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Abstract: To expand the chemotherapeutic potential of
platinum complexes, different approaches have been fol-
lowed, two of the most relevant being their administration
as the prodrug Pt(iv) and encapsulation in nanocarriers.
Herein, we demonstrate how neuromelanin may become a
good bioinspiration for the synthesis of nanoparticles (NPs),
combining both approaches. For this, complex PtBC reacts
with sodium periodate, inducing a melanization process and
the formation of nanoparticles. In vitro results on non-
malignant human fibroblast cells (1Br3G), human cervical
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Graphical abstract

cancer, murine glioma (GL261), and human ovarian cancer
confirmed its therapeutic efficacy. The role of the Pt(iv) ion
on the cytotoxicity effects was confirmed by comparison
with the results obtained for a family of nanoparticles
obtained with nordihydroguaiaretic acid under the same
experimental conditions. Finally, intranasal administration
of the NPs in orthotopic glioblastoma multiforme murine
models in female C57BL/6 mice showed excellent in vivo bio-
distribution and tolerability. Overall, this innovative approach
represents a step toward more specific and less toxic therapies
in the field of cancer chemotherapy.

Keywords: chemotherapy, polyphenol, melanin, polydopa-
mine, cancer cells

1 Introduction

The serendipitous discovery of the antitumor effectiveness
of cisplatin (CDDP) in the late 1960s [1-5] marked a crucial
moment in cancer chemotherapy [6-8]. Since then, pla-
tinum (Pt)-based anticancer drugs have shown well-defined
mechanisms of action and significant therapeutic effects,
making them widely used in clinical settings. However,
despite their evident efficacy, especially against ovarian
tumors, Pt(i) complexes are non-specific chemotherapeutic
drugs that induce systemic toxicity [9-12]. To mitigate sec-
ondary effects, various strategies have been employed. The
first approach involves the use of Pt(wv) produgs, which have
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an octahedral geometry. As a result, Pt(tv) complexes are less
susceptible to ligand substitution and only reduced to the
active Pt(m) form upon tumor cell internalization, reducing
toxicity and secondary administration adverse effects [13-17].
The second strategy involves the use of nanoformulations
[18-23]. Owing to their small size and large surface area, nano-
particles enhance both drug bioavailability and permeability
retention in tumor tissues [24]. Additionally, nanoparticles can
transport and increase the solubility of various therapeutic
agents, protect them from degradation and mononuclear pha-
gocyte action, enable targeted release, and allow for real-time
in vivo monitoring as well as combined anticancer therapies
[25-34]. Accordingly, Pt-based nanoformulations have signifi-
cantly reduced toxicity and improved drug delivery to tumors,
with a concomitant increase in survival rates [35]. However,
despite these pioneering successful results, the use of nanopar-
ticles is still at an incipient stage, with the need for more
studies to be developed.

The use of bioinspired approaches in searching for new
and innovative solutions to cancer treatment has represented
a step forward [36]. Of special interest has been polydopamine
in its nanoparticulated state [37,38]. In this context, inspired by
neuromelanin particles found in dopaminergic neurons of the
substantia nigra, we recently reported the bis-catechol func-
tionalized Pt(v) prodrug complex PtBC (Scheme 1) and its use
to form coordination polymeric nanoparticles (Pt-Fe NCPs)
because of the affinity of catechol units to chelate iron metal
ions [39]. In vivo intranasal administration of Pt-Fe NCPs in
orthotopic preclinical GL261 glioblastoma (GB) multiforme tumor-
bearing mice showed enhanced platinum tumor accumulation
and prolonged survival of the tested cohort, in some cases even
to complete cure [40]. These successful initial findings encouraged
us to investigate alternative possibilities to optimize the che-
motherapeutic effect of this novel family of nanoparticles. One
potential approach involves polymerization of PtBC through a
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bioinspired melanization process by reaction with sodium peri-
odate, without the need for iron metals [41,42]. In addition to
ensure more robust nanoparticles and controlled platinum
release, with this approach, we aim to significantly increase
the platinum encapsulation efficiency. A schematic represen-
tation for the synthesis of the novel nanoparticles (referred to
from now on as pPtBC NPs) is shown in Scheme 1.

The in vitro therapeutic efficacy of pPtBC NPs in non-
malignant human fibroblast cells (1Br3G), human cervical
cancer (HeLa), murine glioma (GL261), and human ovarian
cancer showed excellent results. This efficiency was unequi-
vocally attributed to the presence of Pt(iv) ions. This compar-
ison was made with the toxicity results obtained for a
related family of nanoparticles obtained under the same
experimental conditions but replacing PtBC with bis-cate-
chol nordihydroguaiaretic acid (NDGA). NDGA is a poly-
phenol with well-described antitumoral capabilities and
structurally comparable to that of PtBC; elongated with a
sterically bulky center and ending catechol groups, but
lacking the Pt core. On top of that, in vivo biodistribution
and tolerability of pPtBC NPs have also been thoroughly
evaluated via intranasal administration using orthotopic
GB murine models.

2 Materials and methods

2.1 Materials

Solvents and starting materials were acquired from Sigma-
Aldrich (Madrid, Spain) and employed in their original
state without additional purification unless otherwise spe-
cified. PtBC was synthesized following the methodology
reported earlier [39].

