overcome drug-resistant and meta-
static tumors, which are considered the leading cause of cancer-
associated deaths in clinics.

Results and discussion

Synthesis and characterization

The Pt(wv) prodrug (Pt(iv)-2SH) was synthesized by the oxidation of
and
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mercaptoundecanoic acid in the axial positions (Scheme S17).
The identity of the metal complex was verified by high-resolution
mass spectrometry, '"H NMR, *C NMR, '*°Pt NMR spectroscopy,
and Fourier transform infrared spectrometry (FTIR) (Fig. S1-S47).
As no significant changes were observed upon storage of Pt(wv)-
2SH for one week (Fig. S51), the stability of the metal complex is
indicated. CaCO; nanoparticles were prepared from (NH,)HCO;
and CaCl, (Fig. S71).** Pt(iv)-2SH was adsorbed into CaCOs;
NPs to form Pt(iv)-2SH@CaCO;. Transmission electron
microscopy (TEM) images showed a change in the morphology of
the particles by the deposition of metal complexes inside the
pores of the CaCO; nanoparticles (Fig. 1A). The terminal thiol
groups of the metal complex were covalently linked by confined
in situ oxidative polymerization with iodine and DMSO to form
Pt(iv)SS@CaCO;. The (elemental mapping) TEM images
confirmed that Ca, O, Pt, and S are homogeneously distributed in
both nanoparticles (Fig. 1D and S81) and their hydrodynamic
diameter with a size of ~100 nm is slightly higher than that of
CaCO; (Fig. S8Bf). Next, the chemical structure of Pt(w)
SS@CaCO; was studied by recording the FTIR spectrum in the
process of the physical adsorption and oxidative polymerization
of a Pt(wv) prodrug inside of CaCO; (Fig. S6%). Particularly, for
obtaining a self-polymerizing Pt(iv) nano-prodrug (Pt(v)SS NPs-2)
in pore-confined spaces of CaCO; nanoparticles, Pt(iv)SS@CaCO;
was degraded by acid (pH 5.0) and purified using centrifugation,
washing with dichloromethane, and dialysis, resulting in the
presence of less than 3.56% free thiol groups as determined by
Ellman’s method.?” The as-obtained Pt(1v)SS NPs-2 was observed
to be uniformly spherical at ~5.1 nm by using TEM, and with
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Fig. 1 Characterization, pH response, and depletion of GSH of Pt(iv)SS@CaCOz@Biotin. (A) TEM image of CaCOs, Pt(iv)-2SH@CaCOs3, Pt(v)
$S@CaCOs and Pt(iv)SS NPs-2. (B) Time-dependent release level of Ca®* by using a calcium colorimetric assay kit in the presence of various pH
environments (5.0, 6.0, and 7.4). (C) Time-dependent release of Pt ion from Pt(v)SS@CaCOz@Biotin by using ICP-MS at pH 5.0 without GSH, and
pH 5.0 with GSH (100 puM). (D) Energy dispersive spectroscopy mapping of Pt(iv)SS@CaCOs. (E) The broad unknown relative chromatogram of
Pt(iv)SS NPs-2 determined by gel permeation chromatography in tetrahydrofuran. (F) TEM image of Pt(iv)SS@CaCOz@Biotin upon incubation in
various pH environments (7.4 and 5.0) and GSH (100 uM). Illustration: enlarged TEM image of Pt(iv)SS NPs-2 from Fig. 1F (pH = 5.0). (G) Schematic
illustration of the dialysis device and reaction mechanism for Pt(v)SS@CaCOz@Biotin.
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a hydrodynamic diameter of ~7.5 nm (Fig. 1A and S8BfY).
Inversely, Pt(v)-2SH self-assembled to form a Pt(iv) nano-prodrug
(Pt(1v)SS NPs-1) by oxidative polymerization in the presence of
iodine and DMSO. The particle size of Pt(v)SS NPs-1 was
~405 nm (Fig. S91). This result indicated that our new strategy
could successfully prepare Pt(v)SS NPs-2. Interestingly, Pt(v)SS
NPs-2 was dissolved in tetrahydrofuran (1.0 mg mL™') and
studied by gel permeation chromatography, which revealed the
broad chromatographic peaks of the polymer (Fig. 1E). However,
no peaks of the small molecule Pt complexes were observed
with high-resolution mass spectrometry (Fig. S10t). Upon
polymerization, the appearance of a stretching frequency at
473 cm ™' in the FTIR spectrum was observed (Fig. S6Bf).
Previous studies have indicated that this frequency is attributed
to the formation of a S-S bond.*® Notably, the average pore size
and specific surface area of Pt(1v)SS@CaCO; were determined to
be 11.9 nm and 14.7 m” g~ ! via the Brunauer-Emmett-Teller
(BET) measurements, which were slightly smaller than 17.3 nm
and 44.5 m* g~ " for bare CaCO;, respectively (Fig. S117). What's
more, the X-ray diffraction pattern (Fig. S121) matches the
standard card of CaCO; (PDF #33-0268), further verifying the
basic structure of CaCOs;, whereas Pt(iv)SS NPs-2 exhibits an
amorphous structure. Collectively, the above results demonstrate
the successful synthesis of the Pt(iv) prodrug inside CaCO; by
confined in situ oxidative polymerization.

