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ABSTRACT: Photodynamic therapy (PDT) is a promising strategy for
cancer treatment, yet the reliance on rare, expensive, and potentially
toxic heavy metals limits the practical application of many current
photosensitizers. In this study, we synthesized and evaluated a series of
iron(III)-N-heterocyclic carbene (Fe(III)-NHC) complexes (1−7)
bearing diverse substituents to explore their potential as cost-effective
alternatives for cancer therapy. While none of the complexes exhibited
significant singlet oxygen generation under light excitation, several
(particularly complexes 1, 2, 3, and 7) showed strong cytotoxicity
toward cancer cells even in the absence of photodynamic activation.
Structure−activity analysis revealed that hydrophobic or moderately
electron-donating groups enhanced cellular uptake and bioactivity, while
polar or bulky substituents reduced efficacy of cellular uptake, as
confirmed by ICP-MS and confocal fluorescence microscopy. Further biological studies suggested that the cytotoxic effects of these
compounds may stem from mitochondrial damage, potentially caused by disruption of mitochondrial membrane potential through
iron-mediated redox processes. These findings highlight the promise of Fe(III)-NHC complexes as potential chemotherapeutic
agents and underscore the importance of rational ligand design in modulating their biological activity.

■ INTRODUCTION
Photodynamic therapy (PDT) has emerged as a promising
approach for cancer treatment due to its precise spatiotempo-
ral selectivity, minimal invasiveness, and ability to selectively
destroy tumor tissues with reduced damage to surrounding
healthy cells.1,2 It serves as a powerful complement to
conventional therapies like surgery, chemotherapy, and
radiotherapy. Among various PDT agents, metal-based photo-
sensitizers (PSs) have attracted significant attention owing to
their superior photophysical and photochemical properties,
including high water solubility, excellent photostability,
efficient reactive oxygen species (ROS) generation, and
favorable (photo)chemical stability.1,3−6 These features grant
them considerable advantages in therapeutic performance and
clinical potential. Heavy metal complexes such as those of
Ir(III),7−10 Ru(II),11−13 and Os(II)14−16 have shown excep-
tional PDT performance and have been extensively studied.
However, these heavy metals are relatively scarce and
expensive, which limits their large-scale application and raises
sustainability concerns. In contrast, first-row transition metals
(e.g., iron, copper, manganese, cobalt) are abundant, cost-
effective, and environmentally friendly, making them highly
attractive candidates as next-generation PSs. Therefore, the
development of first-row transition metal-based PSs represents

a more promising and forward-looking strategy for advancing
PDT in both research and clinical settings. In pursuit of this
challenging goal, significant efforts have been devoted to
designing complexes based on first-row transition metals.17,18

Among these, iron has attracted particular attention. For
example, Chakravarty and co-workers developed several
phototoxic Fe(III)-based complexes to induce cell death
upon light excitation, utilizing a dipyrido[3,2-d:2’,3′-f]-
quinoxaline or a dipicolylamine moiety as effective PS
scaffolds.19−24 Inspired by the traditional Ru(II) polypyridine
complexes,25 our group has developed several Fe(II)
polypyridine complexes analogues.26,27 However, these iron
complexes exhibited low emission intensity, poor singlet
oxygen quantum yields, and limited phototoxic effects. This
is primarily attributed to the inherently low emission efficiency
and ultrashort excited-state lifetimes of Fe(II) complexes,
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caused by low-lying metal-centered (MC) states that facilitate
rapid deactivation of the excited charge-transfer (CT)
states.28,29 Recent studies, however, have demonstrated that
incorporating strongly σ-donating N-heterocyclic carbene
(NHC) ligands can elevate the energy levels of MC states
relative to CT states, thereby prolonging the excited-state

lifetimes and enhancing the photophysical properties of iron
complexes.30,31 Notably, a heteroleptic Fe(II) complex bearing
tripyridine and NHC ligands has been reported as an efficient
PS for light-driven water reduction.31 In addition, the recent
discovery of an NHC Fe(III) complex with exceptional
photophysical properties by Wa ̈rnmark and co-workers

Scheme 1. Synthesis Route for the Fe(III)-NHC Complexes 1−7

Figure 1. Molecular structure of complex 6 (all H atoms are omitted for clarity). Displacement ellipsoids are drawn at the 30% probability level.
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renewed hope for the development of iron-based PSs.32 This
Fe(III)-NHC complex was found to feature a charge-transfer
excited state with a 2 ns lifetime and a 2.1% emission quantum
yield under air-saturated acetonitrile. These remarkable
improvements in excited-state lifetime, photostability, and
visible-light emission compared to traditional iron complexes
highlight its potential for biomedical and photochemical
applications.