4h, 30°C
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Scheme 1: Schematic protocol for the synthesis of polymeric pPtBC NPs, by reaction of PtBC with sodium periodate (see section 2.3 for more details).
For comparison purposes, related nanoparticles were obtained with the same methodology but NDGA as ligand, exhibiting a related topology to that

of PtBC, but lacking the Pt(iv) ion.
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2.2 Characterization methods

The size distribution and surface charge of the nanoparti-
cles (0.5 mg/mL) were measured by dynamic light scattering
(DLS) using a ZetasizerNano 3600 instrument (Malvern
Instruments, UK), with a size range limit from 0.6 to 6 nm.
Scanning electron microscopy (SEM) images were obtained
using a SEM (FEI Quanta 650 FEG) at an acceleration voltage
of 5-20 kV. SEM samples were prepared by drop-casting the
corresponding dispersions of nanoparticles (NPs) on alu-
minum tape followed by solvent evaporation under room
conditions. Before analysis, the samples were metalized
with a thin layer of platinum (thickness of 5nm) using a
sputter coater (Emitech K550). NPs size from SEM imaging
was obtained using analytical software Image] (Copyright
(C) 1989, 1991 Free Software Foundation, Inc.) using the inte-
grated particle analysis software from binary file images
taken from 8-bit format files from SEM imaging. Fourier
transform infrared (FT-IR) spectra were recorded using a
Tensor 27 spectrometer (Bruker Optik GmbH, Germany)
with HBr pellets. Inductively coupled plasma mass spectro-
metry (ICP-MS) (PerkinElmer Inc. Germany) measurements
were recorded using '**Pt, 1%°Pt, and Pt as Pt tracers.

2.3 Synthesis of pPtBC NPs and pNDGA NPs

Synthesis of pPtBC NPs. PtBC (10.0 mg, 0.013 mmol) was
dissolved in 6 mL of a 1:1 mixture of ethanol:MilliQ water.
Sodium periodate (5.3 mg, 0.024 mmol) was dissolved in
0.4mL of MilliQ water. The sodium periodate solution
was then added dropwise to the PtBC solution and heated
to 30°C. Addition was carried out with a syringe pump, and
addition was carried over a period of 1h (6.7 pL/min) under
vigorous stirring (1,500 rpm). The reaction was then allowed
to evolve for 3h at 30°C in the dark. The product was then
isolated by centrifugation (10 min at 12,000 rpm), washed
multiple times with ethanol and water, and resuspended
in water for storing, yielding pPtBC NPs as a brown turbid
suspension in a 3.0 mg yield (for more information, see
Supporting Information S1).

Synthesis of pPNDGA NPs. NDGA (20.0 mg, 0.066 mmol)
was dissolved in 28 mL of a 1:1 mixture of ethanol:MilliQ
water. Sodium periodate (28.2mg, 0.132mmol) was dis-
solved in 4 mL of MilliQ water. The sodium periodate solu-
tion was then added dropwise to the NDGA solution.
Addition was carried out with a syringe pump, and addition
was carried over a period of 1h (66.7 uL/min) under vig-
orous stirring (1,500 rpm). The reaction was then allowed
to evolve for 3 h in the dark. The product was then isolated
by centrifugation (10 min at 12,000 rpm), washed multiple
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times with ethanol and water, and resuspended in water
for storing, yielding 4.5 mg of the pNDGA NPs as a brown
turbid suspension (for more information, see Supporting
Information S3).

2.4 Drug release assay

Drug release from pPtBC NPs was evaluated using the dia-
lysis method. Concentrated pPtBC NPs (1mg/mL) were
reconstituted in 1 mL of Milli-Q water and placed in dialysis
bags (MWCO = 6,000-8,000 Da, where MWCO stands for
Molecular Weight Cut-Off). The bags were then immersed
in sealed beakers containing 40 mL of PB buffer with pH
values set at 7.4 and 5.5. The beakers were then kept at 37°C
with gentle stirring throughout the study. At predeter-
mined time points, a 500 mL aliquot was withdrawn
from the dialysate and immediately replaced with an equal
volume of fresh buffer. The quantity of released Pt was
determined using ICP-MS.

2.5 Cell lines culture

Cell lines, including the human cervical cancer cell line HeLa,
non-malignant human fibroblast cell line 1Br3G, murine GB
cell line GL261, and a pair of human ovarian cancer cell lines,
A2780 and its cisplatin-resistant counterpart A2780/cis, were
obtained from the American Type Culture Collection (ATCC;
Manassas, Virginia, USA 30-4,500 K). Specifically, HeLa cells
were cultured in minimal essential medium (MEM), 1Br3G in
Dulbecco’s modified eagle medium (DMEM), GL261 and A2780
in Roswell park memorial institute medium 1640 (RPMI 1640),
and A2780/cis in RPMI 1640 supplemented with 1 pM of cis-
platin. All culture media were enriched with 10% fetal bovine
serum (FBS; Gibco®, Invitrogen, UK), 0.285g/L glutamine,
2.0 g/L sodium bicarbonate, and 1% penicillin-streptomycin.
The cells were grown as adherent monolayers and main-
tained in an incubator (HERAcell, 150i, Thermo Scientific) at
37°C in 5% CO, with a relative humidity of 95%, except for
1Br3G, which was maintained at 10% CO,. All cell culture media,
FBS, supplements, antibiotics, trypsin, and Trypan Blue were
procured from Fisher Scientific (Gibco®, Invitrogen, UK).