As biotin is primarily internalized by the sodium multivi-
tamin transporter, which is overexpressed in various cancers,
the functionalization with biotin could improve cancer cell
selectivity.*® Thus, the nanomaterial was coated on the surface
with DSPE-PEG,0-Biotin. The sizes of (CaCOz;@Biotin: 101 +
4.8 nm, 108 + 3.2 nm, Pt(iv)-2SH@CaCO,@Biotin: 108 +
3.2 nm, Pt(iv)SS@CaCO;@Biotin: 115 + 5.7 nm) were measured
by dynamic laser scattering (Fig. S131). The TEM images of the
encapsulated nanoparticles showed a polymeric layer on the
surface of the particles (Fig. S14f). Using inductively coupled
plasma mass spectrometry (ICP-MS), the Pt content of the
particles was determined to be 19.8% for Pt(iv)SS@CaCO;@-
Biotin and 21.4% for Pt(iv)-2SH@CaCO;@Biotin (Table S17),
This loading efficiency is associated with previous literature.*
As a crucial property for any biological application, the stability
of the encapsulated nanoparticles was studied upon incubation
in water, an aqueous 0.9% sodium chloride solution, cell
medium, or serum for 24 h. No aggregation or change in the size
of the particles was observed, indicating their high physiolog-
ical stability (Fig. S157).

PpH response and GSH depletion

Research shows that as endosomes/lysosomes are characterized
by an acidic environment (pH 4.5-5.0), the specific nature of
this cell organelle could be utilized for a selective drug release.*
Therefore, the stability and potential release of the therapeutic
metal complexes from Pt(iv)SS@CaCO;@Biotin were studied at
PH 5.0, 6.0, and 7.4. While the particles remained intact upon
incubation at pH 6.0 and 7.4 using a specific Ca®>" detection kit,
a quick degradation of the supramolecular structure at pH 5.0
was observed and 85.5 + 1.8% (12 h) Ca®" content was released

7008 | Chem. Sci, 2023, 14, 7005-7015
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(Fig. 1B). A TEM analysis of Pt(iv)SS@CaCO;@Biotin after
incubation at pH 5.0 revealed that the particles disintegrated
and released small uniform nanoparticles (Fig. 1F). Interest-
ingly, using ICP-MS analysis, no Pt ion was observed in the
solution, indicating that the nanoparticles contain the encap-
sulated Pt nanoprodrug, Pt(iv)SS NPs-2 (Fig. 1C). While no Pt ion
was detected in an acidic solution of Pt(iv)SS@CaCO;@Biotin,
a high amount of Pt ion was observed upon the addition of GSH
(Fig. 1C and F). Otherwise, a large amount of Pt ion was
observed after the Pt(iv)SS NPs-2 dissociation upon the addition
of GSH (pH 7.4) (Fig. S1671). Overall, these findings indicated
that Pt(iv)SS NPs-2 was released after the tumor-selective
degradation of Pt(v)SS@CaCOz;@Biotin, and the disulfide
bonds are then further completely degraded into thiols in the
presence of GSH in micromolar concentrations (0.1-600 uM).*®
Ulteriorly, the reduction of the Pt(iv) center to Pt(u) is caused by
reducing agents such as glutathione triggers.>>** These prop-
erties could allow for a multimodal treatment through intra-
cellular Ca®>" overload and Pt** sensitivity through dual GSH
depletion (Fig. 1G). These results suggest that GSH could be
efficiently depleted through a multimodal mechanism.

