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Introduction

Redefining platinum(iv) chemotherapy:
a-tocopherol succinate functionalization
and nanoparticle encapsulation to improve
cisplatin- and oxaliplatin-based therapies
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Platinum(v) prodrugs offer a promising strategy to overcome the limitations of cisplatin and oxaliplatin,
including systemic toxicity and acquired resistance. In this study, two novel a-tocopherol succinate-func-
tionalized Pt(iv) complexes, [Pt(oxalato)(DACH)(OAc)(a-TOS)] (4) and [PtCl(NH3),(OAc)(a-TOS)] (5), were
synthesized and characterized to enhance the efficacy and selectivity of platinum-based chemotherapy.
Functionalization with a-TOS (3) was designed to increase lipophilicity and enable selective intracellular
reduction. Physicochemical characterization confirmed the chemical stability in agueous solution and
favorable lipophilicity (log Po,) of both complexes. Photoreduction studies demonstrated their efficient
activation under biologically relevant conditions, leading to the release of active Pt(i) species and a-TOS.
To enhance their pharmacokinetics and tumor selectivity, both prodrugs were encapsulated in biocompa-
tible poly(lactic-co-glycolic acid)-polyethylene glycol (PLGA-PEG) nanoparticles, improving aqueous
solubility and cellular uptake. Cytotoxicity assays in multiple cancer cell lines revealed that the nano-
particle formulations were generally more effective in exerting long-term cytotoxic activity compared to
free cisplatin and oxaliplatin. These findings highlight the potential of a-TOS-functionalized Pt(iv) prodrugs
as next-generation anticancer agents. The combination of strategic ligand modification and nano-
medicine-based delivery provides a promising approach for improving the therapeutic profile of plati-
num-based chemotherapy.

their clinical applicability and efficacy." Consequently, con-
siderable efforts have been devoted to the development of

Despite the significant advances made in anticancer therapies,
there is still an urgent demand for novel drugs capable of over-
coming the limitations associated with traditional chemo-
therapy, particularly those associated with Pt(u)-based drugs
such as cisplatin (1) and oxaliplatin (2) (Scheme 1). Although
these drugs have played a pivotal role in the treatment of many
types of cancer, they suffer from considerable drawbacks,
including severe side effects and the development of resistance
phenomena by cancer cells, both of which concur in limiting
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alternative therapeutic strategies, among which Pt(iv) prodrugs
represent a promising line of research. Indeed, Pt(iv) com-
plexes offer important advantages with respect to Pt(u) drugs
such as improved kinetic inertness and better selectivity for
cancer cells, which results in reduced off-target reactions and
may potentially allow patients to have a better clinical
outcomes.®*® Furthermore, due to their octahedral geometry,
Pt(iv) complexes can be easily axially functionalized with other
bioactive molecules, potentially enhancing the overall pharma-
cological activity compared to their Pt(i) precursors.® 113722
For instance, a recently reported complex combining com-
pound 2 and gemcitabine, two molecules administered in
combination in the GEMOX clinical protocol, exemplifies this
strategic ~enhancement of therapeutic potential.****
Comprehensive reviews and research papers highlighting the
mechanistic understanding and recent advancements in this
field further underline the considerable yet largely unexplored
potential of these Pt(iv)-based anticancer compounds.>?®
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Scheme 1 Molecular structures of compounds 1-7.
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In this frame, an emerging concept is represented by dual-
targeting complexes, which can simultaneously interfere with
multiple biological pathways, such as DNA and mitochondria.
Indeed, DNA is recognized as the main target of established Pt
(1) chemotherapeutics, which form adducts with its purine
bases, ultimately leading to cancer cell apoptosis.?” >

In parallel, mitochondria have gained increasing attention
as crucial cellular targets due to their involvement in several
key processes, such as energy metabolism, cellular growth and
division, apoptosis and cancer progression.***° Within this
context, a-tocopherol succinate (a-TOS, 3) (Scheme 1), an ana-
logue of vitamin E, represents an interesting compound
capable of inhibiting the mitochondrial respiratory chain.*'~**

Interestingly, the selectivity of this molecule for cancer cells
over normal cells - which have higher esterase levels capable
of hydrolysing compound 3 to vitamin E - offers an additional
therapeutic advantage.’*”>* Moreover, its combination with Pt
drugs could also have a beneficial influence on the overall
safety profile because compound 3 has shown protective
effects on HEI-OC1 (House Ear Institute-Organ of Corti 1) audi-
tory cells against cisplatin-induced cytotoxic effects.’®
Moreover, compound 3 was also shown to enhance the anti-
cancer activity of cisplatin.>®

Building upon the evidence that mono-functionalized
a-TOS-bearing Pt(v) complexes exhibit greater cytotoxicity
compared with their di-functionalized counterparts due to
their higher susceptibility to intracellular reduction,’”>*® in the
present work we designed two new Pt(iv) complexes based on
cisplatin and oxaliplatin featuring a single a-TOS moiety in the
axial position: [Pt(oxalato)(DACH)(OAc)(a-TOS)] (4) and
[PtCl,(NH3),(OAc)(a-TOS)] (5) (Scheme 1). Furthermore, consid-
ering the poor water solubility of their parent compounds
[PtCl,(NH;),(a-TOS),] (6) and [PtCly(NH;),(OEt)(a-TOS)] (7)
(Scheme 1), they were encapsulated in PLGA-PEG nano-
particles, whose biodegradability and biocompatibility make
them particularly suitable for biological applications.>”**"%!
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Indeed, nanoformulations facilitate the administration of
poorly water-soluble Pt(iv) complexes and, more broadly,
protect them from premature reduction or hydrolysis in the
extracellular environment.”®*®>®* Additionally, these carriers
tend to accumulate in the tumor tissue due to both the low
draining capacity of the lymphatic system and the leaky tumor
vessels, thereby enhancing the delivery of the encapsulated
anticancer drug to cancer cells. This results in both a
reduction of the side effects and an enhancement of the
pharmacological efficacy.®>°®

The following sections describe the synthesis, characteriz-
ation, reduction studies, and preliminary biological evaluation
of these compounds and their nanoformulations.

