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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive malignancy characterized
by poor prognosis and marked resistance to chemotherapy. In this study, we investi-
gated the cytotoxic and antimigratory effects of a cationic monofunctional organometallic
platinum (II) complex containing 1,10-phenanthroline (phen), [Pt(1-hexyl-1H-imidazole)(η1-
C2H4OEt)(phen)]Cl, in comparison with cisplatin in the cisplatin-resistant YAPC pancreatic
cancer cell line. The complex exhibited a rapid and potent cytotoxic effect, significantly
reducing cell viability within a few hours of treatment and showing greater short-term
activity than cisplatin. This enhanced efficacy was associated with a markedly higher and
faster intracellular accumulation, suggesting improved cellular uptake. Mechanistically,
the compound induced apoptosis more effectively than cisplatin, as demonstrated by flow
cytometry, and caused an early and pronounced loss of mitochondrial membrane potential
(∆ΨM), indicating mitochondrial involvement in cell death. In addition, the complex signif-
icantly impaired cell motility in both transwell and 3D spheroid-based assays, confirming
a strong antimigratory and anti-dissemination potential. Overall, these findings indicate
that [Pt(1-hexyl-1H-imidazole)(η1-C2H4OEt)(phen)]Cl represents a promising candidate for
targeting cisplatin-resistant PDAC cells, owing to its rapid cellular uptake, mitochondrial-
mediated apoptotic signaling, and combined cytotoxic and antimigratory properties.

Keywords: pancreatic ductal adenocarcinoma; platinum (II) complex; cisplatin; apoptosis;
antimigratory activity; chemoresistance

1. Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive and therapeu-

tically challenging human malignancies, accounting for more than 90% of pancreatic cancer
cases and representing a major cause of cancer-related mortality worldwide [1,2]. Due to its
asymptomatic onset, rapid metastatic dissemination, extensive stromal desmoplasia, and
limited response to conventional therapies, PDAC remains associated with an extremely
poor prognosis [3,4]. Epidemiological studies indicate that pancreatic cancer is among the
leading causes of cancer-related death and is expected to represent an increasing global
health burden in the coming decades [5–7]. Despite advances in diagnostic strategies and a
growing understanding of the molecular mechanisms underlying disease progression, most
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patients are diagnosed at advanced stages when surgical resection is no longer feasible,
resulting in a 5-year survival rate below 10% [2,8].

Chemotherapy therefore remains a cornerstone of PDAC management. Gemcitabine,
approved by the U.S. Food and Drug Administration in 1996, continues to represent
a standard therapeutic option, either alone or in combination regimens [9]. Platinum-
based agents, particularly cisplatin, have been extensively used because of their ability
to induce DNA damage, cell-cycle arrest, and apoptosis in tumor cells [10–12]. Cisplatin
enters cells through both passive diffusion and transporter-mediated mechanisms and
exerts its cytotoxic activity primarily through the formation of DNA adducts that interfere
with replication and transcription processes [13,14]. Several studies have shown that
cisplatin-containing regimens may improve therapeutic outcomes in PDAC, especially
when administered in combination with gemcitabine [15]. However, its clinical efficacy
is frequently limited by the emergence of intrinsic and acquired resistance mechanisms,
including enhanced DNA repair, altered drug transport, activation of survival signaling
pathways, and impaired apoptotic responses [16–18].

These limitations have stimulated the development of novel platinum-based com-
pounds with improved pharmacological properties and alternative mechanisms of ac-
tion [19–21]. Among these, organometallic platinum complexes have attracted considerable
attention because their structural versatility allows modulation of cellular uptake, intra-
cellular targeting, and antitumor selectivity [14,19]. Several phenanthroline-containing
platinum (II) complexes have also demonstrated promising antitumor activity while ex-
hibiting reduced toxicity toward non-malignant cells, supporting the therapeutic potential
of this class of compounds [22]. Moreover, platinum (II) complexes incorporating specific
targeting strategies have shown the ability to inhibit tumor cell proliferation and migration
through multiple intracellular mechanisms [23].

Previous studies from our group demonstrated that platinum (II)-based organometallic
complexes containing 1,10-phenanthroline exert potent cytotoxic effects against chemore-
sistant pancreatic cancer cell lines, supporting the therapeutic potential of this class of
compounds [24].

Given that resistance to conventional platinum-based therapies represents a major
obstacle to effective PDAC treatment [1,4], compounds previously characterized in other
tumor models that exhibit favorable selectivity and enhanced cytotoxic activity may repre-
sent promising candidates for evaluation in this treatment-refractory malignancy [19–21].
Although initially characterized in renal carcinoma models, the physicochemical prop-
erties and selectivity profile of Pt(HexIm)(phen) suggest potential activity across highly
chemoresistant tumor types, such as PDAC [25].

Pt(HexIm)(phen) is a cationic monofunctional organometallic platinum (II) com-
plex containing two biologically relevant ligands, 1,10-phenanthroline (phen) and 1-
hexylimidazole. Imidazole is a five-membered nitrogen-containing heterocycle widely
present in biologically active molecules and pharmaceutical compounds. Owing to its
versatile electronic properties and its ability to establish multiple non-covalent interac-
tions with biomolecular targets, the imidazole scaffold has been associated with diverse
biological activities, including antimicrobial, antifungal, and anticancer effects [26,27]. A
previous study conducted by our group demonstrated that Pt(HexIm)(phen) exhibited
greater in vitro cytotoxic activity than cisplatin in the human renal carcinoma cell line Caki-
1 while showing lower toxicity toward non-tumoral HK-2 renal epithelial cells, indicating a
more favorable selectivity profile [25]. The enhanced biological activity of this compound
may be related, at least in part, to its rapid intracellular accumulation, which has been
associated with the presence of the phenanthroline ligand and the organometallic structure
of the complex.
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Based on these findings, the present study evaluated the cytotoxic activity of
Pt(HexIm)(phen) across three PDAC cell lines (BxPC-3, Mia PaCa-2, and YAPC), selected to
represent distinct molecular backgrounds and different intrinsic sensitivities to cisplatin.
Previous studies have shown that PDAC cell lines display heterogeneous responses to
cisplatin, with BxPC-3 and Mia PaCa-2 generally exhibiting higher sensitivity, whereas
YAPC cells are more resistant, in part due to mesenchymal features and genetic alterations,
including KRAS mutations [18,28–30]. Moreover, differential cisplatin responses between
BxPC-3 and YAPC cells have been associated with ERK1/2 pathway activation, suggesting
a role for this signaling axis in intrinsic resistance mechanisms [31].

Following this comparative cytotoxic screening, which identified YAPC cells as the
most chemoresistant phenotype, further functional analyses were focused on this cell line
to evaluate the potential of Pt(HexIm)(phen) to overcome cisplatin insensitivity. Specifically,
we investigated the cytotoxic, antimigratory, and pro-apoptotic effects of Pt(HexIm)(phen)
and compared its activity with that of cisplatin.