Cellular uptake and localization

For an understanding of the biological effects of Pt nano-
prodrugs, the cellular uptake of Pt(iv)-2SH@CaCO;@Biotin,
Pt(1v)SS@CaCO;@Biotin, Pt(1v)SS NPs-2 and free cisplatin was
studied in non-small cell cisplatin-resistant lung cancer (A549R)
cells by ICP-MS. Both Pt(iv)-2SH@CaCO;@Biotin and Pt(v)
SS@CaCO;@Biotin demonstrated a time-dependent high
cellular uptake in comparison to cisplatin (Fig. S17A%). Simi-
larly, for analysis of intracellular Ca®" levels, both nanoparticles
had almost the same time-dependent cellular uptake as
CaCO;@Biotin (Fig. S17Bf). While the overall amount of Pt
inside the cancer cells increased with a prolongation of the
incubation time, the Pt content in the lysosomes decreased with
longer incubation times, indicating that the Pt complexes are
released in the acidic environment of the lysosomes. Following
the release, the Pt complexes accumulated selectively in the
nucleus as the final subcellular target, where the most signifi-
cant fraction of the compound was detected (Fig. S181). For
a deeper understanding, the amount of Pt-DNA adducts was
determined by ICP-MS. After A549R cells were treated with
different samples, both Pt(v)-2SH@CaCO;@Biotin and Pt(v)
SS@CaCO;@Biotin showed a drastically higher amount of Pt-
DNA adducts than cisplatin (Fig. S191) due to the enhanced
cellular uptake and depletion of GSH which could prevent the
binding of the Pt complex to DNA. Overall, these findings
indicate that Pt(iv)SS@CaCO;@Biotin is efficiently internalized
in cancer cells where the Pt complex is released in the acidic
environment of the lysosomes and ultimately accumulates in
the nucleus upon generation of Pt—-DNA adducts.

Cytotoxicity

The cell viability of LLC, A549 and A549R cells upon treatment
with CaCO3@Biotin, cisplatin, Pt(iv)SS NPs-2, Pt(v)-
2SH@CaCO;@Biotin, or Pt(iv)SS@CaCO;@Biotin was studied

© 2023 The Author(s). Published by the Royal Society of Chemistry
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using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)-based assay. The cytotoxicity profiles are
shown in Table S2.1 As expected, cisplatin was found to be
therapeutically active in A549 cells but highly deactivated in
A549R cells (ICso, asa0 = 16.3 + 1.2 uM, ICsp, ass0r = 86.1 =+ 3.4
puM). The nanoformulations Pt(iv)-2SH@CaCO;@Biotin (ICs,,
Asao = 1.71 £ 0.54 UM, ICs, asaor = 4.87 % 0.98 uM, based on Pt)
and Pt(iv)SS@CaCO;@Biotin (ICsq asa0 = 0.77 £ 0.18 pM, ICso,
Asaor = 2.82 %+ 0.87 uM, based on Pt) demonstrated enhanced
cytotoxicity towards the cancer cells. Nonetheless, the cytotox-
icity of Pt(iv)SS NPs-2 (ICs, as40 = 6.4 + 0.81 UM, ICs0 assor =
14.9 + 1.4 uM, based on Pt) was slightly lower due to the lower
cellular uptake than both nanoformulations. Complementarily,
the ability of the compounds to trigger cell death in A549R cells
was evaluated with the dual annexin V-FITC/PI stain. Pt(iv)
SS@CaCOz;@Biotin showed the highest cytotoxic effect with
approximately 82.4% of cancer cells in an early or late apoptotic
stage after incubation for 24 h (Fig. S20t), indicative of an
apoptotic cell death mechanism. Overall, these results suggest
that Pt(iv)SS@CaCOz;@Biotin has a high cytotoxic effect on
(cisplatin-resistant) cancer cells and could therefore overcome
cisplatin resistance.

Multimodal mechanism of action

As the nanoparticles have demonstrated to quickly degrade in
an acidic environment and release Ca®" ions from the nano-
particle scaffold, the Ca®" content in A549R cells upon treat-
ment with Pt(v)-2SH@CaCO;@Biotin, or Pt(wv)
SS@CaCO;@Biotin was studied using the specific Ca>*-probe
Fluo-4 AM. While no fluorescence signal corresponding to the
sensor was observed upon incubation with cisplatin, a strong
emission in the confocal laser scanning microscopy (CLSM)
image was noticed upon incubation with both nano-
formulations (Fig. S21At), verifying the release of Ca>" ions.
Quantitatively, flow cytometric analysis showed higher levels of
Ca*" ions for Pt(iv)SS@CaCO;@Biotin and similar results to
CLSM (Fig. S21Bt). Mitochondrial Ca** overload induces the
opening of the mitochondrial permeability transition pore
(mPTP), disrupting the electron transport chain, generating
excessive ROS, and eventually leading to apoptosis.®® As a result
of the opening of the mPTP, the characteristic green/red
(aggregates/monomer) ratio of JC-1 showed the loss of mito-
chondrial membrane potential after treatment with Pt(w)-
2SH@CaCO;@Biotin or Pt(iv)SS@CaCO;@Biotin by confocal
imaging (Fig. S22At). Similar results were also confirmed for the
quantitative analysis of flow cytometry (Fig. S22Bf). As an
additional hallmark of the misregulation of the mitochondria,
the change of intracellular adenosine triphosphate (ATP) levels
was monitored. While the treatment with cisplatin only slightly
influenced the levels of ATP, the concentration drastically
decreased during the treatment with Pt(iv)-2SH@CaCO;@-
Biotin or Pt(iv)SS@CaCO;@Biotin compared with CaCO3@-
Biotin (Fig. S231). Moreover, A549R cells were treated and
afterward incubated with the reactive oxygen species specific
dye 2',7"-dichlorodihydrofluorescein diacetate. While no fluo-
rescence signal corresponding to the probe was observed upon