Results and discussion
Synthesis and characterization

Complexes 4 and 5 were synthesized following a procedure
similar to that reported in the literature for related com-
pounds.”” In particular, the corresponding Pt(iv) precursors,
each bearing a single free ~-OH group in the axial position ([Pt
(oxalato)(DACH)(OAc)(OH)] or [PtCl,(NHj3),(OAc)(OH)]), were
prepared according to literature procedures with minor modifi-
cations and subsequently reacted with o-TOS anhydride
(Scheme 2). This reaction afforded mono-functionalized Pt(iv)
prodrugs that, upon reduction, release a-TOS. Following appro-
priate purification, the compounds were characterized by
elemental analysis, NMR spectroscopy and ESI mass spec-
trometry. In this regard, two different chromatographic purifi-
cation strategies were tested for complex 4 (silica gel and
neutral alumina) in an attempt to improve the yield. However,
both methods afforded the compound in comparable yields.
Based on this outcome, complex 5 was purified exclusively by
chromatography on silica gel.

o o
o o 3
0 —
o o)
e 0

o-TOS anhydride

N = Non-leaving group
L = Leaving group

OH
L I_N
LN
OAc o

anhydrous DMF/ethyl acetate
1:4, 50 °C, dark, overnight, 3 | O
N, atmosphere

o)
o)
R
o P

LN
OAc

Scheme 2 Generic reaction pathway for mono-functionalized a-TOS-bearing Pt(iv) complexes.
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Table 1 Log P, values for a-TOS-bearing Pt(iv) complexes

View Article Online

Dalton Transactions

Stability in aqueous solution

The literature reports cases of Pt(iv) complexes undergoing

Compound Log P,y values . : . AR . K
early reduction during their hematic circulation, which results
;Z :i‘g in a decrease in their efficacy as prodrugs. Indeed, tetraplatin
1 13 (ormaplatin) is one of the few Pt(iv) complexes that entered
5 0.6 clinical trials and it was found to suffer from this issue.>'”*
gz (1)‘1 To clarify whether complexes 4 and 5 were affected by similar
’ issues, their stability in aqueous solution was investigated.
“Values retrieved from ref. 57 and 72. Stock solutions of these complexes were prepared in DMSO
and subsequently diluted to ~5 x 107> M with 50 mM phos-
AcO phate buffer (pH 7.4) and the electronic spectra were recorded
o] at room temperature for 48 h. As can be seen in Fig. S1,
AcO “"OAG neither of the two complexes showed any significant changes
| | NH, in their spectral bands over the experimental time. Therefore,
"OAc N sufficient stability in the aqueous buffer can be inferred for
N N 0 both compounds.
=
;@ = NH - . O
N Water solubility and lipophilicity assessment (log P,,)
o The aqueous solubility of complexes 4 and 5 was evaluated
TARF BNAH through quantitative NMR (QNMR) in D,O using ethylene car-

Fig. 1 Molecular structures of BNAH and TARF.

A) Complex 4 after irradiation
for 30 min

—S

B) TARF after irradiation for 30

bonate as an internal standard (Fig. S7 and S8). The absence
of signals attributable to the complexes in the recorded

S W U

C) Complex 4 with BNAH and
TARF after irradiation for 30 min

LN

D) The solution of spectrum (C)
with the addition of CH;COOH

E) Complex 2

SN
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Fig. 2 'H NMR spectra (300 MHz) of (A) complex 4 (0.013 M) after irradiation for 30 min at 365 nm in CD,Cly; (B) TARF (0.003 M) after irradiation for
30 min at 365 nm in CD,Cl,; (C) complex 4 (0.013 M) with 4.00 eq. of BNAH and 0.25 eq. of TARF after irradiation for 30 min at 365 nm in CD,Cly;
(D) the solution of spectrum (C) after the addition of 1 uL of CHzCOOH and 49 uL of CD,Cl,; (E) complex 2 — precipitated from the solution of spec-
trum (C) — in D,O. Peaks corresponding to CHzCOOH in spectra (C) and (D) are highlighted with blue arrows.
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spectra clearly suggests their extremely low solubility in water.
This finding is perfectly in line with previously reported data
obtained for two structurally related complexes (namely,
[PtCl,(NH;),(a-TOS),], 6, and [PtCl,(NH;),(OEt)(a-TOS)], 7,
Scheme 1).*” Thus, these results further confirm that the
incorporation of the hydrophobic o-TOS moiety reduces the
polarity of the final molecules while enhancing their lipophilic
character.

Subsequently, the lipophilicity of the synthesized com-
pounds was evaluated by determining their log P, values
using a modified version of the shake flask method,”®”" as
detailed in the SI. The obtained values are reported in
Table 1 and closely resemble those obtained for complexes
6 and 7, further confirming the expected lipophilicity
enhancement conferred by the introduction of the o-TOS
moiety.