2. Results
2.1. Comparative Cytotoxicity of Cisplatin and [Pt(1-hexyl-1H-imidazole)(η1-C2H4OEt)(phen)]Cl
in Pancreatic Cancer Cell Lines

To validate the antitumor activity of Pt(HexIm)(phen) across pancreatic ductal adeno-
carcinoma (PDAC) models with different intrinsic sensitivities to cisplatin, we compared
its cytotoxic effects in three PDAC cell lines (BxPC-3, Mia PaCa-2, and YAPC). These cell
lines have previously been characterized by distinct genotypic and phenotypic features
and different responses to cisplatin, with BxPC-3 and Mia PaCa-2 being relatively sensitive
and YAPC displaying a more resistant phenotype [31]. Cell viability was assessed after
exposure to increasing concentrations (0.1–100 µM) of cisplatin or Pt(HexIm)(phen) for 18,
24, 48, and 72 h using the sulforhodamine B (SRB) assay (Figure 1).

Figure 1. Cytotoxic effects of cisplatin and Pt(HexIm)(phen) on pancreatic tumor lines. BxPC-
3 (A), Mia Paca-2 (B), and YAPC (C) cells were treated with different concentrations of cisplatin
or Pt(HexIm)(phen) (0.1–100 µM), and cell viability was measured with sulforhodamine B (SRB)
colorimetric assay, after 18, 24, 48, and 72 h. Data are the means ± standard deviation (SD) of
three independent experiments with eight replicates in each and are presented as a percentage of
control at the corresponding time point, with the control set as 100%. Asterisks indicate significantly
different values (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) compared to cisplatin at the same
concentration. The dashed lines indicate the IC50 values.
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Treatment with Pt(HexIm)(phen) induced a concentration- and time-dependent reduc-
tion in cell viability in all three pancreatic cancer cell lines, although both the magnitude
and kinetics of the response varied according to the cellular model. Pt(HexIm)(phen) consis-
tently exhibited greater cytotoxic activity than cisplatin in the YAPC cells, with significant
differences observed even at low micromolar concentrations (p < 0.0001). Similarly, Mia
PaCa-2 cells showed a significantly greater response to Pt(HexIm)(phen) than to cisplatin,
especially at the earlier time points (18–48 h). In contrast, BxPC-3 cells were less respon-
sive to both treatments, and the differences between the two compounds progressively
diminished over time.

Accordingly, further analyses were focused on the YAPC cell line, a well-established
model of cisplatin-resistant PDAC, to characterize in greater detail the biological effects of
Pt(HexIm)(phen).

To compare the temporal profile of cytotoxicity under identical exposure conditions,
YAPC cells were treated with 50 µM Pt(HexIm)(phen) or 50 µM cisplatin for 1, 3, 6, 18, 24,
and 48 h. Pt(HexIm)(phen) induced a significantly earlier and greater reduction in cell
viability than cisplatin throughout the time course (Figure 2A), indicating a more rapid
onset of cytotoxic activity.

Figure 2. Time-dependent cytotoxicity and long-term clonogenic effects of Pt(HexIm)(phen) and
cisplatin in YAPC cells. (A) YAPC cells were treated with 50 µM cisplatin or Pt(HexIm)(phen), and
cell viability was assessed by the sulforhodamine B (SRB) assay after the indicated incubation times.
Data are expressed as the mean ± standard deviation (SD) of three independent experiments, each
performed with eight replicates, and are presented as the percentage of the corresponding untreated
control (set at 100%). Asterisks indicate significant differences between Pt(HexIm)(phen) and cisplatin
at the same concentration and time point (* p < 0.05; *** p < 0.001; **** p < 0.0001). (B) Long-term
cytotoxicity was evaluated by a clonogenic survival assay. YAPC cells were exposed for 1 h to 1, 5,
10 and 50 µM cisplatin or Pt(HexIm)(phen). After 15 days, colonies containing more than 50 cells
were counted. Colony numbers are expressed as the mean ± SD of three independent experiments
conducted using duplicate samples.

https://doi.org/10.3390/ijms27146315

https://doi.org/10.3390/ijms27146315


Int. J. Mol. Sci. 2026, 27, 6315 5 of 17

Long-term cytotoxic activity was assessed by a clonogenic assay. Both cisplatin and
Pt(HexIm)(phen) significantly reduced colony formation at 5 and 10 µM, while no sig-
nificant effects were observed at 1 µM (Figure 2B). Although Pt(HexIm)(phen) exhibited
greater short-term cytotoxicity, both compounds produced a comparable inhibition of clono-
genic survival at the concentrations tested, suggesting that their long-term antiproliferative
effects converge over time.

2.2. Intracellular Uptake of Pt Assessed by ICP-AES

Total intracellular Pt levels in YAPC cells were measured by ICP-AES following
incubation with 50 µM cisplatin and Pt(HexIm)(phen) for 0.5, 1, 3, and 6 h. The complex
exhibited rapid cellular uptake, with significantly higher intracellular levels than cisplatin
within 30 min (p < 0.05), as shown in Figure 3. After 6 h, accumulation was approximately
40-fold greater than cisplatin. These data indicate that enhanced cytotoxicity is closely
associated with increased intracellular accumulation.

Figure 3. Intracellular uptake of Pt(HexIm)(phen) and cisplatin in YAPC cells. Cells were exposed
to 50 µM of cisplatin and Pt(HexIm)(phen) for 0.5, 1, 3, and 6 h. Total intracellular accumulation
was measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Each data
point represents the mean ± SD of three independent experiments and is expressed as ng Pt(II)/mg
protein. Asterisks indicate significantly different values (**** p < 0.0001) compared to cisplatin at the
same concentration.

2.3. Pt(HexIm)(phen) Induces Apoptosis on YAPC Cells

The effects of Pt(II) complexes on apoptosis in YAPC cells were evaluated by flow
cytometry using Annexin V-FITC/PI staining after 24 h of treatment. Exposure to both
cisplatin and Pt(HexIm)(phen) significantly increased apoptosis compared to untreated
controls (p < 0.0001). Notably, the imidazole-containing complex induced a greater extent of
cell death than cisplatin (p < 0.05). Apoptotic/necrotic cells increased from 8.6% in controls
to 37% and 57.1% following cisplatin and complex treatment, respectively (Figure 4).

Mitochondrial membrane potential (∆ΨM) is a key indicator of mitochondrial function
and cellular health. In viable cells, high ∆ΨM promotes the formation of JC-1 aggregates,
which emit red fluorescence, whereas in apoptotic cells, reduced ∆ΨM results in JC-1
monomers emitting green fluorescence. The red/green fluorescence ratio therefore reflects
changes in ∆ΨM and the onset of apoptosis. ∆ΨM was assessed by fluorescence microscopy
(JC-1/DAPI staining, Figure 5A–C) and by fluorometric analysis in the early phases of
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treatment (Figure 5D). Double staining revealed a significant increase in apoptotic (green
fluorescent) cells following treatment with both compounds, with a more pronounced
effect observed for Pt(HexIm)(phen) (p < 0.0001). Fluorometric analysis confirmed an early
decrease in ∆ΨM, detectable as soon as 12 min after treatment with the complex, whereas
cisplatin induced a slower and less pronounced effect.