© 2023 The Author(s). Published by the Royal Society of Chemistry
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incubation with cisplatin and the other three groups, a strong
DCF emission in the CLSM images was noticed upon incuba-
tion with Pt(iv)SS@CaCOz;@Biotin. Secondly, in the case of
Pt(v)-2SH@CaCO;@Biotin (Fig. S24At), the quantitative anal-
ysis by flow cytometry showed the same results (Fig. S24Bt). The
ability to deplete GSH in A549R cells was investigated using
a GSH/GSSG extraction kit. The incubation of the cancer cells
with nanoformulations strongly decreased the intracellular
levels of GSH, especially Pt(iv)SS@CaCO;@Biotin with 3.68-fold
contrast to cisplatin attributed to dual GSH depletion (Fig.
S257).'® Combining these findings suggests that the nano-
particles could interact in the cancer cells through a multi-
modal mechanism of action by overloading the mitochondria
with Ca®" ions, amplifying reactive oxygen species, and dual
depletion of GSH.

Cell death mechanism

For a deeper understanding of the therapeutic effect of the
nanoparticles, the cell death mechanism in A549R cells was
studied by monitoring the cell viability upon co-incubation with
necrosis  (necrostatin-1), autophagy (3-methyladenine),
apoptosis (Z-VAD-FMK), iron chelation/antioxidation (deferox-
amine), and ferroptosis/peroxyradical (ferrostatin-1) inhibi-
tors.**** As the incubation with necrosis and autophagy
inhibitors had a negligible effect on cell survival, surprisingly,
the co-incubation with apoptosis, iron chelation/antioxidation,
and ferroptosis/peroxyradical inhibitors strongly enhanced the
cell viability (Fig. 2A), indicating the involvement of apoptosis
and ferroptosis in cell death. Previous studies have indicated
that the depletion of GSH may inactivate GPX4 and inhibit the
lipid repair system, resulting in ferroptosis.'” Based on this, the
expression of GPX4 upon treatment of A549R cells was investi-
gated. As shown in Fig. 2C, the incubation with Pt(iv)-
2SH@CaCO;@Biotin strongly reduced the GPX4 expression,
especially in Pt(iv)SS@CaCO;@Biotin. The specific lipid
peroxide probe C11 BODIPY, as a hallmark of ferroptosis,
detected the generation of intracellular lipid peroxides (LPOs)
via CLSM images. While the cells treated with cisplatin did not
show any LPO, the formation of LPO was observed upon treat-
ment with Pt(iv)-2SH@CaCOz;@Biotin, especially Pt(wv)
SS@CaCO;@Biotin, which was much stronger than Pt(iv)SS
NPs-2 (Fig. 2E). Complementarily, the cell death pathway was
further studied by flow cytometry using C11 BODIPY in
combination with the ferroptosis inhibitors DFO and Fer-1.
This generation can be effectively suppressed by Fer-1 or DFO
treatment (Fig. S267). Furthermore, the amount of malondial-
dehyde (MDA), an important end-metabolite of LPO, was
quantified as a measure of LPO. The result is consistent with
CLSM images, in which Pt(iv)SS@CaCO;@Biotin was found to
have a remarkable MDA level with 7.2-fold contrast to control
(Fig. 2B). Combining these results suggests that the nano-
particles cause cell death by ferroptosis.

Next, we performed the caspase-3/7 assay to determine the
potential route by which apoptosis occurs in A549R cells
(Fig. 2D). As expected, the treatment with Pt(iv)SS NPs-2, Pt(wv)-
2SH@CaCO;@Biotin, and Pt(1iv)SS@CaCO;@Biotin