These results suggest that the equatorial ligands exert
minimal influence on the water solubility of Pt(v) complexes
when bulky and lipophilic moieties, such as 3, occupy the
axial positions. This observation is evident by comparing
complexes 4 and 5. In addition, comparing the water solubi-
lity of complexes 7 (reported in ref. 57) and 5 (Fig. S8)
suggests that changing the non-bioactive axial ligand from
—-OEt to -OAc does not significantly affect the polarity of the
final complex. Conversely, the choice of equatorial ligands
markedly affects the solubility in organic solvents, as evi-
denced by the differences in log P, values between com-
plexes 4 and 5.

Scheme 3 Proposed mechanism for BNAH-mediated reduction.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
Photoreduction studies

Subsequently, we investigated the susceptibility of complexes 4
and 5 to intracellular reduction under conditions designed to
approximate the tumor cell environment, while acknowledging
the limitations imposed by the poor aqueous solubility of
these compounds. Attempts to assess the reduction of these
prodrugs in presence of ascorbate or glutathione were hin-
dered by the poor solubility of complexes 4 and 5 in water, and
of the bioreductants in dichloromethane. To evaluate the capa-
bility of these derivatives to undergo biological activation, we
investigated their flavin-catalyzed reduction in the presence of
an NADH analogue. Previous work by some of the present
authors showed that flavins and flavoproteins efficiently cata-
lyze the activation of Pt(iv) complexes under irradiation, and in
some cases, even in the dark when bioreductants such as
NADH or ascorbate are present.”>””” The catalytically active
species in these reactions is the doubly-reduced flavin hydro-
quinone, whose generation is highly accelerated by the light-
promoted oxidation of the bioreductants.””””® Therefore, the
reduction of complexes 4 and 5 was studied in the presence of
1-benzyl-1,4-dihydronicotinamide (BNAH), employed as a sim-
plified NADH model,”®"®> together with tetra-O-acetyl ribofla-
vin (TARF), a flavin derivative soluble in organic solvents and
previously employed in studies on the photoreduction of Pt(v)
complexes (Fig. 1).””

First, the reduction of complex 4 was studied by irradiating
it for 30 min with light at 365 nm in the presence of both

CD,Cl,
TARF
hv = 365 nm, 30 min

BNAH BNA*
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BNAH and TARF. The resulting NMR spectrum (C, Fig. 2)
showed the appearance of an additional peak at 1.88 ppm
(highlighted with a blue arrow), attributable to the release of
CH,;COOH. This assignment was further confirmed by spiking
the NMR sample with CH;COOH, which led to an increase in
the intensity of the aformentioned signal (D, Fig. 2, the peak
highlighted with a blue arrow). Moreover, during the experi-
ment a precipitate appeared, which upon isolation and ana-
lysis was unequivocally identified as compound 2 (E, Fig. 2),
thus further confirming the reductive activation of the Pt(w)
complex. In parallel, control experiments were performed by
irradiating two different solutions with light at 365 nm for
30 min: one containing only complex 4 (without BNAH or
TARF) and one containing only TARF (without complex 4 or
BNAH). In both cases, the irradiation did not produce the for-
mation of the signal at 1.88 ppm, thus demonstrating that this
peak truly derives from the photoreduction of the studied
complex and not from its decomposition or that of TARF (A
and B, Fig. 2). The proposed reaction mechanism is summar-
ized in Scheme 3. These findings suggest that complex 4 is
susceptible to reductive activation under intracellular-like, bio-
logically relevant conditions.

A) Time O
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After confirming that complex 4 undergoes reduction upon
irradiation with a high-energy wavelength (365 nm), sub-
sequent experiments were carried out to determine whether a
lower-energy, more cell-compatible wavelength (456 nm) would
also be effective, and to determine whether light exposure is
necessary for the reduction to occur.

In order to assess if irradiation is strictly required for the
reduction process, complex 4 was dissolved in CD,Cl, in the
presence of BNAH and TARF, and the solution was kept in the
dark for 3 h. Under these conditions, the recorded 'H NMR
spectrum shows the appearance of the characteristic signal at
1.88 ppm due to CH;COOH (B, Fig. 3, the peak highlighted
with a blue arrow), thus proving that the co-presence of BNAH
and TAREF is sufficient to induce the reduction of the complex,
even without exposure to light. Subsequently, the same sample
was irradiated with light at 456 nm for a total of 20 minutes,
and "H NMR spectra were recorded at different time intervals.
A slight yet discernible increase in the intensity of the peak
ascribed to CH;COOH was observed with increasing irradiation
time (C-F, Fig. 3, peaks highlighted with blue arrows),
suggesting that, although not essential, light exposure acceler-
ates the reduction process. Additionally, as in the previous

1
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AMO e

Bjiihinithe d?i_,__jw\)\"

C) 1 min of irradiatiomwm\

D) 5 min of irradiation

E) 10 min of irradiation

F) 20 min of irradiation

G) Complex 2
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Fig. 3 'H NMR spectra (300 MHz) of complex 4 (0.013 M) with 4.00 eq. of BNAH and 0.25 eq. of TARF in CD,Cl, (A) at time O; (B) after 3 h in the
dark; (C) after 1 min of irradiation at 456 nm; (D) after 5 min of irradiation at 456 nm; (E) after 10 min of irradiation at 456 nm; (F) after 20 min of
irradiation at 456 nm. Finally, (G) is the *H NMR spectrum (300 MHz) of the derived complex 2 in D,O. Peaks corresponding to CH;COOH in spectra

(B)—(F) are highlighted with blue arrows.
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experiment, complex 2 precipitated from the solution following
irradiation and was subsequently recovered and characterized
(G, Fig. 3). Also in this case, the precipitate was identified as
oxaliplatin, further confirming the reduction of complex 4.