Figure 4. Apoptosis of YAPC cells was quantified by flow cytometry after staining with annexin
V-FITC/PI. Cells were treated without (A) or with 50 µM (B) cisplatin or 10 µM (C) Pt(HexIm)(phen)
for 24 h. QA1, PI+ (necrotic cells); QA2, annexin V-FITC + PI+ (late apoptotic and necrotic cells);
QA4, annexin V-FITC + PI− (early apoptotic cells); QA3, annexin V-FITC − PI− (live cells). (D) The
percentage of viable and apoptotic cells was quantified using FloMax software version 2.3 and
displayed as a bar graph. Each data point represents the mean ± SD of three independent experiments.
Asterisks (**** p < 0.0001) indicate viable cell values that are significantly different from control after
exposure to cisplatin and Pt(HexIm)(phen).

To further elucidate the molecular mechanisms driving the intrinsic apoptotic pathway,
the expression of key apoptosis-regulatory proteins was evaluated by Western blot analysis
over a 24 h time course (Figure 6). Treatment with Pt(HexIm)(phen) induced a time-
dependent upregulation of the pro-apoptotic protein BAX, accompanied by a progressive
down-regulation of the anti-apoptotic protein BCL2, resulting in an increased BAX/BCL2
ratio. Consistently, the activation of the mitochondrial pathway was confirmed by the
time-dependent cleavage and activation of the initiator Caspase-9, visible starting from 6 h.
This enzymatic cascade culminated in the efficient cleavage of the downstream executioner
caspase substrate, PARP-1, within the same timeframe (Figure 6). Together, these molecular
changes confirm that the rapid mitochondrial depolarization induced by the complex
triggers a canonical intrinsic apoptotic cascade.
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Figure 5. Analysis of mitochondrial membrane potential using the cationic dye JC-1 in YAPC cells.
(A) Double staining of nuclei (DAPI) and mitochondria (JC-1) was assessed in YAPC cells by fluo-
rescence microscopy (ladder: 100 µm). Cells were incubated or not with 50 µM cisplatin and 10 µM
Pt(HexIm)(phen) for 24 h and stained with DAPI and JC-1 dyes. Quantification of green/red fluores-
cence (A,C) for measurement of mitochondrial membrane potential (∆ΨM) and blue fluorescence (A,B)
for apoptotic nuclei was performed using ImageJ software version 1.54t. Data are represented as the
mean ± SD from three independent experiments. Asterisks (** p < 0.01; *** p < 0.001; **** p < 0.0001)
indicate significantly higher values compared to untreated cells. (D) Fluorescence measurements of J
aggregate and J monomer were also obtained by fluorimetry. Data are expressed as the change in
the fluorescence ratio at 590/520 nm induced by treatment compared to the initial (control) ratio at
590/520 nm. Results are presented as the mean ± SD of three independent experiments.

2.4. Pt(HexIm)(phen) Reduces YAPC Cells Migration

Cell migration was evaluated using transwell and 3D spheroid assays following
treatment with sublethal concentrations (0.5–1.5 µM). Pt(HexIm)(phen) markedly inhibited
migration in transwell assays, reducing cell motility by ~50% at the highest concentration
(p < 0.0001), with a weaker effect observed for cisplatin (p < 0.001) (Figure 7).
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Figure 6. Effects of Pt(HexIm)(phen) on the expression of apoptosis-related proteins in YAPC cells.
Cells were treated with the platinum complex and harvested at the indicated time points (0, 3,
6, 18, and 24 h). Total cell lysates were analyzed by Western blotting for BAX, BCL2, Caspase-9
(Casp-9), and PARP-1. β-actin was used as a loading control. Blots are representative of three
independent experiments.

Figure 7. Antimigratory capacity of Pt(II) complexes on YAPC cells. The migratory capacity of YAPC
cells was assessed using the trans well chemotaxis assay after exposure to sublethal doses of cisplatin
and Pt(HexIm)(phen). (A) Cells were treated with different concentrations (0.5, 1, and 1.5 µM) of
Pt(II) compounds for 24 h and monitored by microscopy. (B) The percentage of cells that migrated
after treatment was quantified at 24 h and normalized to the control. Images were collected using a
microscope (Evos XL, Core; Invitrogen) with a 10× objective. Data are expressed as mean ± SD of
three independent experiments, each performed in duplicate. (** p < 0.01, *** p < 0.001, **** p < 0.0001
by one-way ANOVA; n = 3).
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Consistently, in 3D spheroids, Pt(HexIm)(phen) suppressed cell migration in a time-
and dose-dependent manner, with significant effects observed from 0.5 µM. After 18 h, the
migrated area was reduced by ~20% (p < 0.0001), whereas cisplatin showed no significant
activity (Figure 8).

Figure 8. Effects of cisplatin and Pt(HexIm)(phen) on antimigratory capacity. (A) Tumor spheroids
were transferred to a 96-well flat-bottom migration plate and treated with or without 0.5, 1, and
1.5 µM cisplatin or Pt(HexIm)(phen). Digital images of the spheroids were acquired at 0, 3, 6, and
18 h. The orange outline indicates the boundary of the migrated cell area surrounding each spheroid,
which was used for quantitative image analysis. (B) Tumor spheroids treated or untreated with
1.5 µM cisplatin and Pt(HexIm)(phen) at 3, 6, and 18 h. Migrating areas were measured and plotted
as a percentage of initial spheroid area at time 0 (** p < 0.01, **** p < 0.0001). (C) Tumor spheroids
treated or untreated with 0.5–1.5 µM cisplatin or Pt(HexIm)(phen) at 18 h. Migrating areas were
measured and plotted as a percentage of the control (** p < 0.01). All data were expressed as mean
values ± standard deviation (SD) of three independent experiments.

3. Discussion
Pancreatic cancer is a leading cause of cancer-related mortality worldwide and is asso-

ciated with a very poor prognosis, as reflected by the close correlation between incidence
and mortality rates [32,33]. Early diagnosis of pancreatic ductal adenocarcinoma (PDAC)
remains challenging due to the lack of early symptoms and the scarcity of highly penetrant
risk factors [34]. The high mortality of PDAC is largely attributable to its rapid progression,
strong invasiveness, and resistance to current therapies [2]. Cisplatin has demonstrated
efficacy in the treatment of several malignancies, including PDAC; however, its clinical use
is limited by both intrinsic and acquired resistance [18]. Consequently, there is a growing
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interest in the development of novel platinum-based compounds with improved anticancer
activity [24,35–39].

Organometallic complexes containing 1,10-phenanthroline (phen) have shown promis-
ing antitumor activity, particularly in cisplatin-resistant cells. This effect is attributed to
the ability of phenanthroline to bind DNA and intercalate between base pairs, thereby
interfering with DNA synthesis and repair [40,41]. Consistently, it was reported that plati-
nated phen-containing complexes [Pt(η1-C2H4-OR)(DMSO)(phen)]+ (R = Me, Et) exhibit
significant cytotoxic activity in PDAC cells, likely due to enhanced intracellular accu-
mulation associated with their lipophilic properties [24,42,43]. More recently, a series
of monofunctional cationic platinum(II) complexes containing phenanthroline, includ-
ing [Pt(NH3)(η1-C2H4OEt)(phen)]Cl, [Pt(1-hexyl-1H-imidazole)(η1-C2H4OEt)(phen)]Cl,
and [Pt(1-hexyl-1H-benzo[d]imidazole)(η1-C2H4OEt)(phen)]Cl, were synthesized. Among
these, the imidazole-containing complex displayed marked antitumor activity and selectiv-
ity toward various cancer cells [25].