Chem. Sci., 2023, 14, 7005-7015 | 7009
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Fig. 2 Mechanism action and ICD hallmarks of Pt(iv)SS@CaCO=@Biotin in A549R cells. (A) Cell viability upon pre-incubation of necrosis
(necrostatin-1, 60 pM), autophagy (3-methyladenine, 100 uM), apoptosis (Z-VAD-FMK, 20 pM), iron chelation/antioxidation (deferoxamine
(DFO), 100 uM), and ferroptosis/peroxyradical (ferrostatin-1 (Fer-1), 10 pM) inhibitors with various samples for 24 h. (B) The intracellular level of
malondialdehyde of A549R cells was incubated with various samples for 24 h. (C) Expression of GPX4 upon treatment with the IC5q dose of the
therapeutic species after 24 h. I: control, Il: CaCOz@Biotin, Ill: cisplatin, IV: Pt(v)SS NPs-2, V: Pt(v)-2SH@CaCOz@Biotin, VI: Pt(v)
SS@CaCOs@Biotin. (D) Caspase 3/7 activity on treatment with ICsq dose of various samples for 24 h. (E) Confocal laser scanning microscopy
images of A549R cells incubated with various samples and the specific lipid peroxide probe C11 BODIPY. C11 BODIPY: Agy/em = 488/520 + 10 nm.
Scale bar: 20 um. (F) Cell cycle analysis of A549R cells incubated with the ICsq dose of various samples for 24 h. (G) The release of CRT and
HMGB1 was imaged through immunostaining of A549R cells. Scale bar: 10 um. (H) Release of HMGB1 and (I) analysis of ATP levels in the cell
culture supernatant. A549R cells were incubated with various samples for 24 h. (J) Schematic illustration of combining apoptosis and ferroptosis

which triggered the release of DAMPs, causing the ICD effect.

demonstrated to activate the caspase 3/7 pathways, which were
similar to cisplatin. Previous studies have indicated that
resistant cancer cells contain a subpopulation of dormant
persistent cells that reversibly enter the GO cell cycle arrest to
avoid the therapeutic effect of the drug.** As shown in Fig. 2F,
while the treatment with Pt(iv)-2SH@CaCO;@Biotin showed
the same cell cycle (A549R) distribution as cisplatin, the
treatment with  Pt(iv)SS@CaCO;@Biotin  demonstrated
a decrease in the population in the G0/G1 phase and an
increase in the population in the S phase. These findings may
be attributed to the ability of Pt(iv)SS@CaCO;@Biotin to cause
more efficient ferroptosis than Pt(iv)-2SH@CaCO;@Biotin.**
Furthermore, the bio-TEM images of A549R cells treated with

7010 | Chem. Sci., 2023, 14, 7005-7015

both nanoparticles showed obvious nuclear pyknosis, while
mitochondrial fragmentation and cristae alterations were
observed, which are the characteristics of cell apoptosis and
ferroptosis, respectively (Fig. S277), while the cisplatin group
was similar to the control. Overall, these results suggest that
the nanoparticles trigger cell death combined with apoptosis
and ferroptosis.

Immunogenic cell death (ICD)

The ability to trigger ICD was investigated upon determination
of the release of specific damage-associated molecular patterns
(DAMPs).>> The release of the high mobility group box 1
(HMGB1) is able to induce the myeloid differentiation primary

© 2023 The Author(s). Published by the Royal Society of Chemistry
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response signaling cascade, enhancing antigen processing and
presentation to T-cells.** Recent studies have indicated that the
secretion of HMGBI1 supports cell death by ICD as well as fer-
roptosis.®* In contrast to ferroptosis, ICD-inducing therapeutic
agents could eradicate distant, metastatic tumors.** While the
treatment with cisplatin did not influence the localization of
HMBG1, the translocation of HMBG1 from the cell nucleus into
the cytoplasm was observed by CLSM upon treatment with Pt(wv)
SS@CaCO;@Biotin (Fig. 2G). For a quantitative insight, the
release of HMGB1 was determined using an HMGB1-specific
commercially available enzyme-linked immunosorbent
(ELISA) assay kit. The release of HMGB1 from the nucleus was
363-fold enhanced upon treatment of A549R cells with Pt(v)
SS@CaCO;@Biotin in comparison to the untreated cells
(Fig. 2H). Besides, another ICD marker, calreticulin (CRT) from
the endoplasmic reticulum was translocated to the cell surface
upon treatment with Pt(iv)SS@CaCO;@Biotin by CLSM images
(Fig. 2H). Complementarily, the migration of CRT was quanti-
fied using flow cytometry (Fig. S2871). Additionally, the treat-
ment of the cancerous cells with Pt(iv)SS@CaCO;@Biotin was
demonstrated to increase the secretion of ATP approximately 18
times in comparison to untreated cells (Fig. 2I). Combined,
these findings indicate that Pt(iv)SS@CaCOz;@Biotin is able to
therapeutically intervene by a combination of apoptosis, fer-
roptosis, and ICD (Fig. 2J).
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Evaluation in a cisplatin-resistant tumor mouse model

Based on the biotin group on the surface of nanoparticles, we
first investigated the tumor-targeting properties. A549R tumor-
bearing mice were injected in the tail vein with Pt(wv)-
2SH@CaCO;@Biotin (5 mg kg™ ') or Pt(iv)SS@CaCO;@Biotin (5
mg kg™ ) and the biodistribution determined by measurement
of the Pt content by ICP-MS. Strikingly, the comparison between
the nanoparticles showed a higher tumor accumulation of Pt(wv)
SS@CaCO;@Biotin than of Pt(iv)-2SH@CaCO;@Biotin (Fig. 3B
and S297), which was attributed to preventing drug leakage
from Pt(1v)SS@CaCO;@Biotin. While cisplatin (1.4 h) was found
with a low blood-circulation half-times, the nanoparticles Pt(iv)-
2SH@CaCO;@Biotin (11.7 h) and Pt(iv)SS@CaCO;@Biotin
(24.1 h) showed an order of magnitude longer blood-circulation
half-times (Fig. S307). Combined, this indicates that the in situ
oxidative polymerization of the metal complex could improve
the biodistribution and blood circulation profile upon evalua-
tion in an animal model.