Furthermore, additional control studies were performed to
determine whether both BNAH and TARF are required for the
effective reduction of complex 4. The results suggest that in
the presence of BNAH alone, complex 4 is reduced only after
irradiation with light at 456 nm, as there is no evident peak
corresponding to CH;COOH in spectrum B of Fig. 4 (in con-
trast to the corresponding spectrum B of Fig. 3). Conversely, a
new peak around 1.9 ppm (indicative of the release of
CH;COOH) is formed after irradiation (F, Fig. 4, the peak high-
lighted with a blue arrow).

In addition, in a complementary experiment involving
TARF alone, a small amount of complex 2 was found as a pre-
cipitate at the end of the experiment (G, Fig. 5). However, no
significant peak corresponding to CH;COOH was detected in
the other spectra, possibly because its concentration was
below the detection limit of the employed NMR technique
(A-F, Fig. 5). Overall, these findings clearly demonstrate that
the presence of both BNAH and TARF leads to a more efficient

A) Time 0

AN

B) 3 hin the dark

C) 1 min of irradiation

D) 5 min of irradiation

\

\

E) 10 min of irradiation

\

F) 20 min of irradiation

G) Complex 2

View Article Online

Paper

and consistent reduction of the Pt(iv) complex, likely due to
their synergistic redox activity.

Given the encouraging results obtained for complex 4, ana-
logous experiments were carried out on complex 5 under the
same experimental conditions, yielding very similar outcomes.
Specifically, in the presence of BNAH alone, complex 5 is
reduced only under irradiation, as evidenced by the absence of
the diagnostic signal in spectrum B of Fig. S9 and its appear-
ance in spectra C-F of the same figure (highlighted with a blue
arrow). Conversely, in the presence of TARF alone, there is no
evident reduction of the complex even after irradiation, as
shown in spectra B-F of Fig. S10, indicating that, also in this
case, TARF alone is not sufficient to promote the reduction of
the complex. Notably, when both BNAH and TARF were
present, the "H NMR spectrum recorded after 3 h in the dark
showed an additional peak at 1.83 ppm (highlighted with a
blue arrow), ascribable to CH3;COOH, confirming that the
complex underwent reductive activation even in the absence of
light (B, Fig. S11). These findings indicate that under the con-
ditions employed in these experiments, complex 5 exhibits
redox behavior almost superimposable to that of complex 4,
despite the different equatorial ligands.

I

"

SISV, S | W

AN L

T T T T T T T T T

25 24 23 22 2.1 2.0 19 18 1.7

T T T T T T T T T

1.5 14 13 1.2 1.1 1.0 09 08 0.7

ppm

Fig. 4 1H NMR spectra (300 MHz) of complex 4 (0.013 M) with 4 eq. of BNAH (A) at time 0 in CD,Cl; (B) after 3 h in the dark in CD,Cl,; (C) after
1 min of irradiation at 456 nm in CD,Cly; (D) after 5 min of irradiation at 456 nm in CD,Cly; (E) after 10 min of irradiation at 456 nm in CD,Cl,; (F)
after 20 min of irradiation at 456 nm in CD,Cl,. Finally, (G) is the *H NMR spectrum (300 MHz) of the derived complex 2 in D,O. Peaks corresponding

to CH3COOH in spectra (D)—(F) are highlighted with blue arrows.
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Taken together, these results demonstrate that both Pt(w)
complexes are susceptible to reduction in the dark when
BNAH and TARF are combined, mimicking conditions that
may be relevant in a tumor microenvironment. Furthermore,
BNAH alone is sufficient to trigger the reduction under light
irradiation at 456 nm, although with slower kinetics, indicat-
ing that TARF, while not essential, enhances the efficiency of
the process. This is in line with previous mechanistic studies
that showed how reduced flavins are better reductants for
Pt(1v) complexes than NADH derivatives.”®

Nanoparticle preparation and evaluation of the encapsulation
efficiency

To improve the pharmacological profile of the synthesized Pt
(iv) complexes and address their limited aqueous solubility,
the compounds were encapsulated within PLGA-PEG nano-
particles, which were chosen because of their well-known bio-
logical compatibility and suitability for drug delivery
applications.?®%”

Each nanoformulation was prepared by co-dissolving the
corresponding compound and the polymeric matrix in THF.
The resulting solution was added dropwise to Milli-Q water
under stirring. The suspension was dialyzed against Milli-Q

A) Time O
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water to remove both the organic solvent and the unencapsu-
lated drug. Following concentration with a rotary evaporator,
the final nanoparticle formulation was obtained.

Dynamic light scattering (DLS) analysis of the empty nano-
particles — prepared using the same procedure — revealed a
mean hydrodynamic diameter of 79.1 + 1.1 nm and a polydis-
persity index of 0.16 + 0.02. This size is optimal for cellular
studies, as it is similar to the one obtained in a previous work
involving PLGA-PEG nanoparticles loaded with another Pt(w)
complex.”*

The encapsulation efficiency (EE) of the complexes in the
nanoparticles was quantified by ICP-OES, yielding 58.3% for
complex 4 and 69.3% for complex 5, respectively. The EE of
compound 3 (whose loaded nanoparticles were prepared using
the aforementioned procedure) was determined using UV-Vis
spectroscopy and found to be 67.3%. The concentration of the
compounds within the nanoparticles employed in cellular
studies was, respectively, 3090 pM for 3, 800 pM for 4 and
1190 uM for 5.

The cytotoxic properties of the nano-formulations of com-
pounds 3, 4, and 5 were evaluated in selected cancer cell lines
and compared to those of the corresponding non-encapsulated
Pt(u) drugs, namely compounds 1 and 2.

