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Harnessing mitochondrial targeting: biguanide–
iridium(III) complexes with enhanced anticancer
activity in pancreatic cells
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Barry A. Blight b and Andreea R. Schmitzer *a

Targeting mitochondrial function offers a compelling route for

selective cancer therapy. We report the design, synthesis, and

biological assessment of three novel biguanide–iridium(III) com-

plexes as potent mitochondrial disruptors in pancreatic cancer cells.

These complexes demonstrate markedly enhanced cytotoxicity

compared to their parent biguanide ligands. Confocal imaging

confirms rapid mitochondrial localization within 30 minutes, with

subsequent impairment of the respiratory chain, suggesting a direct

mechanism of mitochondrial dysfunction. These results highlight

the therapeutic potential of iridium-based metallodrugs in targeting

metabolic vulnerabilities of pancreatic cancer.

Mitochondria are central to cellular energy metabolism, produ-
cing the majority of ATP required for vital cellular functions.
Beyond energy generation, they play a critical role in regulating
apoptosis, making them key targets in cancer therapy. Disrup-
tion of mitochondrial function is implicated in various diseases,
positioning mitochondria as attractive sites for therapeutic
intervention.1–9

Biguanides have garnered significant interest as anticancer
agents due to their protonatable nature, hydrogen-bonding
capacity, and inherent chemical reactivity. Notably, metformin,
originally used to treat type II diabetes, has demonstrated
antiproliferative effects in pancreatic cancer cells at high con-
centrations, primarily through inhibition of mitochondrial
complex I.10–23 Building on this, our group reported lipophilic
biguanide and biquaternary ammonium derivatives bearing
alkyl and aromatic side chains, which enhanced cellular uptake
and achieved low micromolar IC50 values, while retaining
mitochondrial activity.24,25

Another type of chemical structure that showed interesting
antiproliferative activity for the treatment of many cancers,
associated with mitochondria targeting properties, is iridium(III)

complexes.26–30 In addition to being lipophilic enough to permeate
cellular membranes, the photochemical properties of iridium(III)
complexes allow them to be used in imaging and photodynamic
therapy. Some metformin-iridium(III) complexes were previously
synthesized and showed to inihibit mitochondrial respiration.31

To date, no biguanide–iridium(III) complex has been studied for
the treatment of pancreatic cancer, which accounts for one of the
deadliest cancers in the contemporary world.

In this work, we designed three novel biguanide–iridium(III)
complexes, IRB1–IRB3 (Fig. 1), incorporating biguanide ligands
previously shown to exhibit notable antiproliferative activity: octyl-
biguanide, phenformin, and phenylethynylbenzyl-biguanide. These
ligands were coordinated to the dinuclear scaffold dichlorotetrakis-
(2-(2-pyridyl)phenyl)diiridium(III) via straightforward ligand
exchange reactions. The resulting complexes were fully charac-
terized by electrospray ionization mass spectrometry (ESI-MS),
as well as by 1H and 13C nuclear magnetic resonance (NMR)
spectroscopy, confirming the successful coordination and struc-
tural integrity of the metallodrugs.

To assess the anticancer potential of the synthesized biguanide–
iridium(III) complexes, their half-maximal inhibitory concentrations
(IC50) were determined in two pancreatic cancer cell lines: KP4 and
PANC-1. To evaluate selectivity toward malignant cells, cytotoxicity
was also measured in two non-cancerous cell lines: hTERT-HPNE
pancreatic epithelial cells and IMR-90 lung fibroblasts, from which
CC50 values were derived. The antiproliferative activity and selec-
tivity indices of IRB1–IRB3 were compared to their respective free
ligands under identical experimental conditions (Table 1). Notably,
all three complexes displayed lower IC50 values in cancer cells than
their uncoordinated ligands, highlighting the enhanced cytotoxic
efficacy conferred by iridium(III) complexation.