Inspired by the works described above, herein, we
synthesized Fe(III)-NHC complexes 1−7 bearing different
substituents, which were subsequently characterized and
biologically evaluated (Scheme 1). The N-methylpyridinium
and the PEG chain substituents were introduced in complexes
4 and 6 to improve their water solubility. All complexes display
visible-light absorption around 500 nm, making them attractive
for light-triggered applications. Despite their inability to
produce singlet oxygen for photodynamic tumor cell killing,
several of these compounds (1, 2, 3, 7) demonstrate significant
cytotoxicity against cancer cells, indicating their promise as
potential chemotherapeutic candidates.33,34

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The metal complexes

synthesized in this work are illustrated in Scheme 1. The
syntheses of compounds 1, 2, 5, and 7 have been previously
reported in the literature.32,35 Different NHC precursors L1,
L2, L3 were synthesized using phenyltrimethylsilane, 4-
bromophenyltrimethylsilane and 4-methoxyphenyltrimethylsi-
lane as starting materials, respectively. The Fe(III) complexes
1, 2 and 7 were synthesized by the reaction of the imidazolium
carbene precursors and FeCl2 in the presence of t-BuOK (1 M
in THF) under nitrogen atmosphere. Modification of complex
2 with a pyridine unit by a Suzuki cross-coupling yielded
complex 3, which was subsequently methylated to afford the
N-methylpyridinium complex 4. The improved aqueous
solubility of complex 4 is attributed to the increased polarity

and ionic character of the substituent. Additionally, the
introduction of a highly water-soluble PEG group in complex
5 yielded complex 6. Detailed procedures and characterizations
are provided in the Supporting Information. The structures of
all complexes were confirmed by 1H and 13C NMR
spectroscopy (Figure S1−S19) and high-resolution mass
spectrometry (Figure S20−S26). Dark red single crystals of
complexes 3, 4, and 6 were successfully obtained by slow
diffusion of diethyl ether into acetonitrile. Single-crystal X-ray
diffraction studies were carried out. Crystal data, structure
refinement parameters and molecular structures are provided
in the Supporting Information (Figure 1, Figure S27−S28 and
Table S1−S3). The coordination of the iron center with the
bis-tridentate NHC ligand led to the formation of complexes
with an octahedral geometry. Neither electron-donating nor
electron-withdrawing substituents, including pyridine, pyridi-
nium salts, or PEG chains, exert a significant influence on the
Fe−C bond lengths (2.00−1.96 Å) or the C−Fe−C bite angles
(87.3−86.7 °). The asymmetric unit of complex 3 consists of
two independent half cations of C46H46B2FeN14

+, a PF6
− anion,

and three acetonitrile molecules. The anion is fully disordered
over two sets of positions with site-occupancy factors of
0.201(2) and 0.799(2). One of the three solvent molecules of
acetonitrile is also disordered over two sets of positions with
site-occupancy factors of 0.452(5) and 0.548(5). Similarity
restraints were applied to the P−F, C−N and C−C bond
lengths in the disordered parts, while the corresponding atoms
were restrained to have similar atomic displacement parame-
ters. The crystal structure of complex 4 was refined as a non-
merohedral 2-component twin. The crystals were very flat red
plates and it was not possible to get an untwinned piece. The
cations lie on centers of inversion. The anions lie on general
positions and on centers of inversion. The former ones are
disordered over two sets of positions (except the central P
atoms) with site-occupancy factors of 0.506(5) and 0.494(5).
There are no strong hydrogen bonds in the crystal structure.

Figure 2. UV−vis spectra of the Fe(III)-NHC complexes 1−7 in CH3CN (50 μM).
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The predominant features of the crystal packing are C−H···F
and C−H···π intermolecular close contacts. The crystal
structure of complex 6 has been solved and refined successfully
with no unusual features. The cations lie on centers of
inversion while the anions lie on general position.
Photophysical Properties. Afterwards, we tested the