2.6 In vitro cytotoxicity assays

Cells (HeLa, 1Br3G, GL261, A2780, and A2780/cis) in the
exponential growth phase were seeded into a 96-well plate
(Corning, USA) under optimal conditions. Each cell type
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was seeded at specific densities: HeLa at 2,000 cells/well,
1Br3G at 3,000 cells/well, GL261 at 4,000 cells/well, and both
A2780 and A2780/cis at 3,000 cells/well. Specifically, cis-
platin-containing cell culture media were replaced with
fresh RPMI media without the drug 4h before seeding.
After 24 h of incubation, fresh media containing compounds
(pPtBC NPs, PtBC, and cisplatin [CDDP]) at various concen-
trations (0, 0.1, 1, 5, 10, 25, 50, 100, 200 uM referred to Pt
concentration) were added, and the plates were incubated
for either 24 or 72h. Subsequently, 10 uL of PrestoBlue®
(015mg/mL, Thermo Scientific, USA) was added to each
well. The plates were then further incubated for 4 h before
measuring the fluorescence at 572nm with excitation at
531 nm using the microplate reader Victor 3 (Perkin Elmer,
USA). For 1Br3G, the incubation time with PrestoBlue® was
extended to 7h to ensure a sufficient difference in fluores-
cence intensity between concentrations. All experiments
were conducted in triplicate, and the data were analyzed
using Graphpad Prism (version 7.0). The calculated ICsos
were obtained by Graphpad Prism.

2.7 Estimation of reactive oxygen species
(ROS) formation

HeLa, 1Br3G, and GL261 cells were seeded in black 96-well
plates (Corning, USA) at a density of 20,000 cells at each
well to ensure full confluence. Following a 24-h incubation,
the spent medium was removed, and the cells were rinsed
with serum-free medium. Subsequently, pre-warmed PBS
containing the fluorescent probe 2/, 7-dichlorofluorescin dia-
cetate (DCFCDA) at a final working concentration of 10 mM
was added, and the cells were incubated for 30 min. Once
the probe was internalized, the buffer containing the probe
was replaced with either medium alone or media-containing
compounds (H,0,, pPtBC NPs, pNDGA NPs, PtBC, NDGA, and
CDDP) at the ICso concentration for 24 h. A positive control
with 0.1 mM H,0, was included for comparison. After 24 h,
the fluorescence of each well was measured at 530 nm with
excitation at 485nm using a microplate reader (Victor 3,
Perkin Elmer, USA). This experiment was independently
repeated in triplicate, and the results were normalized
based on the negative control, which was loaded with the
dye but lacked drug treatment.

2.8 Cellular internalization studies

HeLa, 1Br3G, and GL261 cells were seeded in six-well plates
(Corning, USA) at a density of 300,000 cells at each well
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with 1.5 mL of media. Following a 24-h incubation, the old
media were replaced with 1mL of fresh media with or
without CDDP, PtBC, and pPtBC NPs at a concentration of
0.1 mM referred to as Pt. The treated cells were allowed to
internalize the compounds for 6 and 24 h at the incubator.
Another cellular uptake assay was conducted with a reduced
concentration of Pt (10 uM) and extended time points of 2, 4, 8,
and 24 h. The media were promptly removed, and the cells
were washed twice with cold PBS to eliminate excess com-
pounds. Subsequently, 0.5 mL of trypsin was added to each
well for 3min, and a twofold volume of fresh media was
added to neutralize the trypsin. After taking an aliquot
from each well for cell counting, the remaining cell suspen-
sions were collected into 1.5 mL Eppendorf tubes (Corning,
USA) and centrifuged at 12,000 rpm for 4 min. The superna-
tants were discarded, and the cell pellets were stored at -80°C
for further quantification by ICP-MS.

2.9 DNA-bound Pt

To elucidate the mechanism of action of our PtBc NPs, we
conducted DNA extraction and quantification using ICP-MS
to measure the DNA-bound Pt after a 24-h uptake in HeLa,
1Br3G, and GL261 cells. Cells in exponential growth phase
were seeded onto cell culture dishes under optimal condi-
tions for each cell line, reaching 50-60% confluence within
24 h before treatment. Subsequently, CDDP, PtBC, and pPtBC
NPs were added at a concentration of 0.1 mM referred to Pt,
and the cells were allowed to incubate for an additional 24 h.
Following this incubation period, media containing drugs
were removed, and the cells were washed, trypsinized, col-
lected by centrifugation, and rinsed twice with cold PBS to
eliminate excess drugs.