All three biguanide–iridium(III) complexes exhibited potent
antiproliferative activity against pancreatic cancer cell lines, with
IC50 values below 3 mM, which represents an activity 50-fold lower
than that of doxorubicin for the KP4 cell line, for example.25b

Interestingly, despite structural diversity among the biguanide
ligands, the IC50 values of the resulting iridium complexes were
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remarkably similar, suggesting that coordination to iridium(III)
overrides ligand-dependent variations in efficacy. For instance,
while octyl-biguanide alone displayed strong activity, its coordi-
nation in IRB1 yielded an equivalent IC50 in KP4 cells but
significantly improved potency in PANC-1 cells, reducing the
IC50 by threefold. Complexation of phenylethynylbenzyl-
biguanide (PEB-biguanide) in IRB3 led to five- and sevenfold
reductions in IC50 in KP4 and PANC-1 cells, respectively. Phen-
formin, the least active free ligand, exhibited the most dramatic
enhancement upon coordination: IC50 values decreased 24-fold
in KP4 and 67-fold in PANC-1 following formation of IRB2.

This increased potency was accompanied by a concomitant rise
in cytotoxicity, however, toward non-cancerous cells. Selectivity
indices (SI), calculated using CC50/IC50 ratios, fell below 2 for all
three complexes, indicating reduced discrimination between can-
cerous and healthy cells. While octyl-biguanide displayed the
highest initial selectivity, this advantage was largely lost in IRB1.
Similarly, both phenformin and PEB-biguanide showed dimin-
ished selectivity upon complexation in IRB2 and IRB3, respectively.
These findings underscore the potential of iridium coordination to
enhance cytotoxic efficacy, but also highlight the need for further
structural optimization to restore or improve selectivity and mini-
mize off-target effects in healthy tissues.

To decipher the mechanism of action of these efficient
biguanide–iridium(III) complexes, we decided to leverage the
intrinsic fluorescence properties of the complexes. Indeed, iri-
dium complexes are known to have intrinsic fluorescence prop-
erties, that can be used to image their cellular uptake and their
potential biological targets. We recorded the excitation and
emission spectra of biguanide–iridium(III) complexes IRB1–
IRB3 and saw that they emit a strong fluorescence between
450 nm and 600 nm (Table 2) with PLQYs of 0.4–0.58.

To elucidate the intracellular localization of our biguanide–
iridium(III) complexes, we employed fluorescence microscopy.

Given the well-documented mitochondrial affinity of both bigua-
nides and iridium(III) complexes, we hypothesized mitochondrial
targeting by our compounds. To validate this, pancreatic cancer
KP4 cells were co-stained with Mitotrackers Deep Red (MTDR)
and treated with complexes IRB1–IRB3 for 24 hours (Fig. 2A). The
pronounced colocalization observed between the complexes and
MTDR confirmed their mitochondrial accumulation.

To further investigate the kinetics of mitochondrial target-
ing, we conducted time-course studies at 4 hours, 2 hours, and
30 minutes post-treatment (Fig. 2B–D). Remarkably, all three
complexes exhibited rapid mitochondrial localization within 30
minutes of exposure. This swift targeting likely underpins the
low nanomolar IC50 values observed, as even minimal concen-
trations rapidly reach mitochondria to initiate antiproliferative
effects. Additionally, the sustained presence of IRB1–IRB3
within mitochondria after 24 hours suggests prolonged mito-
chondrial engagement, which likely contributes to durable
antiproliferative activity.

To delineate the mechanism underlying the antiproliferative
effects of our biguanide–iridium(III) complexes, we next investi-
gated their impact on mitochondrial respiratory chain function.
Mitochondria-targeting agents frequently disrupt specific respira-
tory complexes, impairing oxidative phosphorylation (OXPHOS).
To probe this, we conducted combination treatments of IRB1–
IRB3 with 2-deoxyglucose (2-DG), a glycolytic inhibitor that
impedes the compensatory glycolytic pathway often upregulated
in cancer cells harbouring mitochondrial dysfunction.

