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ARTICLE INFO ABSTRACT

Keywords: The development of highly effective and selective anticancer agents remains a central challenge in oncological
Metal CO.mpleXES research. Herein, we report a systematic evaluation of the anticancer activity of a series of rhodium- and iridium-
Apoptosis based NHC (N-heterocyclic carbene) complexes (complexes 1, 3, 5-7), including the novel complex 3, as well as
Necm,m . two imidazole-containing complexes (2 and 4). Their cytotoxic profiles were investigated against B16-F10
Selective anticancer agents .

Rhodium(IIn melanoma cells and benchmarked against non-cancerous RAW 264.7 macrophage cells to assess cancer
Iridium(IIn) selectivity.

Cytotoxicity of complexes 1-7 was quantified using the crystal violet assay following exposure to 0.01 mM and
0.1 mM concentrations over 24, 48, and 72 h. Half-maximal inhibitory concentrations (ICso) were determined to
establish comparative selectivity and potency indices. Mechanistic insight was further obtained through
morphological assessment of treated cells at ICso values using polarised light optical differential interference
contrast (PlasDIC) microscopy.

At 0.1 mM, all complexes induced a pronounced reduction in B16-F10 cell viability, with complexes 2 and 3
emerging as the most potent, achieving >90% inhibition after 72 h. Notably, early time-point ICso values (24 h)
revealed marked cytotoxicity in melanoma cells (complex 2: 0.04 mM; complex 3: 0.05 mM), while eliciting
minimal effects in RAW 264.7 macrophages, indicating selective anti-cancer activity. Morphological analysis of
B16-F10 cells demonstrated features consistent with both apoptosis (membrane blebbing, apoptotic bodies,
nuclear fragmentation) and necrosis (cell swelling, debris). Cell cycle analysis demonstrated a general increase in
the S phase in B16-F10 cells, indicative of replication stress or cell cycle arrest, whereas no significant changes
were observed in RAW 264.7 cells.

Collectively, complexes 2, 3, and 5, display a compelling combination of potency and selectivity towards B16-
F10 melanoma cells, with reduced cytotoxicity towards non-cancerous RAW 264.7 cells. These results support
the continued development of NHC-based metal complexes as promising selective anticancer agents and warrant
further mechanistic and in vivo investigation.

1. Introduction

Transition metals such as rhodium and iridium have emerged as
promising candidates in cancer research owing to their unique chemical
properties, which allow them to form stable organometallic complexes
with a broad range of organic molecules [1]. These metals are particu-
larly valuable in the development of novel anticancer agents due to their
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ability to catalyse diverse and highly selective chemical transformations,
which can be exploited to target cancer cells selectively [1-3]. Rhodium
and iridium complexes can function as catalysts in biological systems, as
these metals can interfere with critical cellular processes such as DNA
replication, transcription, and repair by binding to nucleic acids and
proteins [2]. This multi-faceted mechanism of action can be particularly
effective against cancer cells, which often have altered metabolic
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pathways and repair mechanisms [3a,3b,3c,3d]. By further exploring
the unique properties of these transition metals, researchers are devel-
oping innovative therapies that may offer more effective treatment op-
tions for melanoma and other types of cancer.

In addition to the advantages that transition metals bring to cancer
research, the ligands attached to these metal centres can be tailored to
optimise their therapeutic potential for targeting cancer cells [3a]. In the
context of chemistry, a ligand is a molecule or ion that binds to a central
metal atom to form a coordination complex, thereby significantly
influencing the metal's chemical behaviour and biological interactions
[3a]. By altering these ligands, researchers can manipulate the proper-
ties of the metal complex, such as its stability, solubility, and reactivity
[3a]. For instance, ligands can be modified to enhance the selectivity of
the complex for cancer cells by incorporating targeting groups that
recognise specific receptors on the surface of cancer cells. Additionally,
the electronic and steric properties of ligands can be adjusted to control
the release of reactive species within the cellular environment,
enhancing the cytotoxic effects specifically in cancerous tissues while
minimising damage to healthy cells [3a]. Furthermore, the introduction
of hydrophilic or hydrophobic groups into the ligand system can be
tailored to improve the cellular uptake and distribution of the metal
complexes [3a,3b,3c,3d]. By carefully designing and modifying the li-
gands of metal complexes, researchers can enhance the effectiveness of
transition metal-based therapies, making them more precise and potent
in targeting cancer cells, such as those in melanoma. The ongoing
research into these metal-based chemotherapeutics not only advances
our understanding of their mechanisms of action but also holds the
potential to contribute to the development of novel, targeted cancer
therapies.