Encouraged by the high tumor accumulation inside the
animal mode, the therapeutic efficiency of an A549R tumor-
bearing mouse model was studied and is shown in Fig. 3A.
Once the tumors of the mice reached approximately 75 mm?,

the animals were divided into five groups and treated upon
injection in the tail vein (5 mg kg™") on days 1, 3, and 5 with
cisplatin,

saline, Pt(1v)-2SH@CaCO;@Biotin, or Pt(v)

Pt(IV)SS@
CaCO,@Biotin

-

Pt(IV)-2SH@
CaCO,@Biotin

Cisplatin

Day 20 Day 1

H&E ®

TUNEL

GPX4

Fig.3 Evaluation of the therapeutic efficiency upon intravenous injection of cisplatin, Pt(iv)-2SH@CaCOs@Biotin, and Pt(iv)SS@CaCOs@Biotin in
the tail vein of an A549R tumor-bearing mouse model. (A) Schematic illustration of the timeline for tumor model establishment and cancer
therapy. (B) Time-dependent biodistribution of Pt(iv)SS@CaCOz@Biotin by determination of the Pt content inside the major organs and the
tumor by ICP-MS (n = 3). (C) The tumor volume over the treatment period, (D) the weight of the tumor after treatment for 20 days, (E) the weight
of the animal model over the treatment period, (F) photographs of the animal models at the beginning and the end of the treatment, (G)
histological analysis of the tumor tissue by (top) hematoxylin and eosin (H&E) stain, (middle) TdT-mediated dUTP nick end labeling (TUNEL) stain,
or (bottom) GPX4 stain upon injection in the tail vein on the days 1, 3 and 5 with saline, cisplatin (5 mg kg™, based on 1.67 mM Pt), Pt(v)-
2SH@CaCOz@Biotin (5 mg kg™, based on 0.548 mM Pt), or Pt(iv)SS@CaCOs@Biotin (5 mg kg™, based on 0.507 mM Pt). Statistical analysis was
carried out using Student's t-test. *P < 0.05, **P < 0.01, and ***P < 0.001, mean + SD; n = 5.
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SS@CaCOz;@Biotin. As expected, the tumors of the animals
treated with cisplatin grew exponentially in a similar manner to
the mice injected with saline, while the treatment with Pt(wv)
SS@CaCO;@Biotin showed a remarkable tumor growth inhi-
bition effect in contrast to Pt(iv)-2SH@CaCO;@Biotin (Fig. 3C
and S317). The therapeutic efficacy was further highlighted by
a comparison of the weight of the tumors (Fig. 3F) or visual
inspection of the tumors (Fig. 3F and S32}). For a deeper
understanding of the therapeutic effect, the tumorous tissue
was histologically examined using hematoxylin and eosin (H&E)
and TdT-mediated dUTP nick end labeling (TUNEL) stain. The
tumors of the mice treated with the nanoparticles showed
apoptotic characteristics such as nuclei shrinkage and frag-
mentation (top/middle panel of Fig. 3G). Based on the ability of
Pt(iv)SS@CaCO;@Biotin to efficiently trigger cell death by fer-
roptosis, the tumor tissue slices were stained for the presence of
GPX4. While the animals treated with cisplatin showed normal
levels of GPX4, the treatment with both nanoformulations
demonstrated a strong reduction of GPX4 (bottom panel of
Fig. 3G). These findings confirm the ability of Pt(w)
SS@CaCOz;@Biotin to cause a therapeutic effect combined with
apoptosis and ferroptosis in the animal model.