I
A ,JUL\JUbk_ A»/ILHWM'\MW«\\TJML*
B) 3h in the dark
e A

C) 1 min of irradiation

D) 5 min of irradiation

E) 10 min of irradiation

F) 20 min of irradiation

A AL

G) Complex 2

25 24 23 2.2 21 20 19 1.8 1.7 1.6 1.5 14 1.3 1.2 11 1.0 09 08
ppm

Fig. 5 H NMR spectra (300 MHz) of complex 4 (0.013 M) with 0.25 eq. of TARF (A) at time 0 in CD,Cly; (B) after 3 h in the dark in CD,Cly; (C) after
1 min of irradiation at 456 nm in CD,Cl,; (D) after 5 min of irradiation at 456 nm in CD,Cly; (E) after 10 min of irradiation at 456 nm in CD,Cly; (F)
after 20 min of irradiation at 456 nm in CD,Cl,. Finally, (G) is the IH NMR spectrum (300 MHz) of the derived complex 2 in D,O.
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Cellular studies

Cellular studies were performed on a panel of cancer cell lines,
including A549 (human lung carcinoma epithelial cells),
HCT116 (human colorectal carcinoma cells)) MDA-MB-231
(human breast adenocarcinoma), and A2780 (human ovarian
cancer cell line).

The nanoparticles per se were not toxic up to 72 h of treat-
ment (Fig. S2). The antiproliferative activity of compounds 1
and 2 and of the nanoparticles loaded with compounds 3, 4,
and 5 - hereafter abbreviated as NP-3, NP-4, and NP-5, respect-
ively - was evaluated at 24 h and 72 h post-treatment
(Fig. S3-S6 and Fig. 6).

In general, after 24 h, both NP-4 and NP-5 exhibited com-
parable effects on cell proliferation to those of their corres-
ponding Pt(u) precursors and NP-3. Only NP-5 in HCT116 and
NP-4 in MDA-MB231 exhibited a higher IC5, value. However,
after 72 h, they significantly outperformed both their corres-
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ponding Pt(u) precursor and NP-3 in reducing cell proliferation
across almost all cell lines. This time-dependent increase in
biological activity is consistent with the behavior of DNA-tar-
geting agents, whose effects often become more pronounced
after prolonged exposure. The activity observed after 24 h of
treatment reflects direct cellular damage exerted by the com-
pounds, whereas the one observed after 72 h of treatment may
result from the activation of apoptosis and other programmed
cell-death pathways. This hypothesis is consistent with the
known mechanism of action of compound 3, which induces
mitochondria-mediated apoptosis, and supports the behavior
of these Pt(v) complexes as classical prodrugs which, after
reduction, release the corresponding bioactive molecules.

In addition, the lower cytotoxicity observed after 24 h of
treatment with NP-4 compared to NP-5 (Fig. S3-S6 and Fig. 6)
may stem from the intrinsic reduction-resistance of tetracarboxy-
lato-based Pt(wv) scaffolds, which are known for their relatively
low reactivity toward reduction.®*°' In contrast, NP-5, which is
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Fig. 6 ICsq values of the nanoformulations and of the non-encapsulated compounds on selected cancer cell lines after 24 h and 72 h of incubation.
Data are presented as mean + SEM of at least two independent experiments. The statistical significance of the differences was determined with one-
way ANOVA with Bonferroni's post-test: *p < 0.05, **p < 0.01, ***p < 0.001; $Sp < 0.05, $$p < 0.01, and $$S$p < 0.001 vs. respective NP-.
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based on a Pt(iv) complex with two chloride ligands in the equa-
torial plane, displayed greater efficacy after 24 h of treatment
than NP-4, likely due to its higher propensity for intracellular
reduction and faster activation kinetics (Fig. S3-S6 and Fig. 6).

Overall, these experiments confirm that PLGA-PEG nano-
particles loaded with o-TOS-functionalized Pt(iv) complexes
exhibit superior long-term cytotoxicity (72 h) compared to con-
ventional Pt(n) drugs and o-TOS-loaded nanoparticles,
especially in colorectal cancer cells. The difference in activity
observed between 24 h and 72 h further highlights the impor-
tance of reduction kinetics in the mechanism of action of
these dual-targeting prodrugs.

Conclusions

This work aimed to develop novel Pt(wv)-based anticancer
prodrug candidates to address the key limitations of conven-
tional platinum chemotherapy, including drug resistance and
dose-limiting side effects. In this context, two mono-functiona-
lized Pt(v) complexes, structurally derived from clinically
approved Pt(u) drugs and functionalized with compound 3 in
one axial position, were synthesized and characterized through
NMR spectroscopy, mass spectrometry and elemental analysis.
The physicochemical properties of the complexes were investi-
gated by assessing their stability in aqueous solution, their
water-solubility and their log P, values, which provided some
valuable insights into the role of axial and equatorial ligands
in modulating the pharmacological properties of the final
compounds. UV-Vis spectroscopy studies confirmed their
sufficient stability under physiological conditions, supporting
their suitability as potential prodrugs.