The resulting cell pellets were resuspended in lysis
buffer (pH 8.0, 150 mM Tris-HCl, 100 mM NaCl, and 0.5%
[w/v] SDS). The pellets in the buffer were incubated on ice for
15 min and then centrifuged at 15,000 rpm for 15 min. To each
supernatant, 0.1 volume of RNase A was added at 0.2 mg/mL
and incubated for 1h at 37°C. Subsequently, Proteinase K was
added at 0.1 mg/mL and incubated for 3h at 56°C. A volume of
phenol/chloroform/isoamyl alcohol (25:24:1 in volume, Thermo
Scientific®) was added and mixed gently. After centrifugation of
3min at 15,000 rpm, aqueous phases containing DNA were
transferred into sterile tubes. DNA was precipitated with 0.1
volume of 3 M sodium acetate and 1 volume of absolute ethanol
at —20°C overnight. Then, the DNA samples were centrifuged for
15 min at 15,000 rpm, and finally, DNA samples were dried and
resuspended in 0.1 mL of elution buffer (pH 8.0, 10 mM Tris-HCL,
1mM EDTA, ethylenediaminetetraacetic acid). The concentra-
tion of isolated DNA was quantified by measuring the
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absorbance at 260 nm using a NanoDropTM 1,000 spectrophot-
ometer (Thermo Fisher Scientific, USA). The remaining samples
were frozen for ICP-MS analysis.

2.10 Sample digestion treatments for ICP-MS
measurement

For ICP-MS preparation, all glassware underwent a 48-h
immersion in 20% HNOs, whereas plasticware was soaked
in 5% HNOj; for 4 h prior to use. The samples were digested
using a wet digestion method, with procedures tailored to
specific materials.

2.10.1 Chemical samples

The precise amount of the sample was weighed using an
analytical balance and transferred to a vial. Concentrated
ultrapure HNO; (69%, Ultratrace®, ppb-trace analysis grade,
Scharlab, Spain) was then added. The samples were left in a
fume hood for 48 h for complete digestion, then diluted with
0.5% (v/v) ultrapure HNOj; for subsequent measurements.

2.10.2 Cell pellets

Cell pellets were resuspended in approximately 100 mL of
concentrated ultrapure HNO; (69%, Ultratrace®, ppb-trace
analysis grade, Scharlab, Spain) and left to digest overnight.
The samples were heated to 90°C until the suspensions
became clear. Subsequently, the samples were diluted
with 0.5% (v/v) ultrapure HNO; to appropriate volumes
for later measurements.

2.10.3 Tissues

Tissues were combined with T-PERTM buffer (Thermo
Fisher Scientific, USA) at a ratio of 10 mL/g, then cut into
small pieces and subjected to sonication using an ultraso-
nication microtip (Branson Digital Sonifier 450, Emerson,
USA) over repetitive cycles of 10 s active and 15 inactive
with an amplitude of 40%. The tissue suspensions were
then added with aqua regia (all ppb-trace analysis grade)
and heated up to 300°C, with 30% H,0, added in the later
digestion process until the suspensions became clear. The
clear solutions were then transferred and diluted with
0.5% (v/v) ultrapure HNO; to appropriate volumes for the
determination of metal contents using ICP-MS.
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2.11 Animal studies

Animal experiments and care were conducted in collabora-
tion with duly accredited personnel. Healthy female C57BL/
6] mice aged 8-12 weeks, with a body weights ranging from
20 to 24 g, were used for in vivo investigations. The mice
were procured from Charles River Laboratories (Charles River
Laboratories Internacional, L’Abresle, France) and were accom-
modated in the Universitat Autonoma de Barcelona’s animal
facility (Servei d’Estabulari, https://estabulari.uab.cat/; accessed
on 24 March 2022). Ethical approval for all animal study
protocols was obtained from the local ethics committee
(Comissié d’Etica en IExperimentacié Animal i Humana,
https://www.uab.cat/etica-recerca/; accessed on 24 March
2022), following regional and state legislation (protocol
CEEAH-4859). The animals were kept in cages with unrest-
ricted access to standard food and water, maintaining con-
sistent housing and environmentally controlled conditions.

2.12 Preclinical model generation and
treatment administration

Tumors were induced via intracranial stereotactic injection
of 10° GL261 glioma cells in the caudate nucleus. To facilitate
intranasal administration, the animals were anesthetized
with isoflurane for a minute and positioned in a supine orien-
tation. Each nostril received a 2 uL dosage of the pPtBC NPs
formulation, spaced with a 1-2 min interval between admin-
istrations. The well-being of treated animals was observed,
and those exhibiting signs of distress were humanely eutha-
nized in adherence to ethical considerations.

2.13 In vivo MRI studies

Mice bearing GL261 GB tumors underwent MRI scans for
tracking alterations in tumor location and volume. The
investigations were conducted using a 7T BioSpec 70/30
USR spectrometer (Bruker BioSpin GmbH) at the joint
nuclear MR facility of UAB and CIBER-BBN, Unit 25 of NAN-
BIOSIS. In brief, T2-weighted MRIS were acquired using a
rapid acquisition with relaxation enhancement sequence.
Key acquisition parameters included a repetition time (TR)/
effective echo time (TEeff) of 4,200/36 ms, echo train length
of 8, field of view of 19.2 mm x 19.2 mm, matrix size of 256 x
256 (75 um/pixel x 75 um/pixel), 10 slices, slice thickness
(ST) of 0.5 mm, inter-slice thickness (IT) of 0.1 mm, number
of averages (NA) of 4, and a total acquisition time of 6 min
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and 43s. The collected MRI data underwent processing
using ParaVision 5.1 software on a Linux platform.