The response of various PDAC cell lines to cisplatin, including BxPC-3, MIA PaCa-
2, and YAPC cells, frequently reveals a heterogeneous landscape regarding sensitivity
and resistance. For instance, BxPC-3 and MIA PaCa-2 cells generally exhibit a higher
baseline sensitivity to chemotherapy, whereas YAPC cells display marked resistance, a
feature often driven by mesenchymal traits and specific genetic alterations, such as KRAS
mutations [18,28–30]. This differential response is consistent with our previous findings
demonstrating that BxPC-3 and Mia PaCa-2 are intrinsically more sensitive to cisplatin than
YAPC cells [31]. In that context, cisplatin resistance in YAPC cells was strictly associated
with higher basal ERK1/2 activation, and its pharmacological inhibition significantly
enhanced cisplatin-induced cytotoxicity, confirming the role of the ERK signaling axis in
sustaining this refractory phenotype [31].

Based on these premises, we initially performed a comparative cytotoxic screen-
ing across all three cell lines to evaluate whether the structural modifications of
Pt(HexIm)(phen) could influence its efficacy against different molecular backgrounds.
Remarkably, while Pt(HexIm)(phen) exerted cytotoxic effects across the entire panel, its
superior efficacy compared to cisplatin was most pronounced in the highly resistant YAPC
cell line. This critical finding prompted us to select YAPC cells as the primary model for
further functional and mechanistic analyses, aiming to explore the compound’s capacity to
bypass established platinum-resistance mechanisms.

Whether the exceptional efficacy of Pt(HexIm)(phen) in YAPC cells directly involves
the modulation or bypass of these ERK-dependent survival pathways remains an intrigu-
ing open question that warrants further molecular investigation. However, the fact that
the novel complex triggers a rapid, massive apoptotic cascade exactly in the cell line
less responsive to cisplatin strongly underscores its potential against treatment-refractory
PDAC phenotypes.

Long-term cytotoxic activity was evaluated by clonogenicity assay, and both Pt(HexIm)
(phen) and cisplatin had overlapping effects. This trend is consistent with cisplatin’s
mechanism of action, based on the formation of DNA adducts and the accumulation of
genomic damage, the effects of which become fully evident only after several cell cycles.
Consequently, in the long-term clonogenicity assay, the effect of cisplatin was comparable to
that of the complex of interest, indicating that, although the latter is more toxic in the initial
phases, the final impact on cell proliferation is comparable. The enhanced cytotoxicity of the
complex appears to be associated with its higher intracellular accumulation compared to
cisplatin. Accordingly, further investigations were conducted to elucidate its proapoptotic
and antimigratory properties. Flow cytometry analysis demonstrated a significant increase
in late apoptosis in YAPC cells following treatment with the complex. Given the central role
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of mitochondria in apoptosis, mitochondrial membrane potential (∆ΨM) was evaluated
as an indicator of mitochondrial function. Under physiological conditions, high ∆ΨM

promotes JC-1 aggregation and red fluorescence emission, whereas depolarization leads to
green fluorescence due to the monomeric form of the dye [44]. The red-to-green fluorescence
ratio therefore reflects mitochondrial integrity and apoptotic onset. Our results showed
that Pt(HexIm)(phen) induced a rapid loss of ∆ΨM, detectable within minutes of treatment,
and more pronounced than that observed with cisplatin. This effect likely reflects the
preferential accumulation of lipophilic cationic compounds in mitochondria, which are
characterized by a high membrane potential in cancer cells [45,46]. These findings, together
with the modulation of apoptosis-regulatory proteins, demonstrate that the activation of
the mitochondrial-mediated (intrinsic) apoptotic pathway is a key mechanism underlying
the cytotoxicity of the complex [24,47–49].

Primary tumor cells must undergo a series of successive stages to acquire a fully
metastatic phenotype. During this process, neoplastic cells develop the ability to invade
adjacent tissues and migrate through the surrounding environment. The antimigratory and
anti-dissemination potential of the compound was evaluated using transwell chemotaxis
assays and 3D tumor spheroid models. The complex significantly inhibited cell migration at
sublethal concentrations, showing greater efficacy than cisplatin and reducing the migration
area in spheroid assays.

A limitation of the present study is that the mechanistic analyses were performed in
a single PDAC cell line. Nevertheless, YAPC cells were deliberately selected because of
their intrinsic cisplatin-resistant phenotype, which represents a major clinical challenge in
pancreatic cancer treatment. To strengthen the biological validation of the compound, its
cytotoxic activity was first evaluated across three PDAC cell lines (BxPC-3, Mia PaCa-2,
and YAPC), demonstrating consistent antitumor activity despite differences in intrinsic
cisplatin sensitivity. Future studies should extend these mechanistic analyses to additional
pancreatic cancer models and include non-tumoral pancreatic epithelial cells to further
evaluate the selectivity of Pt(HexIm)(phen). Moreover, investigations of Pt–DNA adduct
formation, DNA damage responses, cell-cycle regulation, and apoptosis-related signaling
pathways are warranted to further elucidate the molecular mechanisms underlying its
biological activity.

In summary, the present study demonstrates that the cationic monofunctional
organometallic platinum(II) complex [Pt(1-hexyl-1H-imidazole)(η1-C2H4OEt)(phen)]Cl
exhibits potent antitumor activity across pancreatic ductal adenocarcinoma cell lines
with different intrinsic sensitivities to cisplatin. In the cisplatin-resistant YAPC model,
Pt(HexIm)(phen) displayed enhanced cytotoxic and antimigratory effects compared with
cisplatin and induced mitochondrial membrane depolarization accompanied by modu-
lation of Bax/Bcl-2 expression, caspase-9 activation, and PARP cleavage, consistent with
activation of the intrinsic apoptotic pathway. Although the precise molecular targets
of the compound remain to be identified, its rapid intracellular accumulation and po-
tent biological activity support further preclinical investigation of Pt(HexIm)(phen) as a
promising platinum-based candidate for the treatment of cisplatin-resistant pancreatic
ductal adenocarcinoma.

4. Materials and Methods
4.1. Synthesis of [Pt(1-hexyl-1H-imidazole)(η1-C2H4OEt)(phen)]Cl (Pt(HexIm)(phen))

[Pt(1-hexyl-1H-imidazole)(η1-C2H4OEt)(phen)]Cl complexes were synthesized accord-
ing to a previously reported procedure and provided satisfactory analytical data [25].
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Commercially available reagents and solvents were used as received without further
purification. Cisplatin was purchased from Sigma-Aldrich Chemical Company (Burlington,
MA, USA).