Photo-reduction experiments using biomimetic reducing
agents demonstrated that these complexes can be reduced to
their active Pt(n) counterparts — with concomitant release of
the bioactive axial ligands - under conditions mimicking the
tumor microenvironment. Notably, in the presence of both
BNAH and TARF, reduction occurred even in the absence of
light, as confirmed by cellular studies showing anticancer
activity without irradiation. However, light irradiation at
456 nm, biocompatible and clinically relevant, was found to
accelerate this reduction process. It is worth noting that BNAH
is able to trigger Pt(1v) — Pt(u) reduction upon irradiation with
light at 456 nm, but not in the dark, thereby opening the way
to a convenient and selective activation of the prodrug. Finally,
to overcome the water solubility issues of these molecules and
enhance their biological performance, they were encapsulated
in PLGA-PEG nanoparticles. In vitro cytotoxicity studies against
a panel of human cancer cell lines revealed that the nano-
particle formulations of the o-TOS-bearing Pt(iv) complexes
were generally more effective in inhibiting cell proliferation
after 72 hours of treatment compared to both a-TOS-loaded
nanoparticles and their corresponding Pt(u1) counterparts. The
difference in biological activity observed between 24 h and
72 h of treatment was attributed to the involvement of
different cellular death mechanisms.
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Although these results are preliminary, they highlight the
promising therapeutic potential of these dual-targeting Pt(v)
prodrugs. Further studies, including deeper mechanistic
studies and in vivo evaluations, are needed to fully characterize
the true potential of these compounds. In particular, the use
of 456 nm light for localized and controlled activation of
complex 4 represents a compelling avenue for future research
in photochemically enhanced chemotherapy.

Experimental section
Materials and methods

All solvents and chemical compounds were bought either from
Sigma-Aldrich or TCI Chemicals and they were employed
without further purification stated
Deuterated solvents were bought from Deutero (https:/www.
deutero.de/).

Milli-Q water was
SARTORIUS” instrument.

NMR spectra were recorded at room temperature (25 + 2 °C)

unless otherwise.

obtained wusing an “AriumPro

in solvents with a deuteration degree of 99.8% using either a
JEOL 400 or 500 or a Bruker Fourier™ 300 NMR spectrometer.
The spectra were processed using either JEOL Delta or
Mestrenova (MestReNova v6.0.2-5475, MestreLab Research S.
L.) software. The chemical shifts (5) of the NMR spectra were
expressed in parts per million (ppm). The spectra were cali-
brated on the residual signal of the solvent.””

High-resolution mass spectra were recorded using a
TripleTOF® 5600 mass spectrometer (Sciex, Framingham,
MA, USA) equipped with a DuoSpray® interface operating with
an ESI probe. For acquisition, Analyst TF software 1.7.1 (Sciex)
was used.

Elemental analyses were performed using a vario MICRO
cube instrument (Elementar, Germany).

UV-Vis spectra were recorded at room temperature on an
Agilent Cary 60 spectrophotometer using quartz cuvettes of
1 cm path length. The spectra were processed using Scanning
Kinetics software.

The dimensions of the nanoparticles were determined
using DLS. Specifically, empty nanoparticles were analyzed at
room temperature using a Beckman Coulter Delsa Nano C par-
ticle analyzer (Brea, CA, USA), with nine consecutive measure-
ments performed on the same batch.

Synthesis

Complexes 1 and 2 were synthesized according to literature-
reported procedures.”>** [PtCl,(NH;),(OH)(OAc)] was syn-
thesized following literature-reported procedures with some
minor modifications.’*® [Pt(oxalato)(DACH)(OH)(OAc)] was
synthesized by adapting a procedure reported in the literature
for the synthesis of the complex [PtCl,(NH;),(OH)(OAc)] with
some slight modifications.’® The PLGA-PEG-COOH polymeric
matrix was prepared according to a literature-reported pro-
cedure.”® Compound 3 was either bought from TCI Chemicals
or synthesized following a procedure reported in the literature

This journal is © The Royal Society of Chemistry 2025
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with some minor modifications.’®
thesized as described in ref. 57.

Synthesis of complex 4. a-TOS anhydride (0.7 mL, anhydrous
stock solution in n-hexane 1.2 M, 0.8 mmol, 0.9 g, 2 eq.) was
put under nitrogen in a previously anhydrified round-bottom
flask. Subsequently, the solvent (n-hexane) was evaporated
under reduced pressure. A yellowish oil was obtained, to which
[Pt(oxalato)(DACH)(OH)(OAc)] (0.162 g, 0.342 mmol) and
21 mL of a mixture of anhydrous DMF/anhydrous ethyl acetate
1:4 v/v were added under nitrogen. The round-bottom flask
was covered with aluminum foil and the mixture was stirred at
50 °C overnight. The resulting mixture was filtered through
Celite to remove the suspended white material. The resultant
clear yellow solution was concentrated in a rotary evaporator
(bath temperature 50 °C) to give a dark yellow oil. The crude
product was subsequently purified with flash chromatography
on silica gel. Elution was performed first with a mixture of
CHClj/ethyl acetate 9:1 (to remove the subproducts) and
finally with a mixture of ethyl acetate/MeOH 9:1 (to recover
the desired product). The purified product was collected and
dried under vacuum. Finally, 0.049 g (0.050 mmol) of the
desired product were recovered (yield 15%) (Scheme 2). Final
characterization was done through 'H NMR, *C NMR, high-
resolution mass spectrometry, and elemental analysis.

Alternative purification. Alternative purification was
attempted in place of flash chromatography on silica gel to try
to obtain the product in higher yield. The product was purified
with flash chromatography on neutral alumina. First, to
remove the subproducts, the column was eluted with ethyl
acetate; then, to recover the product, a mixture of ethyl acetate/
MeOH 9: 1 was employed. The pure product was collected and
dried under vacuum (yield 15%).

C43H,oN,0, /Pt (986.11 g mol™): calculated (%) C 52.37, H
7.15, N 2.84; found (%) C 51.64, H 7.52, N 2.42.