Besides the therapeutic efficiency, the biosafety of the
nanoparticles was thoroughly assessed. The treatment with
cisplatin showed a drastic reduction in the body weight of the
animal models, indicating severe side effects. In contrast, the
treatment with  Pt(v)-2SH@CaCO;@Biotin, or Pt(w)
SS@CaCO;@Biotin did not change the body weight of the
mouse model (Fig. 3E). Moreover, a histological analysis of the
main organs (heart, liver, spleen, lung, kidney, brain, and
intestines) using H&E revealed serious damage to the liver and
the kidneys of the animals treated with cisplatin. Promisingly,
the treatment with both nanoformulations showed no organ
damage (Fig. S33t). For a deeper insight into biosafety, the
blood of the animals was screened for various biochemical
markers. The mice treated with cisplatin were found to have
a decreased amount of hematocrit, hemoglobin, and red blood
cells as well as an increased number of white blood cells. In
addition, the animals showed abnormal levels of kidney func-
tion biomarkers (BUN, CREA, CR) and liver function biomarkers
(ALT, AST, ALP), indicating severe bone marrow hematopoietic
toxicity, hepatotoxicity, and nephrotoxicity. In contrast, the
animals treated with both nanoformulations demonstrated
normal levels of these biomarkers (Fig. S34 and Table S37),
suggestive of high biocompatibility and biosafety. Overall, these
results suggest that Pt(iv)SS@CaCOz;@Biotin has a strong anti-
tumor efficiency towards cisplatin-resistant tumors and high
biosafety, therefore overcoming the limitations of the clinically
applied drug cisplatin.

Antitumor immunity in the tumor mouse model

Based on the promising antitumor response inside an A549R
tumor-bearing mouse model, the immunotherapeutic proper-
ties of the nanoparticles were studied in an in vivo vaccination
study. Healthy C57BL/6] female mice were randomly divided
into four groups, with 5 mice in each group. The animal models
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were injected with (1) saline, (2) LLC cells that were treated with
cisplatin (5.96 mg kg™"), (3) LLC cells that were treated with
Pt(iv)-2SH@CaCO;@Biotin (1.95 mg per kg Pt**, 0.14 mM Ca*"),
and (4) LLC cells that were treated with (1.95 mg per kg Pt*",
0.14 mM Ca*") for 24 h, washed with PBS to remove the non-
penetrating nanoparticles, and re-suspended in free fetal
bovine serum containing DMEM medium. The aforementioned
dying cancer cells were subcutaneously injected into immuno-
competent homogenic mice on the right side, as shown in
Fig. 4A. On day 8, living cancer cells were subcutaneously
inoculated into the left side and the mice were monitored for
palpable neoplastic lesions every two days for 27 days. While the
tumor of the mice that were injected with cisplatin-treated
cancer cells was found to grow exponentially in a similar
manner to the control group, the tumor of the mice models that
were injected with nanoparticle treated cancer cells was nearly
fully eradicated. After 27 days, the tumor growth inhibition rate
of Pt(iv)SS@CaCO;@Biotin was approximately 22 times higher
than for the control group (Fig. 4B, photographs of the tumors:
Fig. 4C). Importantly, no changes in body weight (Fig. S35t) or
histological damage for healthy tissue, including heart, liver,
spleen, lung, and kidneys (Fig. S361) were observed after the
treatment period. On day 27, the mice models were sacrificed
and the tumors were collected. H&E staining of the tumorous
tissue showed nuclear shrinkage and necrosis upon treatment
with Pt(iv)SS@CaCO;@Biotin, indicative of the immunothera-
peutic effect of the nanoparticles (Fig. 4F). These results
demonstrate that the injection with Pt(iv)SS@CaCO;@Biotin-
treated-cells was able to protect the animal model from new
tumor growth and, therefore could find application for the
treatment of distant or metastatic tumors.

Dendritic cells (DCs) are antigen-presenting cells that play
a crucial role in the T cell-mediated immune response.*® To
investigate the immunogenic effect of the nanomaterials, the
levels of CD80'CD86" (gating on CD11c" cells) DCs of the tumor-
draining lymph nodes (TDLNs) of tumor-bearing mouse models
upon treatment were studied by flow cytometry. While the
treatment with cisplatin did not significantly influence the
levels of matured DCs (9.6%), the amount of matured DCs was
strongly enhanced upon treatment with Pt(iv)-2SH@CaCO;@-
Biotin (19.2%) or Pt(1v)SS@CaCO;@Biotin (34.3%) (Fig. 4D and
S37t). These findings confirm the observed immunogenic
therapeutic response of the Pt(v)SS@CaCO;@Biotin
nanoparticles.