For biological experiments, cisplatin and Pt(HexIm)(phen) stock solutions were freshly
prepared in sterile phosphate-buffered saline (PBS, pH 7.4). The stock solutions were further
diluted in complete culture medium to the required working concentrations immediately
before use. All working solutions were sterile filtered (0.22 µm) prior to cell treatment.

The compounds were evaluated over a concentration range of 0.1–100 µM in the SRB
cytotoxicity assay, with cisplatin used as a reference compound over the same range. For
long-term cytotoxicity, clonogenic survival assays were performed using concentrations 1,
5, 10, and 50 µM. For migration and spheroid assays, sublethal concentrations of 0.5, 1, and
1.5 µM were used for both cisplatin and Pt(HexIm)(phen) (Figure 9).

Figure 9. Chemical structure of [Pt(1-hexyl-1H-imidazole)(η1-C2H4OEt)(phen)]Cl (Pt(HexIm)(phen)).

4.2. Cell Culture

Human pancreatic ductal adenocarcinoma YAPC cells (DSMZ, Braunschweig, Ger-
many), a drug-resistant pancreatic cancer cell line, were grown in RPMI 1640 medium
(EuroClone, Pero, MI, Italy) supplemented with 10% (vol/vol) heat-inactivated fetal bovine
serum (FBS, EuroClone, Pero, MI, Italy), 2 mM glutamine (EuroClone, Pero, MI, Italy),
penicillin (100 U/mL), and streptomycin (100 µg/mL) (EuroClone, Pero, MI, Italy). BxPC-3,
and MIA PaCa-2, cells (ATCC, Rockville, MD, USA) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (4.5 g/L glucose) (EuroClone, Pero, Italy) supplemented with 10%
(vol/vol) heat-inactivated FBS, glutamine 2 mM, penicillin (100 U/mL), and streptomycin
(100 µg/mL). Cells were maintained in a humidified incubator containing 5% CO2 in air at
37 ◦C and used for biological analyses upon reaching 70–80% confluence.

4.3. Cytotoxic Assay

The viability of pancreatic cancer cells was measured by the sulforhodamine B (SRB)
colorimetric assay. A cell suspension (100 µL) was added to each well of a 96-well microtiter
plate (105 cell/mL) (Euroclone, Pero, Italy). After an overnight incubation, the cells were
treated with different concentrations of Pt(II) compounds, for 18–72 h. Then, 100 µL of ice-
cold 10% (w/v) trichloroacetic acid was added to each well for 30 min at 4 ◦C. Subsequently,
the plates were washed five times with double-distilled water and allowed to air dry
overnight. 70 µL of 0.4% (w/v) SRB solution (SRB; Sigma-Aldrich, Burlington, MA, USA)
was added to each well and incubated for 30 min, followed by four washes with 1%
(v/v) acetic acid. Finally, SRB was dissolved in 200 µL of 10 mM unbuffered Tris base
solution, and color intensity was measured colorimetrically at 560 nm. Percent cell survival
was calculated as the absorbance ratio between treated cells and vehicle-treated control
cells. Data are presented as mean ± standard deviation of three independent biological
experiments, each performed with eight technical replicates.
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4.4. Clonogenic Survival Assay

YAPC cells were seeded at a density of 50,000 cell/mL in a 12-well plate (1 mL for well)
(Euroclone, Pero, Italy). After overnight incubation, cells were treated with the complexes
at increasing concentrations from 1 to 50 µM. After two hours, cells were trypsinized and
reseeded at low density (200 cells/mL) in 6-well plates and left to incubate for two weeks.
After 15 days of growth, colonies were fixed with a 3:1 mixture of methanol/acetic acid and
stained with crystal violet. Only colonies composed of more than 50 cells were evaluated.
Three separate experiments were conducted using duplicate samples.

4.5. Analysis by ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy)

To determine intracellular platinum accumulation, YAPC cells were incubated with
cisplatin or Pt(HexIm)(phen) for 30 min, 1, 3, or 6 h. After treatment, cells were washed
twice with ice-cold phosphate-buffered saline (PBS) to remove extracellular platinum and
lysed in Radioimmunoprecipitation Assay (RIPA) buffer containing protease and phos-
phatase inhibitors. Protein concentration was determined using the Bradford colorimetric
assay (Bio-Rad, Hercules, CA, USA). Aliquots of each lysate were digested with 1 mL of
67% ultrapure nitric acid at room temperature for 24 h. The digested samples were then
diluted to a final volume of 5 mL with ultrapure water, filtered, and analyzed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) using a Thermo iCAP 7000 spec-
trometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), as previously described [50].
Instrument calibration was performed using platinum standard solutions at 0.001, 0.01, 0.1,
and 1 mg/L. Intracellular platinum content is expressed as ng Pt/mg protein.

4.6. Annexin V-Fluorescein Isothiocyanate (FITC)/PI Assay

Cell apoptosis was determined using the Annexin V-fluorescein isothiocyanate (FITC)
kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). After exposure to Pt(II) compounds
at 50 µM of cisplatin and 10 µM of Pt(HexIm)(phen) for 24 h, YAPC cells were harvested,
washed twice with PBS, and centrifuged at 1200× g for 5 min at room temperature. Sub-
sequently, the cell pellet was resuspended in Annexin V-FITC and propidium iodide (PI)
solutions. After incubation for 15 min at room temperature in the dark, additional Annexin
V binding buffer (10 mM Hepes, 140 mM NaCl, and 2.5 mM CaCl2) was added to each
sample. Cells were analyzed using a flow cytometer (Partec CyFlow® space) and FloMax
software (Sysmex Partec GmbH, Görlitz, Germany).

4.7. Mitochondrial Membrane Potential (JC-1) Assay

YAPC cells were cultured and incubated with 5 µg/mL JC-1 (5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethylbenzimi- dazolylcarbocyanine iodide) fluorescent probe (Enzo Life Sci-
ences, Farmingdale, NY, USA) before being treated with 50 µM cisplatin or 10 µM
Pt(HexIm)(phen). The fluorescence of JC-1 was measured using a Jasco FP-750 Spec-
trofluorometer (JASCO Corporation, Tokyo, Japan). Fluorescence readings were taken at
various time points during each experiment. The ratio of JC-1 fluorescence intensity at
590 and 520 nm was calculated for each time point and used as a qualitative measure of
mitochondrial membrane potential (∆ΨM).

4.8. Fluorescence Microscopy: Double Staining of Nuclei (DAPI) and Mitochondria (JC-1)

The induction of apoptosis in YAPC cells was assessed using fluorescence microscopy,
with JC-1 and DAPI (4′,6-diamidino-2-phenylindole) staining. The cells were treated with
50µM of cisplatin and 10 µM of Pt(HexIm)(phen) for 24 h and then stained with 5 µg/mL
JC-1 following the protocol described in the previous paragraph. After fixation with 4%
(w/v) paraformaldehyde, the cells were stained with 1µg/mL DAPI. The EVOS XL Cell
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Imaging System microscope (Thermo Fisher Scientific, Waltham, MA, USA) was used to
analyze cell fluorescence.