To calculate tumor volume from the MRI acquisitions,
ParaVision software delineated regions of interest (ROISs) to
measure tumor area in each slice. Subsequently, mice tumor
volumes were computed using the following formula:

TV(mm3) = [(ASy x ST) + [(AS, + (...) + ASyp)
x (ST + IT)]] x 0.075%

Here, TV is the tumor volume, AS indicates the number of
pixels within the ROI defined by tumor boundaries in each
MRI slice, ST is the slice thickness (0.5 mm), IT is the inter-
slice thickness (0.1 mm), and 0.075% signifies the individual
pixel surface area in mm?

2.14 Tolerability assays

Healthy female C57BL/6 mice, aged 8-12 weeks and weighing
20-24 g, were randomly assigned to three groups: control,
PtBC, and pPtBC NPs, with three mice in each group. The
drugs were administered intranasally using a micropipette,
while the mice were lightly anesthetized and positioned
horizontally for the procedure. The dosage started at 0.9 mg
Pt/kg body weight and gradually increased incrementally to
1.5 mg Pt/kg over 3 weeks, with doses administered weekly.
Initial body weights were recorded, and subsequent moni-
toring occurred three times a week. Throughout the 4-week
study, veterinary personnel closely monitored mice for mor-
tality, food and water consumption, and suffering clinical
signs. To assess tolerability in treated mice, we used statistical
comparisons among groups utilizing a one-way analysis of
variance followed by Bonferroni’s multiple comparison test
for three or more groups. A statistically significant P value
was considered when less than 0.05.

2.15 In vivo biodistribution study

For the study, Pt NCPs were administered through intra-
nasal delivery at a dosage of 1.5 mg Pt/kg body weight in
GL261 GB-bearing mice. After 1h, the mice were eutha-
nized, and organs such as the brain, tumor, heart, lungs,
spleen, liver, and kidneys were removed and weighed.
These collected tissues underwent homogenization in
T-PER buffer using an ultrasound probe with 30% ampli-
tude and cycles of 10s on and 15s off. Next, the samples
underwent centrifugation at 10,000 rpm for 10 min. A por-
tion of each supernatant was extracted for total protein
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quantification, while the remaining fraction was subjected
to digestion following the previously outlined procedure. This
prepared the samples for ICP-MS measurement, enabling the
determination of Pt concentration.

2.16 Statistical analyses

Unless stated otherwise, values are given as the average
plus or minus the standard error. A two-tailed Student’s
t-est for independent measurements was employed for
making comparisons. Survival rate comparisons were con-
ducted using the log-rank test. The significance threshold for
all tests was set at p < 0.05, and values falling between 0.05
and 0.1 were regarded as a “trend toward significance.”

3 Results and discussion

3.1 Synthesis and characterization

PtBC, obtained as previously described (for more informa-
tion, see Supporting Information S1), was dissolved in a 1:1
ethanol:water solution and afterwards oxidized by slow
and controlled addition of a NalO4 aqueous solution under
vigorous stirring at 30°C to yield pPtBC NPs as spherical
nanoparticles of 157 + 0.5 nm and good homogeneity across
all samples, as characterized by SEM imaging (Figure 1a).
This size was in accordance with DLS, values, which exhibit
a hydrodynamic size of 234.6 + 0.5 nm and a very low PDI of
0.087 £ 0.022 (C-potential was -37.1 + 0.95 mV) (Figure 1c and d).
FT-IR showed peaks in the 1,200-1,400 em™! characteristic
catechol region, though with a notable shift, the disappear-
ance of the peaks at 1,283, 1,327, and 1,197 em™! and the
appearance of a new broad peak at 1,279 cm™ from oxida-
tion products. Inductively coupled plasma optical emission
spectrometry gave a platinum content value of 17%, slightly
lower than the expected one of 24% for the theoretical for-
mula; the decrease in Pt content w/w could be attributed to a
nanoparticle weight increase due to the incorporation of
sodium, and other ions present in the media, into the nano-
particle as a result of the oxidation process dopamine is
undergoing (for more information, see Supporting Informa-
tion S2).

PNDGA NPs were obtained following the same oxida-
tive polymerization. SEM images showed the formation of
spherical and homogeneous-shaped nanoparticles of 260
0.5nm and good homogeneity across all samples. DLS
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Figure 1: (a) Representative SEM images of pPtBC NPs under a 5 nm Pt thin film coating for imaging. (b) Cumulative Pt release from pPtBC NPs at pH

5.4 and 7.4 and in the presence of GSH (2 and 10 mM). (c) Representative

experiments showed sizes of 214.2 + 0.8 nm with a very low
PDI of 0.07 £ 0.02 and a (-potential of -28.7 + 0.5 mV. FT-IR
characterization showed a noticeable shift of the peaks
characteristic of the catechol region (1,200-1,400 cm™,
and once more the disappearance of peaks at 1,393, 1,354,
1,325, and 1,292 cm™ along with the appearance of new
broad peaks at 1,279 and 1,725 cm .

size distribution by DLS. (d) Representative {-potential of pPtBC NPs by DLS.