photophysical properties of the prepared metal complexes 1−7
to evaluate the prospects of their applications for PDT and
chemotherapy. The UV−vis spectra of complexes 1−7 show
an absorbance from 240 to 700 nm (Figure 2). All seven
complexes exhibit similar absorption profiles. In the 400−600
nm region, a broad band around 500 nm is observed for all
compounds, which can be assigned to a second ligand-to-metal
charge transfer (2LMCT) transition as it was described by
War̈nmark et al.32 The different substituents at the para-
position of the benzene ring have minimal influence on the
absorption characteristics in this region. All complexes also
display strong absorption bands in the UV region (<350 nm),
which are attributed to intraligand π−π* transitions. Notably,
complexes 3 and 4, bearing a pyridine and an N-
methylpyridinium substituent, respectively, exhibit significantly
enhanced absorbance in the UV region, likely due to the
stronger electron-withdrawing nature of these groups. For
further investigation of the photophysical properties, com-
plexes 1−7 were excited at 500 nm and their emission was
measured in CH3CN. All complexes exhibit a broad emission
band from 550 to 850 nm, which maximum is at 645 nm
(Figure S29). Notably, the complexes were found to be only
weakly emissive, with fluorescence quantum yields of
approximately 4% and 5% in CH3CN. Additionally, their
excited-state lifetimes were around 1.6 ns at room temperature,
under an oxygen concentration of approximately 21% of
saturation. No singlet oxygen emission was observed for these
iron complexes in CH3CN (Table 1), which is consistent with
the biological results.

(Photo)chemical Stability. To ensure that the synthesized
complexes maintain their structural integrity and functional
properties during use, we systematically investigated the
stability of complexes 1−7 in a commonly used organic
solvent and biological medium. The stability was evaluated in
CH3CN and DMEM supplemented with 10% FBS and 1%
antibiotics by UV−vis spectroscopy. Complexes 1−7 were
dissolved in the test solvent and stored at 37 °C. The

absorption spectrum of each complex was recorded from 250
to 750 nm after each time interval (0, 2, 6, 24, 48, and 72 h).
The solubility of complex 1 in DMEM decreases significantly
over time; however, its absorption bands remain unchanged.
This series of experiments suggests that all complexes are
stable in CH3CN and biological medium (Figure S30 and
S31). Subsequently, we investigated the photostability of the
compounds in the biological medium. The stability was
evaluated before illumination, immediately after illumination
at 540 nm for 40 min, and at 2, 6, and 24 h post-light
irradiation. Importantly, no significant changes in the
absorption spectra of complexes 1−7 were observed in
biological medium after illumination (Figure S32).
Cytotoxicity. To evaluate the potential activity of the iron

complexes as PSs, a fluorometric viability assay was performed
on glioblastoma cells (U87) and noncancerous retinal
pigmentary epithelial cells (RPE-1), with and without
illuminating the cells at 540 nm, a wavelength corresponding
to a major absorption peak for all synthesized compounds. For
this purpose, cells were incubated with different concentrations
of complexes 1−7 diluted in complete culture medium up to
100 μM. After 4 h, the compound solutions were replaced with
fresh complete culture medium. Protoporphyrin IX (PpIX)
was used as a positive control for photoactivation, while the
clinically approved chemotherapeutic agent cisplatin was tested
under the same conditions (without light excitation) for
comparison. This screening showed that complexes 4, 5, and 6
are nontoxic or present fairly low toxicity for both cell lines at
the tested concentrations. None of the compounds shows a
remarkable photoactivation upon illumination, but, surpris-
ingly, complexes 1, 2, 3, and 7 are highly cytotoxic after a short
incubation (4 h) − unlike cisplatin that needs longer treatment
time36 − even in the absence of light excitation, presenting
IC50 values between 1.87 and 2.87 μM in U87 cells, and
between 2.85 and 5.06 μM in RPE-1 cells. Upon light
excitation, a slight increase in cytotoxicity is observed,
particularly in cancer cells (see Table 2). Even though the
photoactivation of the cytotoxic complexes is not as effective as
the one of the control compound PpIX, they show higher
selectivity toward cancer cells (Figure S33).

Overall, although the iron complexes do not display strong
photoinduced effects, the pronounced dark cytotoxicity and
selective activity of complexes 1, 2, 3, and 7 in U87 cells
suggest their potential as promising anticancer agents
deserving further exploration.
Cellular Uptake and Localization Studies. The cellular

uptake of the complexes was then investigated in U87 cells by
determining the amount of boron inside the cells using
inductively coupled plasma mass spectrometry (ICP-MS). The
evaluation of boron amount (contained in the ligand) was
preferred to iron’s one because the presence of iron in
biological environments could affect the results. ICP-MS
analysis of cells incubated for 4 h with 1 μM of complexes 1−7
show that the cellular uptake of the less active compounds −
namely 4, 5, and 6 − is extremely low, comparable to the
untreated control, while complexes 1, 2, 3, and 7 − those
showing the highest cytotoxicity − accumulate in cells to a
greater extent (Figure 3a). These results suggest that the
different substituents of the synthesized compounds play an
important role in the intracellular internalization, which is
crucial to observe a biological effect.