4.9. Preparation of Subcellular Fractions and Western Blotting

Subcellular fractions were obtained as previously reported [51]. Western blotting
analysis, immunodetection, and densitometric analysis were performed as previously
described [52].

4.10. Transwell Chemotaxis and Migration Assay

1 × 105 cells per insert, in 1% serum-supplemented medium, were seeded in the
upper chamber of a Transwell insert (8 µm pore diameter; Corning Inc., Corning, NY,
USA), while 10% FBS (fetal bovine serum) medium was added to the lower chamber as
a chemoattractant. After adhering the cells to the bottom of the insert for 1 h, they were
treated with increasing sublethal concentrations (0.5–1.5 µM) of Pt(II) complexes. After
incubation at 37 ◦C, 5% CO2 for 24 h, the Transwell chambers were removed, and the
culture medium in the well was discarded and washed with calcium-free PBS. The cells
were then fixed with 4% PFA for 15 min and stained with 0.1% crystal violet for 30 min.
Non-migrating cells were removed with a cotton swab. Images were collected under a
microscope (Evos XL, Core; Invitrogen) and subsequently quantified using ImageJ software
version 1.54t.

4.11. 3D Spheroid-Based Migration Assay

YAPC tumor spheroids (TS) were generated according to the liquid-overlay technique,
as previously reported [42]. Briefly, a cell suspension (2.5 × 105 cells/mL) was cultured
under non-adherent conditions to promote spontaneous spheroid formation. After 4 days of
incubation, compact spheroids were obtained and individually transferred to gelatin-coated
96-well plates) (Euroclone, Pero, Italy) (one spheroid per well in a final volume of 200 µL).
Images were acquired at 0, 3, 6, 18, and 24 h using an inverted microscope. The area covered
by cells migrating from the spheroid core was quantified using Photoshop CS6 software
version 13.0 (Adobe, San Jose, CA, USA). Migration was expressed as a percentage of the
initial spheroid area according to the formula: (migrated area at time x/migrated area at
time 0) × 100. All experiments were performed in three independent biological replicates.

4.12. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 8 software (GraphPad
Software, San Diego, CA, USA). Results are shown as means ± SD. Statistical analysis was
carried out using ANOVA and as indicated, post hoc tests (Bonferroni-Dunn) were also
performed. A p value < 0.05 was considered to achieve statistical significance.

5. Conclusions
The present study demonstrates that Pt(HexIm)(phen) exerts significant anticancer

activity against human drug-resistant YAPC pancreatic ductal adenocarcinoma cells, a
clinically relevant model of treatment-refractory disease. The compound induced enhanced
intracellular accumulation and mitochondrial depolarization, accompanied by significant
cytotoxic and antimigratory effects. The observed mitochondrial depolarization, together
with the modulation of apoptosis-regulatory proteins, indicates that the activation of the
mitochondrial-mediated apoptotic pathway is a key mechanism underlying the biological
activity of Pt(HexIm)(phen). In addition, the ability of the compound to impair both
migratory behavior and spheroid dissemination highlights its potential to interfere with
processes associated with tumor progression.
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Overall, the results indicate that the incorporation of a lipophilic imidazole ligand
into the platinum (II) scaffold may enhance cellular uptake and biological activity in
aggressive and chemoresistant pancreatic cancer cells. Further studies are warranted to
clarify its molecular targets, evaluate its selectivity toward non-tumoral pancreatic cells, and
confirm its efficacy in additional experimental models. Taken together, the present findings
identify Pt(HexIm)(phen) as a promising platinum-based compound for the targeting of
chemoresistant pancreatic ductal adenocarcinoma cells.
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20. Štarha, P.; Křikavová, R. Platinum (IV) and Platinum (II) Anticancer Complexes with Biologically Active Releasable Ligands.
Coord. Chem. Rev. 2024, 501, 215578. [CrossRef]

21. Zhong, T.; Yu, J.; Pan, Y.; Zhang, N.; Qi, Y.; Huang, Y. Recent Advances of Platinum-Based Anticancer Complexes in Combinational
Multimodal Therapy. Adv. Healthc. Mater. 2023, 12, 2300253. [CrossRef]

22. Ng, N.S.; Wu, M.J.; Myers, S.J.; Aldrich-Wright, J.R. The in vitro renal cell toxicity of some unconventional anticancer
phenanthroline-based platinum (II) complexes. J. Inorg. Biochem. 2018, 179, 97–106. [CrossRef] [PubMed]

23. Li, J.; He, X.; Zou, Y.; Chen, D.; Yang, L.; Rao, J.; Chen, H.; Chan, M.C.W.; Li, L.; Guo, Z.; et al. Mitochondria-targeted platinum(ii)
complexes: Dual inhibitory activities on tumor cell proliferation and migration/invasion via intracellular trafficking of β-catenin.
Metallomics 2017, 9, 726–733. [CrossRef] [PubMed]

24. Stefàno, E.; Cossa, L.G.; De Castro, F.; De Luca, E.; Vergaro, V.; My, G.; Rovito, G.; Migoni, D.; Muscella, A.; Marsigliante, S.; et al.
Evaluation of the Antitumor Effects of Platinum-Based [Pt(η1-C2H4-OR)(DMSO)(phen)]+ (R = Me, Et) Cationic Organometallic
Complexes on Chemoresistant Pancreatic Cancer Cell Lines. Bioinorg. Chem. Appl. 2023, 2023, 5564624. [CrossRef] [PubMed]

25. Ali, A.; Stefàno, E.; De Castro, F.; Ciccarella, G.; Rovito, G.; Marsigliante, S.; Muscella, A.; Benedetti, M.; Fanizzi, F.P. Synthesis,
Characterization, and Cytotoxicity Evaluation of Novel Water-Soluble Cationic Platinum(II) Organometallic Complexes with
Phenanthroline and Imidazolic Ligands. Chemistry 2024, 30, e202401064. [CrossRef] [PubMed]

26. Anderson, E.B.; Long, T.E. TEImidazole- and imidazolium-containing polymers for biology and material science applications.
Polymer 2010, 51, 2447–2454. [CrossRef]

27. Peng, X.-M.; Cai, G.-X.; Zhou, C.-H. Recent developments in azole compounds as antibacterial and antifungal agents. Curr. Top.
Med. Chem. 2013, 13, 1963–2010. [CrossRef] [PubMed]

28. Girolimetti, G.; Balena, B.; Cordella, P.; Verri, T.; Eusebi, L.H.; Bozzetti, M.P.; Bucci, C.; Guerra, F. Characterization of Chemoresis-
tance in Pancreatic Cancer: A Look at MDR-1 Polymorphisms and Expression in Cancer Cells and Patients. Int. J. Mol. Sci. 2024,
25, 8515. [CrossRef] [PubMed]

29. Mirzoeva, O.K.; Collisson, E.A.; Schaefer, P.M.; Hann, B.; Hom, Y.K.; Ko, A.H.; Korn, W.M. Subtype-specific MEK-PI3 kinase
feedback as a therapeutic target in pancreatic adenocarcinoma. Mol. Cancer Ther. 2013, 12, 2213–2225. [CrossRef] [PubMed]