'H NMR (400 MHz, CD,Cl,): § (ppm) 8.70 (br s, 1H NH,),
8.14 (br s, 1H NH,), 7.84 (br s, 1H NH,), 7.43 (br s, 1H NH,),
2.96-2.69 (m, 6H), 2.56 (t, 2H), 2.31-2.11 (m, 2H), 2.05 (s, 3H),
2.00-1.90 (m, 9H), 1.83-1.65 (m, 2H), 1.59-1.02 (m, 28H),
0.91-0.81 (m, 14H) (Fig. S12).

BC NMR (125 MHz, CD,CL): § (ppm) 182.17, 181.67,
172.71, 164.42, 164.24, 149.69, 140.96, 127.00, 125.47, 123.14,
117.90, 75.50, 62.56, 62.18, 40.93, 40.08, 39.74, 37.88, 37.80,
37.64, 33.18, 33.13, 32.13, 32.01, 31.49, 31.03, 30.08, 29.95,
28.38, 25.17, 24.81, 24.25, 23.97, 23.23, 22.86, 22.77, 21.41,
20.91, 19.91, 19.81, 13.23, 12.35, 11.90 (Fig. S13).

ESI-MS (m/z): 986.4664 [M + H]; 1008.4487 [M + Nal';
1024.4227 [M + K]" (Fig. S16-518).

a-TOS anhydride was syn-

Synthesis of complex 5

A round-bottom flask was anhydrified and a-TOS anhydride
(0.27 mL, anhydrous stock solution in n-hexane 1.2 M,
0.32 mmol, 0.33 g, 2.3 eq.) was put in it under nitrogen. Then,
[PtCl,(NH3;),(OH)(OAc)] (0.0515 g, 0.137 mmol) and 8.2 mL of
a mixture of anhydrous DMF/anhydrous ethyl acetate 1:4 v/v
were added under nitrogen. Aluminum foil was used to cover
the round-bottom flask and the mixture was stirred at 50 °C
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overnight. The resulting mixture was filtered through Celite to
remove the suspended material, thus obtaining a yellow solu-
tion. Then, a rotary evaporator was used to concentrate the
mixture (bath temperature 35 °C) until approximately 1 mL of
a yellowish oil remained (0.493 g). The crude product was then
purified by column chromatography on silica gel eluting, in
order, with CHCl;, ethyl acetate and a mixture of ethyl acetate/
MeOH 9:1. Finally, 0.0787 g (0.0885 mmol) of the desired
product were recovered as a yellowish-white solid and dried
under vacuum (yield 65%) (Scheme 2). Final characterization
was done through "H NMR, *C NMR, high-resolution mass
spectrometry, and elemental analysis.

C35He,ClLN,0,Pt (888.87 g mol™): calculated (%) C 47.29,
H 7.03, N 3.15; found (%) C 47.38, H 7.26, N 2.98.

'H NMR (400 MHz, CDCl,): § (ppm) 5.86 (br s, 6 H), 2.83
(m, 4 H), 2.57 (m, 2 H), 2.02 (m, 12 H), 1.75 (m, 2 H), 1.59-1.04
(m, 24 H), 0.86 (m, 12 H) (Fig. 514).

3C NMR (100 MHz, CDCl3): § (ppm) 181.67, 181.36, 149.57,
140.45, 126.88, 125.26, 123.15, 117.73, 75.29, 75.17, 39.40,
37.46, 37.43, 37.32, 36.89, 32.81, 32.75, 31.88, 31.04, 30.35,
29.96, 28.00, 24.84, 24.49, 23.38, 22.78, 22.68, 21.09, 20.60,
19.79, 19.72, 19.68, 19.65, 19.62, 13.30, 13.15, 12.99, 12.46,
12.32, 12.15, 11.89 (Fig. 515).

ESI-MS (m/z): 889.3667 [M + H]'; 911.3452 [M + NaJ’;
926.4402 [M + K]" (Fig. $19-S21).

UV-Vis spectroscopy studies

Stability studies of complexes 4 and 5 were performed by pre-
paring their corresponding stock solutions in DMSO and sub-
sequently diluting a portion of them in 50 mM phosphate
buffer (pH 7.4).

The concentrations of the complexes in the analyzed
samples were 5.02 x 10~°> M for complex 4 and 5.01 x 107° M
for complex 5, respectively. For both complexes, the analyzed
solutions contained 2% DMSO. The spectra were recorded at
room temperature.

Log P,y determination

The partition coefficient was measured using the shake flask
method with some modifications.”””! Octanol and H,O (dis-
tilled after Milli-Q purification) were mixed together and
shaken for 72 h until saturation of both phases. Subsequently,
the complex under investigation (~1 mg) was dissolved in
4 mL of a mixture of octanol : H,O at a ratio of 1: 1, which was
then shaken for 10 min. Next, the two phases were separated
by centrifugation. Then, two aliquots of 500 pL of each phase
were collected and mineralized by adding 2 mL of aqua regia
50% (which was prepared using Suprapure acids and then
diluting with Milli-Q water) and heating at ~90 °C overnight.
The following day, 3.5 mL of Milli-Q water were added to each
aliquot to reach a final volume of 6 mL. Finally, inductively
coupled plasma-optical emission spectroscopy (ICP-OES) was
employed to determine the Pt concentration in each aliquot.
The log P, value was calculated as follows: log P, = log([-
compound]octano/[compound]yacer). Final values were reported
as the mean of two determinations.
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Solubility studies

The solubility in water was measured by preparing a suspen-
sion of the complex under investigation in D,O containing
ethylene carbonate as an internal standard. Subsequently, the
suspension was stirred at room temperature and then centri-
fuged to separate the saturated supernatant, which was then
analyzed through 'H NMR.