3.2 Platinum-controlled release

A dialysis methodology was used to obtain the 48-h pla-
tinum release profile of pPtBC NPs dispersed in a pH 7.4
phosphate buffer solution, mimicking in vitro physiological
media, and a pH 5.5 environment simulating the lysosomal
conditions [43]. The results, as quantified by ICP-MS, are
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shown in Figure 1b. In both scenarios, a typical release
profile is observed with a disparity in release rates under
acidic conditions. The release after 48 h at pH 7.4 and pH
5.5 was 43.20 + 6.92% Pt and 64.34 + 0.9%, respectively.

Another important consideration is the reductive power,
or redox homeostasis, of cells. Glutathione (GSH) and its oxi-
dized form, glutathione disulfide, play pivotal roles in main-
taining these redox capabilities within cells. In normal cells,
their intracellular concentrations typically range from 1 to
10 mM, but in cancer cells, this concentration can increase
up to fourfold [44]. To delve further into the influence of
cellular redox state, we conducted the release profile experi-
ments under varying GSH concentrations of 2 and 10 mM,
while maintaining the same previous conditions. At pH 7.4
and 2mM GSH, the measured Pt release was 55.7 + 2.63%,
while it increased up to 78.23 + 1.05% at 10 mM GSH. On the
contrary, pH 5.4 and a 2 mM GSH concentration, the Pt release
was already high, reaching 79.16 + 2.53%, increasing up to 97.7
+ 0.92% at 10mM. As observed, the combined effect of
decreasing pH and the presence of GSH notably increases
the release rates in these nanosystems.

3.3 Cytotoxicity effects

The in vitro cytotoxicity of PtBC and pPtBC NPs was eval-
uated and compared to cisplatin (CDDP) against a set of
cancer cell lines: human cervical cancer cell line HeLa, the
non-malignant human fibroblast cell line 1Br3G, murine
glioma cell line GL261, the ovarian cancer cell line A2780,
and the cisplatin-resistant counterpart cell line A2780/cis. It
is worth noting that previous studies have shown that
nanocarriers can bypass the efflux of resistant cells to
free drug, leading to modulating or overcoming cancer
cell resistance [45,46]. The assessments were conducted
using the well-established PrestoBlue method, with data
collected at both 24- and 72-h intervals. The half-maximal
inhibitory concentrations (ICsos) were calculated using

Table 1: ICsos of CDDP, PtBC, and pPtBC NPs against a panel of cell lines
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Graphpad Prism and are summarized in Table 1. At 24 h,
PtBC and pPtBC NPs showed comparable cytotoxicity for
HeLa and 1Br3G, while in the case of GL261 and A2780 cells,
the ICsq value for PtBC is almost half of that found for
pPtBC NPs. It is worth mentioning that ICs, values in
both cases are comparable but slightly higher than those
found for CDDP, except for ovarian A2780 cells where,
interestingly, PtBC exhibits higher toxicity. After 72h of
exposure, the cytotoxicity difference between PtBC, pPtBC
NPs, and CDDP diminished, approaching comparable ICsqo
values for Hela (even smaller for pPtBC NPs), GL261 cells,
and A2780. In the case of 1Br3G and A2780/cis, both PtBC
and pPtBC NPs exhibit similar values, but double those
found for CDDP; even pathways for NPs uptake and detox-
ification are greatly influenced by the cell type [47].

The in vitro cytotoxicity of NDGA and pNDGA NPs was
also tested for comparison purposes against the same
panel of cancer cells (the results are shown in Table 2).
As can be seen there, NDGA showed very low cytotoxicity
in all the cell lines except for A2780 or A2780/cis, where
surprisingly ICs, values are comparable and even smaller
than CDDP. It is worth mentioning that pNDGA NPs were
non-toxic in a given concentration range with cell viability
close to 100% in all cell lines either for 24 or for 72 h.

3.4 ROS effects

Compounds containing catechol moieties, typically found in
polyphenols and flavonoids, have been recognized for their
diverse range of beneficial properties, including hepatopro-
tective, anti-inflammatory, antioxidant, and even anticancer
effects [48]. However, it is worth noting that the oxidation of
these catechol moieties can also lead to the generation of
ROS, potentially resulting in excessive oxidative stress that
could harm cells, leading to toxicity, damage, and inflamma-
tion [49]. Therefore, it is of particular interest to investigate
ROS contribution to the cytotoxic properties of PtBC and

Compounds Cell lines
Hela 1Br3G GL261 A2780 A2780/cis

24h CDDP 15.98 £ 1.04 45.07 + 4.60 5.61+0.28 13.95 +1.24 23.68 +1.74

PtBC 29.94 +1.04 56.09 + 1.18 17.40 £ 1.08 10.98 + 0.56 18.39 £1.85

pPtBC NPs 22.09 +1.09 56.30 + 1.32 33.56 + 1.36 18.44 + 2.19 3140 + 2.28
72h CDDP 234 £ 0.30 4.63 + 0.42 2.16 £ 0.26 1.57 + 0.08 522 +1.21