To obtain further insight into the cellular uptake and
subcellular localization, confocal fluorescence microscopy

Table 1. Photophysical Properties of the Iron Complexes in
CH3CN

a

compounds
fluorescence

quantum yield (%)
fluorescence
lifetime (ns)

singlet oxygen
quantum yield

Ru(bpy)3 7.7 0.77
1 4.0 1.7 0.00
2 5.0 1.6 0.00
3 4.0 1.6 0.00
4 4.0 1.5 0.00
5 4.0 1.6 0.00
6 5.0 1.6 0.00
7 4.0 1.6 0.00
aTris(2,2′-bipyridyl) Ru(II) in acetonitrile was chosen as a standard
for both fluorescence and singlet oxygen quantum yield determi-
nation. The lifetimes were measured at room temperature and a
concentration of oxygen in the samples of around 21% of the
saturation.
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studies were performed on cells incubated for 4 h with
compound concentrations corresponding to their IC25.
Although all compounds display low quantum yields, intra-
cellular fluorescence is clearly detectable for complexes 1 and
7, confirming the efficient uptake observed by ICP-MS.
Complexes 2 and 3 show weaker intracellular fluorescence,
in agreement with their slightly lower internalization level
detected by ICP-MS. The less active compounds show barely

detectable or undetectable intracellular fluorescence corrobo-
rating the hypothesis of their lower biological activity related to
the inability to internalize inside the cells (Figure 3b).
Regarding the subcellular localization, the detectable com-
pounds do not colocalize with any particular organelle,
including nucleus, mitochondria, endoplasmic reticulum, or
endolysosomal compartment, as shown by the absence of
colocalization with the relative markers (Figure S34), but
rather exhibit heterogeneous distribution inside the cytoplasm.
Interestingly, the mitochondria of cells treated with the most
active compounds present compromised morphology, as the
organelle marker MitoTracker do not show the typical
mitochondrial staining pattern (Figure S34b). Following the
observation of this disruption, we conducted further studies to
estimate the impact of our compounds on mitochondrial
respiration.
Mitochondrial Respiration Studies. Mitochondria are

organelles responsible for producing adenosine triphosphate
(ATP) through oxidative phosphorylation. In addition to the
production of energy, they play key roles in various metabolic
pathways, the maintenance of ROS homeostasis, and the
regulation of apoptosis and programmed cell death.37,38 In
cancer cells, mitochondrial function is crucial and contributes
significantly to sustaining cell viability.39 The Seahorse XF
Analyzer was used to investigate the effect of the iron
complexes on the mitochondrial respiration through the Mito
Stress Test, performed following the Agilent protocol.40 U87
cells were incubated for 4 h with the compounds at a
concentration of 1 μM. After degassing the culture medium for
1 h in a non-CO2 incubator, the cells were treated with
sequential injections of specific inhibitors of the electron
transport chain. First, oligomycin was added to inhibit the ATP
synthase, then carbonyl cyanide 4-(trifluoromethoxy) phenyl-
hydrazone (FCCP) was then added as an uncoupling agent
that induces maximal oxygen consumption rate (OCR), finally
a combination of rotenone/antimycin A was injected to block
the electron transport chain to stop the mitochondrial O2

Table 2. IC50 Values in the Dark and upon Irradiation
(Light) at 540 nm (9 J·cm−2) on Glioblastoma (U87) and
Noncancerous Retinal Pigmentary Epithelial (RPE-1)
Cellsa