30. Dilly, J.; Hoffman, M.T.; Abbassi, L.; Li, Z.; Paradiso, F.; Parent, B.D.; Hennessey, C.J.; Jordan, A.C.; Morgado, M.; Dasgupta,
S.; et al. Mechanisms of Resistance to Oncogenic KRAS Inhibition in Pancreatic Cancer. Cancer Discov. 2024, 14, 2135–2161.
[CrossRef] [PubMed]

31. Muscella, A.; Cossa, L.G.; Stefàno, E.; Rovito, G.; Benedetti, M.; Fanizzi, F.P.; Marsigliante, S. Different Cytotoxic Effects of
Cisplatin on Pancreatic Ductal Adenocarcinoma Cell Lines. Int. J. Mol. Sci. 2024, 25, 13662. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146315

https://doi.org/10.1093/jnci/djab038
https://www.ncbi.nlm.nih.gov/pubmed/33755158
https://doi.org/10.1073/pnas.1207670109
https://doi.org/10.1038/sj.onc.1206933
https://www.ncbi.nlm.nih.gov/pubmed/14576837
https://doi.org/10.1124/mol.59.4.657
https://www.ncbi.nlm.nih.gov/pubmed/11259608
https://doi.org/10.2478/raon-2019-0018
https://www.ncbi.nlm.nih.gov/pubmed/30956230
https://doi.org/10.1039/c4mt00238e
https://www.ncbi.nlm.nih.gov/pubmed/25306996
https://doi.org/10.3390/biom11111637
https://www.ncbi.nlm.nih.gov/pubmed/34827636
https://doi.org/10.1007/s12029-024-01025-7
https://www.ncbi.nlm.nih.gov/pubmed/38315331
https://www.ncbi.nlm.nih.gov/pubmed/31128031
https://doi.org/10.1016/j.biocel.2020.105731
https://www.ncbi.nlm.nih.gov/pubmed/32097728
https://doi.org/10.1038/cgt.2016.71
https://www.ncbi.nlm.nih.gov/pubmed/27910856
https://doi.org/10.1021/acs.chemrev.5b00597
https://www.ncbi.nlm.nih.gov/pubmed/26865551
https://doi.org/10.1016/j.ccr.2023.215578
https://doi.org/10.1002/adhm.202300253
https://doi.org/10.1016/j.jinorgbio.2017.11.021
https://www.ncbi.nlm.nih.gov/pubmed/29197671
https://doi.org/10.1039/c6mt00188b
https://www.ncbi.nlm.nih.gov/pubmed/28513634
https://doi.org/10.1155/2023/5564624
https://www.ncbi.nlm.nih.gov/pubmed/37727647
https://doi.org/10.1002/chem.202401064
https://www.ncbi.nlm.nih.gov/pubmed/38703115
https://doi.org/10.1016/j.polymer.2010.02.006
https://doi.org/10.2174/15680266113139990125
https://www.ncbi.nlm.nih.gov/pubmed/23895097
https://doi.org/10.3390/ijms25158515
https://www.ncbi.nlm.nih.gov/pubmed/39126083
https://doi.org/10.1158/1535-7163.mct-13-0104
https://www.ncbi.nlm.nih.gov/pubmed/23918833
https://doi.org/10.1158/2159-8290.cd-24-0177
https://www.ncbi.nlm.nih.gov/pubmed/38975874
https://doi.org/10.3390/ijms252413662
https://www.ncbi.nlm.nih.gov/pubmed/39769425
https://doi.org/10.3390/ijms27146315


Int. J. Mol. Sci. 2026, 27, 6315 17 of 17

32. Siegel, R.; Ma, J.; Zou, Z.; Jemal, A. Cancer statistics, 2014. CA Cancer J. Clin. 2014, 64, 9–29. [CrossRef] [PubMed]
33. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jamal, A. Cancer statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
34. Kamisawa, T.; Wood, L.D.; Itoi, T.; Takaori, K. Pancreatic cancer. Lancet 2016, 388, 73–85. [CrossRef] [PubMed]
35. Sharma, R.; Singh, V.J.; Chawla, P.A. Advancements in the Use of Platinum Complexes as Anticancer Agents. Anticancer Agents

Med. Chem. 2022, 22, 821–835. [CrossRef] [PubMed]
36. Sahoo, D.; Deb, P.; Basu, T.; Bardhan, S.; Patra, S.; Sukul, P.K. Advancements in platinum-based anticancer drug development:

A comprehensive review of strategies, discoveries, and future perspectives. Bioorg. Med. Chem. 2024, 112, 117894. [CrossRef]
[PubMed]

37. Ma, L.; Li, L.; Zhu, G. Platinum-containing heterometallic complexes in cancer therapy: Advances and perspectives. Inorg. Chem.
Front. 2022, 9, 2424–2453. [CrossRef]

38. Benedetti, M.; Romano, A.; De Castro, F.; Girelli, C.R.; Antonucci, D.; Migoni, D.; Verri, T.; Fanizzi, F.P. N7-platinated ribonu-
cleotides are not incorporated by RNA polymerases. New perspectives for a rational design of platinum antitumor drugs. J. Inorg.
Biochem. 2016, 163, 143–146. [CrossRef] [PubMed]

39. Bakalova, A.; Ruseva, N.; Cherneva, E. “Non-Classical” Platinum Complexes: A Concise Review. Int. J. Mol. Sci. 2025, 26, 6270.
[CrossRef] [PubMed]

40. Hazarika, P.; Bezbaruah, B.; Das, P.; Medhi, O.K.; Medhi, C.A. Model study on the stacking interaction of phenanthroline ligand
with nucleic acid base pairs: An ab initio, MP2 and DFT studies. J. Biophys. Chem. 2011, 2, 153–158. [CrossRef]

41. Liu, H.K.; Sadler, P.J. Metal complexes as DNA intercalators. Acc. Chem. Res. 2011, 44, 349–359. [CrossRef] [PubMed]
42. Stefàno, E.; Muscella, A.; Benedetti, M.; De Castro, F.; Fanizzi, F.P.; Marsigliante, S. Antitumor and antimigration effects of a new

Pt compound on neuroblastoma cells. Biochem. Pharmacol. 2022, 202, 115124. [CrossRef] [PubMed]
43. Stefano, E.; De Castro, F.; De Luca, E.; Muscella, A.; Marsigliante, S.; Benedetti, M.; Fanizzi, F.P. Synthesis and comparative

evaluation of the cytotoxic activity of cationic organometallic complexes of the type [Pt(η1-CH2-CH2-OR)(DMSO)(phen)]+

(R = Me, Et, Pr, Bu). Inorg. Chim. Acta 2023, 546, 121321.
44. Smiley, S.T.; Reers, M.; Mottola-Hartshorn, C.; Lin, M.; Chen, A.; Smith, T.W.; Steele, G.D., Jr.; Chen, L.B. Intracellular heterogeneity

in mitochondrial membrane potentials revealed by a J-aggregate-forming lipophilic cation JC-1. Proc. Natl. Acad. Sci. USA 1991,
88, 3671–3675. [CrossRef] [PubMed]