Melanoma, a malignancy originating from melanocytes [4], is
known for its aggressive behaviour and high metastatic potential [4],
which often results in a poor prognosis [5]. Despite advances in treat-
ment, the survival rate for melanoma remains low, particularly in cases
diagnosed at advanced stages [6]. In 2020, melanoma was responsible
for over 57,000 deaths globally, highlighting the urgent need for more
effective treatments [7]. Current therapies, including chemotherapeutic
agents such as doxorubicin, dacarbazine, and temozolomide, are often
limited by their non-selective toxicity and adverse effects, such as skin
toxicity and irreversible cardiotoxicity [8a,b]. Traditional approaches
like surgery and chemotherapy frequently face challenges related to
recurrence and high toxicity to healthy tissues [9]. As a result, there is a
growing need for alternative treatments that offer better specificity and
reduced side effects. The innovative use of transition metals and their
modifiable ligand environments presents a promising avenue for
developing new, more effective cancer therapies that could potentially
overcome the limitations of current melanoma treatments and improve
patient outcomes.

Previously, it was thought that rhodium(IIl) and iridium(III) com-
plexes are unlikely to be suitable candidates for anticancer studies due to
the typically stable and unreactive nature of the transition metal centre
[2,3,10]. Interestingly, the biological activity of these complexes can be
tuned by modifying the ligands attached to these transition metal
complexes. Coordination of ligands that are cytotoxic is a unique
approach due to the possible improvement of pharmacokinetic proper-
ties and bioavailability of the complexes. The transition metal centre
thus serves as a stable scaffold, facilitating the delivery of biologically
active ligands to target cell systems. Furthermore, these ligands can be
modified to include water-soluble moieties or cellular targeting func-
tionalities. Ir(III) shows a noticeable softness and, as a result, preferen-
tially binds to ligands with soft donor atoms such as the sulphur atoms of
the amino acids (methionine and cysteine) in peptides and proteins or
the imino nitrogen atoms of nucleotide bases [3]. Rh(III), however,
displays more borderline properties and will be better suited to bind to
hard donor atoms such as the carboxylate oxygen and amino nitrogen
atoms [3]. These properties ensure that similar Rh(IIl) and Ir(III) com-
plexes will favourably bind to different target molecules in the biological
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system, thus analogous complexes might have different reactivities to
the melanoma cell line [3]. It is possible to infer that Ir(III) metal centres
will be more prone to bind to and disrupt DNA replication and tran-
scription, whereas Rh(III) metal centres may preferentially interact with
active sites of proteins essential for cellular replication in cancer cells,
thereby inducing cell death [3].

In this study the focus is placed on half-sandwich Rh(III) and Ir(III)
N-heterocyclic carbene (NHC) complexes bearing cyclometallated moi-
eties and related coordination complexes. In NHC-complexes the metal
centre is coordinated to an imidazolium-based ligand system, and these
pre-ligands themselves have shown promising anti-cancer activity
[11-13]. What makes these imidazolium salts such attractive anticancer
agents, lies in their tunability, particularly with regards to their solu-
bility and lipophilicity. An imidazolium salt can incorporate a highly
polar moiety on one N-substituent and a highly lipophilic substituent on
the opposite nitrogen in the heterocycle, thereby creating an amphi-
philic system capable of interacting with both aqueous media and the
non-polar regions of the cells.

The half-sandwich complex motif itself has demonstrated potential
anticancer activity through its ability to intercalate with the DNA of
cancerous cells [14,15]. The incorporation of cyclometallated-NHC li-
gands increases the electron density at the metal centre thus improving
stability, enhancing oxidising ability [16] and providing lability for
ligand exchange in-vitro [15]. Despite the growing interest in metal-
based anticancer agents, the anticancer activity of group IX NHC com-
plexes with carbon-based tethers remains underexplored [17], with only
a small number of examples reported in the literature to date [18-20].