Compound Cell line IC50 dark (μM) IC50 light (μM) PI

1 U87 1.87 ± 0.24 0.93 ± 0.16 2.00
RPE-1 4.30 ± 0.22 3.05 ± 0.21 1.41

2 U87 1.47 ± 0.08 0.24 ± 0.11 6.05
RPE-1 2.85 ± 0.29 2.71 ± 0.67 1.05

3 U87 2.36 ± 0.32 0.40 ± 0.11 5.93
RPE-1 6.51 ± 0.19 4.48 ± 0.28 1.45

4 U87 50.98 ± 7.56 19.40 ± 5.10 2.63
RPE-1 >100 >100 n.d.b

5 U87 >100 >100 n.d.b

RPE-1 >100 >100 n.d.b

6 U87 >100 58.46 ± 6.57 n.d.b

RPE-1 >100 >100 n.d.b

7 U87 2.87 ± 0.00 2.01 ± 0.25 1.43
RPE-1 5.06 ± 0.48 4.94 ± 0.97 1.02

PpIX U87 71.33 ± 7.89 1.25 ± 0.03 57.2
RPE-1 >100 0.39 ± 0.04 n.d.b

Cisplatin U87 14.82 ± 2.12 n.d.a n.d.b

RPE-1 >100 n.d.a n.d.b

Ligand L1 U87 >100 n.d.a n.d.b

RPE-1 >100 n.d.a n.d.b
aAverage of three independent measurements. PI = phototoxicity
index (IC50 dark/IC50 light); n.d.a = not done; n.d.b = not
determinable.

Figure 3. Cellular uptake and localization studies. (a) Whole cell accumulation in U87 cells after 4 h incubation of 1 μM of complexes 1−7 (and
untreated cells as a control) assessed by Boron-11 quantification using high-resolution ICP-MS. The represented bars are the mean of three
replicates with related standard deviations. (b) Intracellular distribution of complexes 1−7 by confocal microscopy. Live U87 cells were imaged
following incubation with the compounds (magenta) at concentrations corresponding to their IC25 for 4 h and then with Hoechst 33342 (cyan) to
stain the nuclei. Scale bars are 10 μm.
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consumption. The results show that, in cells treated with the
most active complexes (1, 2, 3, and 7), ATP synthase is not
affected by the addition of oligomycin and the maximum OCR
reached after the addition of FCCP is very low, indicating a
severe impairment of mitochondrial respiration (Figure 4).
This is probably due to a permeabilization of the
mitochondrial membrane, as suggested by the confocal
microscopy images displaying an irregular mitochondrial
staining in cells treated with complexes 1, 2, 3, and 7 (Figure
S34b). This hypothesis is also supported by the higher
extracellular acidification rate (ECAR) presented by cells
treated with the four active compounds, indicating a switch to
the glycolytic metabolism for ATP production following a
severe mitochondrial damage (Figure 4). The less active
complexes (4, 5, and 6) display OCR and ECAR profiles
similar to those of the controls, i.e. untreated cells and cells
treated with cisplatin, which is known not to significantly affect
mitochondrial respiration at low concentrations and short
exposure times (Figure 4).37

■ CONCLUSIONS
In summary, we synthesized a series of Fe(III)-NHC
complexes 1−7 with different substitution groups. After
physical and biological evaluation, we found that they were
not effective in generating singlet oxygen to kill cancer cells.
However, they demonstrated excellent toxicity against tumor
cells. The potential of the synthesized complexes to be used as
chemotherapeutic agents has a direct relationship with their
structure. The most cytotoxic complexes (1, 2, 3, and 7) share
common structural features, such as hydrophobic or
moderately electron-donating substituents (e.g., aryl, aryl-
bromide, pyridyl, or methoxy groups), which are associated
with enhanced cellular uptake, as evidenced by our ICP-MS
and confocal microscopy analyses. In contrast, the less active
complexes (4, 5, and 6) bear highly polar or bulky

substituents�including carboxylic acids, quaternary ammo-
nium groups, or polyethylene glycol chains�which likely
reduce their membrane permeability and overall bioavailability.
These observations suggest that the attentive selection of
functional groups is crucial to achieve the desired biological
activity. Furthermore, the presented studies suggest that the
cytotoxic character of these compounds involves mitochondrial
damage. This might be due to the redox properties of iron
complexes, which lead them to interfere with and disrupt the
mitochondrial membrane potential.41−43 Overall, this study
demonstrates that such iron-based organometallic complexes
are promising compounds for further studies as anticancer
agents.

■ EXPERIMENTAL SECTION
Materials and Methods. All the reagents were purchased from

commercial sources and used without further purification. The
solvents were dried according to standard procedures. The
compounds were prepared as depicted in Scheme 1 and the detailed
synthetic procedures and characterizations are given in the Supporting
Information.

■ ASSOCIATED CONTENT
Data Availability Statement
All data associated with this study are present in the paper or
the Supporting Information.
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https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03185.
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Figure 4. OCR (top) and ECAR (bottom) profiles obtained by performing the Mito Stress Test in U87 cells after 4 h of treatment. Oligomycin,
FCCP, and rotenone together with antimycin A were sequentially added by the Seahorse XF analyzer. The represented points are the mean of three
replicates with related standard deviations. The color code is pictured on the right, including the mean values of OCR and ECAR for each
condition, with related standard deviations.
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