45. Dindo, D.; Dahm, F.; Szulc, Z.; Bielawska, A.; Obeid, L.M.; Hannun, Y.A.; Graf, R.; Clavien, P.A. Cationic Long-Chain Ceramide
LCL-30 Induces Cell Death by Mitochondrial Targeting in SW403 Cells. Mol. Cancer Ther. 2006, 5, 1520–1529. [CrossRef] [PubMed]

46. Porteous, C.M.; Logan, A.; Evans, C.; Ledgerwood, E.C.; Menon, D.K.; Aigbirhio, F.; Smith, R.A.J.; Murphy, M.P. Rapid
Uptake of Lipophilic Triphenylphosphonium Cations by Mitochondria In Vivo Following Intravenous Injection: Implications for
Mitochondria-Specific Therapies and Probes. Biochim. Biophys. Acta 2010, 1800, 1009–1017. [CrossRef] [PubMed]

47. De Castro, F.; Stefàno, E.; De Luca, E.; Muscella, A.; Marsigliante, S.; Benedetti, M.; Fanizzi, F.P. A NMR-Based Metabolomic
Approach to Investigate the Antitumor Effects of the Novel [Pt(η1-C2H4OMe)(DMSO)(phen)]+ (phen = 1,10-Phenanthroline)
Compound on Neuroblastoma Cancer Cells. Bioinorg. Chem. Appl. 2022, 2022, 8932137. [CrossRef] [PubMed]

48. Muscella, A.; Calabriso, N.; Fanizzi, F.P.; De Pascali, S.A.; Urso, L.; Ciccarese, A.; Migoni, D.; Marsigliante, S. [Pt(O,O′-Acac)(γ-
Acac)(DMS)], a New Pt Compound Exerting Fast Cytotoxicity in MCF-7 Breast Cancer Cells via the Mitochondrial Apoptotic
Pathway: A Pt Compound Provoking Apoptosis in MCF-7 Cells. Br. J. Pharmacol. 2008, 153, 34–49. [CrossRef] [PubMed]

49. Sivandzade, F.; Bhalerao, A.; Cucullo, L. Analysis of the Mitochondrial Membrane Potential Using the Cationic JC-1 Dye as a
Sensitive Fluorescent Probe. Bio Protoc. 2019, 9, e3128. [CrossRef] [PubMed]

50. De Castro, F.; Stefàno, E.; Migoni, D.; Iaconisi, G.N.; Muscella, A.; Marsigliante, S.; Benedetti, M.; Fanizzi, F.P. Synthesis and Eval-
uation of the Cytotoxic Activity of Water-Soluble Cationic Organometallic Complexes of the Type [Pt(η1-C2H4OMe)(L)(Phen)]+

(L = NH3, DMSO; Phen = 1,10-Phenanthroline). Pharmaceutics 2021, 13, 642. [CrossRef] [PubMed]
51. Muscella, A.; Vetrugno, C.; Cossa, L.G.; Marsigliante, S. TGF-β1 activates RSC96 Schwann cells migration and invasion through

MMP-2 and MMP-9 activities. J. Neurochem. 2020, 153, 525–538. [PubMed]
52. Muscella, A.; Marsigliante, S.; Verri, T.; Urso, L.; Dimitri, C.; Bottà, G.; Paulmichl, M.; Beck-Peccoz, P.; Fugazzola, L.; Storelli,

C. PKC-epsilon-dependent cytosol-to-membrane translocation of pendrin in rat thyroid PC Cl3 cells. J. Cell. Physiol. 2008, 217,
103–112. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27146315

https://doi.org/10.3322/caac.21208
https://www.ncbi.nlm.nih.gov/pubmed/24399786
https://doi.org/10.3322/caac.21654
https://www.ncbi.nlm.nih.gov/pubmed/33433946
https://doi.org/10.1016/s0140-6736(16)00141-0
https://www.ncbi.nlm.nih.gov/pubmed/26830752
https://doi.org/10.2174/1871520621666210805150705
https://www.ncbi.nlm.nih.gov/pubmed/34353272
https://doi.org/10.1016/j.bmc.2024.117894
https://www.ncbi.nlm.nih.gov/pubmed/39214013
https://doi.org/10.1039/d2qi00205a
https://doi.org/10.1016/j.jinorgbio.2016.07.004
https://www.ncbi.nlm.nih.gov/pubmed/27421694
https://doi.org/10.3390/ijms26136270
https://www.ncbi.nlm.nih.gov/pubmed/40650048
https://doi.org/10.4236/jbpc.2011.22019
https://doi.org/10.1021/ar100140e
https://www.ncbi.nlm.nih.gov/pubmed/21446672
https://doi.org/10.1016/j.bcp.2022.115124
https://www.ncbi.nlm.nih.gov/pubmed/35688179
https://doi.org/10.1073/pnas.88.9.3671
https://www.ncbi.nlm.nih.gov/pubmed/2023917
https://doi.org/10.1158/1535-7163.mct-05-0513
https://www.ncbi.nlm.nih.gov/pubmed/16818511
https://doi.org/10.1016/j.bbagen.2010.06.001
https://www.ncbi.nlm.nih.gov/pubmed/20621583
https://doi.org/10.1155/2022/8932137
https://www.ncbi.nlm.nih.gov/pubmed/35721691
https://doi.org/10.1038/sj.bjp.0707576
https://www.ncbi.nlm.nih.gov/pubmed/18026127
https://doi.org/10.21769/bioprotoc.3128
https://www.ncbi.nlm.nih.gov/pubmed/30687773
https://doi.org/10.3390/pharmaceutics13050642
https://www.ncbi.nlm.nih.gov/pubmed/33946459
https://www.ncbi.nlm.nih.gov/pubmed/31729763
https://doi.org/10.1002/jcp.21478
https://www.ncbi.nlm.nih.gov/pubmed/18459119
https://doi.org/10.3390/ijms27146315

	Introduction 
	Results 
	Comparative Cytotoxicity of Cisplatin and [Pt(1-hexyl-1H-imidazole)(1-C2H4OEt)(phen)]Cl in Pancreatic Cancer Cell Lines 
	Intracellular Uptake of Pt Assessed by ICP-AES 
	Pt(HexIm)(phen) Induces Apoptosis on YAPC Cells 
	Pt(HexIm)(phen) Reduces YAPC Cells Migration 

	Discussion 
	Materials and Methods 
	Synthesis of [Pt(1-hexyl-1H-imidazole)(1-C2H4OEt)(phen)]Cl (Pt(HexIm)(phen)) 
	Cell Culture 
	Cytotoxic Assay 
	Clonogenic Survival Assay 
	Analysis by ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy) 
	Annexin V-Fluorescein Isothiocyanate (FITC)/PI Assay 
	Mitochondrial Membrane Potential (JC-1) Assay 
	Fluorescence Microscopy: Double Staining of Nuclei (DAPI) and Mitochondria (JC-1) 
	Preparation of Subcellular Fractions and Western Blotting 
	Transwell Chemotaxis and Migration Assay 
	3D Spheroid-Based Migration Assay 
	Statistical Analysis 

	Conclusions 
	References