PtBC 1.85+0.36 10.80 + 0.60 4.17 £0.12 259 +0.33 9.12 £ 0.69

pPtBC NPs 0.65+0.14 8.01+ 0.72 4.64 + 0.05 310+ 0.32 10.50 + 0.84
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pPtBC NPs, using the fluorescent probe 2,7-DCFCDA in
HeLa, 1Br3G, and GL261 cells [50]. After 24 h of exposure,
strong DCF fluorescence was only observed in all the cells
treated with NDGA and H,0,, the positive control. Neither
PtBC nor the polymeric pPtBC/pNDGA NPs triggered the for-
mation of ROS in any of the tested cell lines (Figure 2a—c).
Notably, CDDP itself did not induce ROS generation.

3.5 Cellular uptake and DNA-bound Pt

The therapeutic efficacy of an anticancer agent greatly
depends on its capacity to accumulate within the target, ie.
its intracellular concentration. This accumulation is directly
related to several factors, including uptake pathways kinetics,
metabolism, and/or cellular efflux. Increasing the lipophilicity
of NPs’ surface was also reported to increase the affinity to
the cell membrane, including those of the blood-brain bar-
rier (BBB), as opposed to hydrophilic NPs [51]. The polymeric
nature of pPtBC NPs could potentially facilitate their trans-
port, enhancing their cellular uptake within target tumor
cells.

PtBC and pPtBC NPs (0.1 mM referred to as Pt) were co-
incubated with HeLa, 1Br3G, and GL261 cells for 6 h and
afterwards digested and analyzed using ICP-MS. As depicted
in Figure 2d, the cellular uptake exhibited the following
trend PtBC > pPtBC NPs > CDDP. CDDP and PtBC are both
small molecules that typically enter cells through passive
diffusion, though cellular internalization for CDDP is domi-
nated by the carriers present on the cell membrane, especially
copper transporters and organic cation transporters [52,53].
The carrier-mediated endocytosis requires energy consump-
tion, unlike passive diffusion, which might explain the lower
cellular uptake of CDDP compared to PtBC. NPs commonly rely
on endocytosis pathways, which are also energy dependent.
With a relatively high extracellular concentration, PtBC poten-
tially enters cells more easily than the NPs.

After a 24-h exposure (Figure 2e), the cellular uptake of
these compounds remained relatively stable in HeLa cells,

Table 2: IC5os of NDGA and pNDGA NPs against a panel of cell lines
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suggesting a rapid internalization already after 6 h. How-
ever, in the other two cell lines, uptake levels continued to
fluctuate even after 24 h. In 1Br3G cells, the intracellular
level of CDDP was comparable to that of 6h, while the
levels of PtBC and pPtBC NPs decreased dramatically. How-
ever, they were still significantly higher than the CDDP
level. Interestingly, the trend in GL261 cells inverted totally.
The cellular uptake of CDDP increased 8.5 times in compar-
ison to the intracellular concentration at 6h, surpassing
the levels of PtBC or pPtBC NPs.

Additional studies to determine DNA-bound platinum
were also done by incubating CDDP, PtBC, and pPtBC NPs
(100 uM) with HeLa, 1Br3G, and GL261 cells for 24 h. Then,
nuclear DNA was extracted, purified, and quantified by
absorbance; meanwhile, the amount of Pt bound to the
DNA was quantified using ICP-MS. As illustrated in Figure
2f, the DNA-bound platinum concentration from intrinsi-
cally active CDDP was notably higher than that of PtBC
and pPtBC NPs in all cell lines, indicating that not all Pt
agents entering cells can effectively access the nucleus to
bind to DNA. It is worth mentioning that PtBC and pPtBC
NPs exhibited comparable anticancer activities over 24 h,
suggesting that their cytotoxicity is not limited to Pt-DNA
adducts. Increasing reports demonstrated that Pt agents can
also bind to other cellular macromolecules such as RNA and
proteins and may even induce immunogenic effects [54,55].
For instance, Bose et al. reported platinum complexes with
high cytotoxicity like cisplatin, yet it exhibited no DNA
binding at all [56].

3.6 Invivo tolerability and biodistribution via
Intranasal administration

For these studies, we selected intranasal administration
compared to other systemic routes, such as intravenous
and intraperitoneal injections. Currently, there is a lack
of reports detailing the biodistribution of Pt nanostruc-
tured agents through this pathway, even though it could
hold significant value for future treatments.