For a deeper insight into the immunogenic mechanism, the
levels of cytotoxic CD8" T cells and CD4" helper T cells inside
tumor-bearing mouse models upon treatment were investigated
by flow cytometry. The results showed a 2.1- and 2.8-fold
enhancement of CD8" T cells and a 3.1- and 1.7-fold increase of
CD4" T cells in the tumor and spleen upon treatment with Pt(iv)
SS@CaCO;@Biotin (Fig. 4G and S387), respectively. Previous
studies have indicated that the depletion of CD3"CD4 Foxp3" T
regulatory cells is able to reduce the immunosuppressive
properties and therefore enhance the immunotherapeutic
effect.? Capitalizing on this, the level of CD3'CD4'Foxp3* T
regulatory cells in the tumor and spleen was determined by flow
cytometry. While the treatment with cisplatin was found not to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evaluation of the antitumor immunity in a mouse model. (A) Schematic diagram of the ICD vaccine experiment. The LLC cells were
incubated with cisplatin (5.96 mg kg™, Pt(iv)-2SH@CaCOs@Biotin (1.95 mg per kg Pt**, 0.14 mM Ca?*) and Pt(iv)SS@CaCOz@Biotin (1.95 mg per
kg Pt**, 0.14 mM Ca?"), respectively. (B) The plots of tumor volumes for the different groups versus the time post-live LLC cancer cellinoculation
(n = 5). (C) Photographs of the tumors removed from the mice 27 days after treatment. (D) Flow cytometric plots of mature DCs in the tumors
after treatment for 26 days, gated by CD11c™ cells. (E) Flow cytometric analysis of memory T cells (CD44%, CD62L*, gating on CD4* T cells) in the
tumor after treatment for 26 days. (F) H&E staining of tumor sections 27 days after treatment. Scale bar: 50 um. Representative flow cytometric
quantification of intratumoral infiltration of (G) CD4" and CD8* T cells (gating on CD3™ T cells) and (H) Foxp3™ T cells (gating on CD3*CD4* T
cells) after treatment for 26 days (n = 4). Statistical analysis was carried out using Student's t-test. ¥*P < 0.05, **P < 0.01, and ***P < 0.001, mean +

SD; n=5.

influence the amount of CD3"'CD4 Foxp3" T cells (30%) inside
the animal model, the treatment with Pt(iv)-2SH@CaCO;@-
Biotin (20.7%) and Pt(1v)SS@CaCO;@Biotin (10.2%) demon-
strated strong reduction of the percentage of CD3"CD4"Foxp3*
T cells in the tumor (Fig. 4H and S39t), indicating the necessity
for the reprogramming of the tumor microenvironment. To
investigate whether the treatment can trigger a long-term anti-
tumor immune response, the levels of memory T cells
(CD3'CD4'CD44'CD62L") in the tumor and spleen of the
animal models were investigated by flow cytometry. The treat-
ment with Pt(iv)SS@CaCO;@Biotin showed a strong enhance-
ment of the amount of memory T cells (Fig. 4E and S407),
suggestive of long-term immune protection of the mouse
model. Overall, these findings confirm that the treatment with
Pt(v)SS@CaCO;@Biotin is able to provide long-term immune
protection against the development of new/distant tumors.

Conclusions

In summary, herein, the physical adsorption and oxidative
disulfide polymerization of Pt(iv) prodrugs Pt(iv)-2SH inside of
CaCOj; nanoparticles are presented. To enhance aqueous solu-
bility and improve tumor targeting, the nanoparticles were post-
translationally functionalized with DSPE-PEG,40-Biotin Pt(wv)
SS@CaCO;@Biotin. While the nanoparticle scaffold remained

© 2023 The Author(s). Published by the Royal Society of Chemistry

stable in an aqueous solution, the nanomaterial quickly
degraded into calcium ions in the presence of acid and into
cisplatin in the presence of glutathione. Studies of the biolog-
ical properties revealed that Pt(iv)SS@CaCO;@Biotin interacted
in cisplatin-resistant non-small lung cancer cells by a multi-
modal mechanism of action involving the disruption of the Ca®*
homeostasis and Ca** overloading of the mitochondria, dual
depletion of intracellular levels of glutathione, binding to
nuclear DNA, and amplification of the generation of reactive
oxygen species and lipid peroxides. These cellular mis-
regulations resulted in the triggering of cell death by a combi-
nation of apoptosis, ferroptosis and ICD in A549R cells. Based
on this multimodal treatment, the nanoparticles demonstrated
a strong tumor growth inhibition effect towards a non-small
cisplatin-resistant lung cancer tumor inside the animal
model. Additionally, within a tumor-bearing animal model,
Pt(iv)SS@CaCO;@Biotin was able to trigger the maturation of
dendritic cells in the tumor-draining lymph nodes and enhance
tumor T-cell infiltration. Using a tumor re-challenging experi-
ment, the (long-term) immune response towards a specific kind
of cancer was demonstrated. The ability of the nanoparticles to
therapeutically intervene by a multimodal mechanism of action
could pave the way to overcome tumor drug resistance. The
generated immune response inside the animal model could
find application for the treatment of distant or metastatic
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tumors. Capitalizing on this, the presented design strategy
could circumvent the current major challenges in clinics.

Statistical analysis

The significance of several experimental results was analyzed by
using the analysis of T-test. Probabilities p < 0.05 (¥*) and p < 0.01
(**), and ***P < 0.001 were marked in figures and 0.05 was
chosen as the significance level.
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methods for the synthesis, preparation, and characterization of
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vation, and in vivo animal experiments and vaccine trials.
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