KP4 pancreatic cancer cells were exposed to sub-IC50 con-
centrations (0.5� IC50) of IRB1–IRB3 alone or in combination with
1 mM 2-DG, and cell proliferation was assessed (Fig. 3). In the
event of respiratory chain inhibition by the complexes, dual
blockade of OXPHOS and glycolysis would be expected to syner-
gistically reduce cellular growth compared to treatment with
complexes alone. Consistent with this hypothesis, all combined
treatments exhibited significantly diminished relative cell growth
relative to monotherapy, confirming that our biguanide–iridiu-
m(III) complexes impair mitochondrial respiration.

Notably, IRB3, bearing the PEB-biguanide ligand, demon-
strated the most pronounced enhancement of growth inhibition
in combination with 2-DG, aligning with previous findings that
PEB-biguanide derivatives mediate antiproliferative activity
through mitochondrial respiratory inhibition. These data collec-
tively substantiate that IRB3’s mechanism involves targeted
disruption of mitochondrial bioenergetics, potentiated by con-
comitant glycolytic suppression.

Fig. 1 Structure of biguanide–iridium(III) complexes IRB1–IRB3.

Table 1 IC50 and CC50 values of the biguanide–iridium(III) complexes and
biguanide ligands of the cancer cell lines and healthy cell lines

Compound

IC50 (mM) cancer cells CC50 (mM) healthy cells

KP4 PANC1 IMR90 hTERT-HPNE

IRB1 1.35 � 0.09 2.06 � 0.43 2.59 � 0.25 4.20 � 0.57
IRB2 2.40 � 0.41 2.66 � 0.37 3.90 � 0.32 4.89 � 0.73
IRB3 1.22 � 0.12 2.18 � 0.23 2.67 � 0.43 3.01 � 0.86
Octyl-biguanide 1.14 � 0.43 6.07 � 0.91 246 � 57 74 � 26
Phenformin 51a 180a 50 � 14 335 � 50
PEB-biguanide 6.13 � 0.80 15a 22.47 � 2.25 80.91 � 0.44

a From Hébert, A. et al. Scientific Reports 2021, 11(1).

Table 2 Excitation and emission maxima and average photolumines-
cence quantum yields of IRB1–IRB3. Samples were dissolved in chloro-
form, degassed with Argon, and spectra were recorded at 298 Ka

Ir(III) complex
Excitation
maxima (nm)

Emission
maxima (nm)

PLQY
(%)

IRB1 278 501 40
IRB2 280 501 45
IRB3 286 501 58

a Details on sample preparation and measurements are available in the
SI.
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In summary, we developed three novel biguanide–iridium(III)
complexes exhibiting potent antiproliferative activity against pan-
creatic cancer cells, surpassing that of their free biguanide ligands.
While increased toxicity toward healthy cells underscores the need
for improved cancer selectivity, their intrinsic fluorescence enabled
rapid mitochondrial localization within 30 minutes, sustained up
to 24 hours. Preliminary studies suggest disruption of the mito-
chondrial respiratory chain as a key mechanism of action. These
findings establish biguanide–iridium conjugation as a promising
strategy for mitochondria-targeted anticancer therapeutics and
their use in photodynamic therapy should be studied in the future.
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Fig. 2 Confocal microscopy images of KP4 pancreatic cancer cells treated with 100 nM of biguanide–iridium(III) complexes and colocalization with
MitoTracker Deep Red (objective 63�, scale bar 20 mm). (A) 24 h treatment (IRB1 rP = 0.94; IRB2 rP = 0.90; IRB3 rP = 0.95). (B) 4 h treatment (IRB1 rP =
0.91; IRB2 rP = 0.90; IRB3 rP = 0.94). (C) 2 h treatment (IRB1 rP = 0.90; IRB2 rP = 0.92; IRB3 rP = 0.94). (D) 30 min treatment (IRB1 rP = 0.90; IRB2 rP =
0.85; IRB3 rP = 0.96). DMSO-treated cells served as negative control, and measurements were performed in triplicate.

Fig. 3 Relative cellular growth of KP4 cells treated with sub-IC50 con-
centrations (0.5 � IC50) of IRB1–IRB3 (0.6 mM of IRB1, 1.2 mM of IRB2 and
0.6 mM of IRB3), with and without 1 mM 2-DG (** = p o 0.01, *** = p o
0.001). Measurements were performed in triplicate.
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