Compounds Cell lines
Hela 1Br3G GL261 A2780 A2780/cis
24h NDGA 164.15 + 0.02 NT® 109.45 + 1.95 8.94 + 0.69 15.67 + 2.14
pNDGA NPs NT® NTP NT® NT® NT®
72h NDGA 55.65 + 6.21 14.20 81.73 + 2.40 7.82 +0.39 12.96 + 1.48
pNDGA NPs NT® NTP NT® NT® NT®

P NT represents non-toxic, meaning the viability of cells remains close to 100% even at the maximum concentration.
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Figure 2: ROS generation triggered by different compounds and pPtBC NPs in (a) Hela, (b) 1Br3G, and (c) GL261 cells. The concentration of H,0, was
0.1 mM, pNDGA NPs at 0.2 mM, and other agents at their corresponding ICsqs. Cellular uptake of CDDP, PtBC, and pPtBC NPs in Hela, 1Br3G, and
GL261 cells for (d) 6 h and (e) 24 h. All drugs were incubated at a concentration of 100 uM referred to Pt. (f) DNA-bound Pt after exposure to CDDP,
PtBC, and pPtBC NPs for 24 h at a concentration of 100 uM referred to Pt. Each value is represented as mean t SE of three independent experiments.
*stands for p < 0.05, ** for p < 0.001, *** for p < 0.0001.
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Figure 3: (a) Mice tolerability assessment of mice for PtBC and pPtBC NPs over 4 weeks. Both drugs were administered in incremental doses of 0.9,
1.2-1.5 mg Pt/kg body weight via intranasal weekly, n = 3. The control group, comprising n = 360, had data sourced from Jackson Laboratory (https://
www.jax.org/jax-mice-and-services/strain-data-sheet-pages/body-weight-chart-000664). (b) Biodistribution of pPtBC NPs in mice bearing GL261
tumors 1 h after administration. Mice were intranasally administered with pPtBC NPs at a dose of 1.5 mg Pt/kg and sacrificed 1 h post-administration.
Dashed lines stand for administration days. Each value is represented as mean + SE, n = 3.

3.6.1 Safety and tolerability

PtBC and pPtBC NPs were assessed in a dose-escalation
experiment using wild-type (wt) C57BL/6 ] mice. Increasing
doses (0.9, 1.2, and 1.5 mg Pt/kg body weight) were adminis-
tered over 3 consecutive weeks [57]. Body weight, water/
food consumption, and mouse behavior were evaluated
three times over 4 weeks, overlaying with the normal
body weight progression of C57BL/6] mice (control). As
shown in Figure 3a, the body weights of all treatment groups
remained stable as the control group till the end of the
study, indicating an absence of evident systemic toxicity.
Notably, no treatment-related adverse effects such as mor-
tality, body weight loss, food consumption, or other clinical
signs of mucosa damage were observed for all mice during
the study relative to control animals. Even at the highest
dosage of 1.5mg Pt/kg body weight, all mice maintained
good health status during the study.

3.6.2 Biodistribution

To assess the accumulation in tumors, these studies were
done on mice bearing orthotopic GB tumors with an
average size of 24.96 + 2.7 mm? and a body weight of 22.7
+ 0.2 g, at the highest dose of 1.5 mg Pt/kg, as part of the
tolerability assessment. As depicted in Figure 3b, 1 h post-
intranasal administration, Pt predominantly accumulated
in the GB tumor, followed by the kidneys, lungs, and brain.
Minimal accumulation was observed in the liver, spleen,

and heart. Pt retention in the tumor reached the highest
level at 3.51 + 0.36% ID/g, while in the brain, lungs, and
kidneys, it measured 2.53 + 0.98%, 2.6 + 0.69, and 3.0 +
0.43% ID/g, respectively. No statistically significant differ-
ences were observed in Pt retention between the tumor
and the organs. However, Pt accumulation in the tumor
significantly surpassed that in the heart, liver, and spleen.
When considering the tumor and brain collectively, Pt
accumulation in the central nervous system was higher
than in other organs.

4 Conclusions

A new family of bioinspired platinum-based nanoparticles
has been successfully synthesized and characterized. At
72h, the toxicity of the nanoparticles is close to that of
the monomeric unit (in the case of HeLa and 1Br3G even
improved), and in both cases, similar or even better than
the gold standard cisplatin drug. Additional advantages of
the bioinspired nanostructuration are: (I) our NPs present
a much better cellular uptake over short periods of time,
allowing for a better drug accumulation over the typical short
windows before renal clearance; (IT) NPs exhibit an effective
long-lasting release: even its improved cellular uptake, the
cytotoxicity at 24h and the DNA-bound Pt is lower for NPs
while slightly better at 72h; (III) our NPs favour intranasal
administration, overcoming the low drug concentration that
cisplatin-based drugs have always struggled to achieve; and
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(IV) our system exhibits activation and release patterns (pH
and GSH sensitivity), classically employed to avoid undesired
side effects because of off-target drug activation.

An additional advantage of our approach is the expected
reduction of undesired side effects, thanks to (I) the use of an
unactive Pt(wv) precursor that is reduced intracellularly to the
active Pt(n) (a widely reported phenomena with several Pt(iv)
complexes exhibiting this phenomena [58-60] and the corre-
sponding mechanisms) [61-64]; and (II) the relevance of pH
and GSH-sensitive pPtBC NPs to effectively activate the
release of the platinum cargo at the desired specific target,
thanks to the hydrolysis potential of amide bonds and reduc-
tion susceptibility of Pt(iv) complexes in the presence of a
reductive environment breaking any axially bonded substi-
tution and realizing Pt(m) cargo. [65-67] Finally, in vivo
experiments demonstrated excellent biocompatibility and
tolerability of the nanoparticles as a distinctive pharmaco-
kinetic pathway associated intranasal delivery different
from other systemic routes.
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