Photo-reductive studies

The compounds were dissolved in CD,Cl, and subsequently
treated as indicated. "H NMR spectra were recorded at speci-
fied time intervals. Irradiation was performed using a light
source at either 4 = 365 nm or 1 = 456 nm. When a precipitate
formed, it was isolated by centrifugation, washed with CH,Cl,,
dissolved in D,0, and analyzed through "H NMR.

CH;3;COOH was added in the NMR tube as follows: 2 pL of
glacial CH;COOH were added to 98 pL of CD,Cl,. Then, 50 pL
of this solution was added to the mixture in the NMR tube.

Nanoparticle preparation and determination of the
encapsulation efficiency

Nanoparticles loaded with compound 3 and with its corres-
ponding Pt(rv) complexes were prepared using the
PLGA-PEG-COOH copolymer following the method described
in ref. 63 and 100 with some modifications.
The encapsulation efficiency is defined as follows:
_ [loaded compound];

Encapsulation efficiency (EE) = lloaded compound] x 100
0

where [loaded compound]; represents the concentration of the
encapsulated compound, while [loaded compound], is the
concentration of the complex employed in the nanoparticle
preparation.

Empty nanoparticles. Empty nanoparticles were prepared by
dissolving 5.1 mg of PLGA-PEG-COOH polymeric matrix in
1 mL of THF. This solution was added dropwise to 4 mL of
Milli-Q water under stirring. The resulting suspension was dia-
lyzed overnight against Milli-Q water using a membrane with a
cut-off of 3500 Da. Finally, 14.5 mL of suspension were
obtained. The dimension of the nanoparticles was measured
using DLS by making nine consecutive measurements on the
same batch.

Nanoparticles loaded with compound 3. Nanoparticles
loaded with compound 3 were prepared by dissolving around
5 mg of compound 3 and around 5 mg of PLGA-PEG-COOH
polymeric matrix in 1 mL of THF. The resulting solution was
added dropwise to 4 mL of Milli-Q water under stirring. The
resulting suspension was dialyzed against Milli-Q water for
46 hours using a membrane with a cut-off of 3500 Da. The
resulting suspension was concentrated using a rotary evapor-
ator (bath temperature = 30 °C). The final volume of the prepa-
ration used for biological studies was 2.1 mL.

Encapsulation efficiency was measured using UV-VIS spec-
troscopy. More in detail, nanoparticles loaded with compound
3 were lyophilized, thus obtaining a white solid which was dis-

Dalton Trans.

View Article Online

Dalton Transactions

solved in THF. The absorbance of the resulting solution was
measured through UV-VIS spectroscopy at 288 nm (the blank
measure contained the polymeric matrix to eliminate its inter-
ference) and the corresponding concentration of compound 3
was calculated through interpolation with a previously pre-
pared calibration curve (obtained by measuring the absor-
bance at 288 nm of 5 different solutions of compound 3 in
THF, whose concentrations ranged from 0.09 mM to
0.25 mM).

Nanoparticles loaded with o-TOS-bearing Pt(v) complexes.
Nanoparticles loaded with a-TOS-bearing Pt(v) complexes
were prepared by dissolving around 2.5 mg of the corres-
ponding Pt(v) prodrug and around 5 mg of PLGA-PEG-COOH
polymeric matrix in 1 mL of THF. The resulting solution was
added dropwise to 4 mL of Milli-Q water under stirring. The
resulting suspension was dialyzed overnight against Milli-Q
water using a membrane with a cut-off of 3500 Da. The result-
ing suspension was concentrated using a rotary evaporator
(bath temperature = 30 °C). The final volumes of the nano-for-
mulations of complex 5 and complex 4 were, respectively,
1.6 mL and 1.8 mL. Encapsulation efficiency was measured
through ICP-OES.

In vitro studies

Cell culture. A2780 (human ovarian carcinoma) and HCT116
(human colorectal carcinoma) cells were kindly provided by
Prof. Tania Gamberi, Department of Experimental and Clinical
Biomedical Sciences “Mario Serio”, University of Florence.
MDA-MB-231 (human breast adenocarcinoma) cells were pur-
chased from ECACC. A549 cells (human lung carcinoma epi-
thelial cells, American Type Culture Collection, CCL-195) were
kindly provided by Dr. R. Danesi, University of Pisa, Italy.
A2780 cells were maintained in RPMI (Corning) supplemented
with 10% FBS (Corning); HCT116, A549 and MDA-MB-231
were maintained in DMEM-F12 (Corning) supplemented with
10% FBS (Corning). All cell media were supplemented with
2 mM r-glutamine, 100 U mL™" penicillin, and 100 pg mL™"
streptomycin, and maintained at 37 °C in a humidified 5%
CO, atmosphere.

MTS assay. Cells were seeded in 96-well microplates (10000
cells per well for A2780; 5000 cells per well for HCT116, A549
and MDA-MB-231). After 24 h, the cells were treated with
different concentrations ranging from 100 nM up to 300 uM of
compounds 1 and 2 or nanoparticles (NPs) containing
different compounds for 24 h or 72 h. Control was treated with
DMSO alone to obtain a final concentration of 1% for com-
pound 2, or PBS for compound 1 and NP. Then, cell viability
was determined using an MTS assay (CellTiter 96 AQueous
One Solution Cell Proliferation Assay kit; Promega) according
to the manufacturer’s instructions. The absorbance values at
490 nm were measured with a Victor Wollac 2 multimode plate
reader (PerkinElmer).

Statistical analysis. Data were analyzed using GraphPad
Prism 6.0 (GraphPad Software Inc., San Diego, CA). The ICs,
values were calculated using the “non-linear fit log(inhibitor)
vs. normalized response”.
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