This study focuses on the anti-cancer activity of previously reported
Rh(II) and Ir(IlI) based NHC complexes [18,21,22] and a novel cyclo-
metallated rhodium(III) complex, 3. Complexes (1-2 and 4-7 Scheme 1)
have been synthesised as described in literature [18,21]. Anti-cancer
activity of these complexes against melanoma cell line B16-F10 and
mode of action is herein reported in addition to the synthesis and
characterisation of the novel complex 3 (Scheme 2).

Scheme 1. Previously synthesised Rh(III) and Ir(III) NHC complexes (1,5,6 and
7) and coordination complexes (2 and 4) used in this study [18,21,22]
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Scheme 2. Novel Rh(III) complex 3 synthesis.
2. Materials
2.1. Cell culture

The cancerous murine B16-F10 melanoma cell line was used along-
side the non-cancerous control cell line RAW 264.7 macrophages. The
B16-F10 melanoma cell line, originating from melanin-producing mouse
melanoma of the C57BL/6 strain, was obtained from the American Type
Culture Collection (ATCC® CRL-6475™). The RAW 264.7 macrophage
cell line, derived from mouse monocytes from Abelson murine
leukaemia virus-induced tumours in the BALB/c mouse strain, was ac-
quired from CELLONEX and supplied by Separation Scientific, South
Africa. All cell lines were cultured in Dulbecco's modified Eagle's me-
dium (DMEM) supplemented with 2 nM glutamine, 10% foetal calf
serum, and 1% antibiotics (streptomycin, penicillin, and fungizone). The
cells were maintained at 37 °C in a humidified atmosphere containing
5% carbon dioxide and 95% oxygen. The cells were routinely cultured
with media changes every 2-3 days, and passage numbers between 5
and 15 were used for all experiments. Nocodazole (NOC) was used as a
mitotic inhibitor in the positive control in cytotoxicity at a concentration
of 13.28 pM [8b]. NOC is a benzimidazole-based compound that mimics
the biological activity of Taxol and acts as an inhibitor of microtubule
function. It has also been reported to inhibit TUBB4A, a protein involved
in several intracellular processes, including mitosis, cell motility, and
intracellular transport [8c]. NOC was purchased from Merck Millipore.

2.2. Metal complexes synthesis

Complexes 1, 2, and 4-7 were used as previously synthesised
[18,21] (Scheme 1), only with extra purification (recrystallisation) to
ensure maximum purity for biological testing purposes. The imidazo-
lium salt L1 was also synthesised according to a literature method [23].
Methyl imidazole was dissolved in 10 mL of acetonitrile (CH3CN), fol-
lowed by the addition of the allyl bromide in a drop-wise fashion. The
reaction mixture was then refluxed overnight, and the resulting solution
was concentrated in vacuo, followed by washing the crude mixture with
diethyl ether and ethyl acetate to yield the Imidazolium salt L1 as a dark
brown oil (80% yield). Complex 3 was subsequently synthesised
(Scheme 2) through a modification of the well-known transmetallation
method, using L1 and the rhodium precursor [RhCp*Cly]o. L1 (1
equivalent) was stirred in DCM with Ag>0O (1.2 equivalents) at room
temperature for one hour in the absence of light followed by subsequent
filtration of excess Ag>0O and addition of 1,2,3,4,5-pentamethylcyclo-
pentadienyl rhodium(III) dichloride dimer ([RhCp*Cly]2) (0.5 equiva-
lents) which was then heated at 40 °C overnight. The resultant red
solution was filtered through celite and concentrated in vacuo, with the
crude product still containing unreacted starting materials. Complex 3
was purified using silica flash chromatography with gradient elution
(diethyl ether (Et;0) and chloroform (CHCl3) mixtures with increasing
polarity, 75:25-50:50 Et;0:CHCl3), resulting in the isolation of 3 as a
bright orange powder (isolated yield of 60%). Looking at the structure of
3 (Scheme 2) isomerisation and cyclometallation occurred. It was the-
orised that the ligand system used in 3 would act similarly to an almost
identical ligand system used previously with complex 1 [18] where
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cyclometallation and isomerisation occurred. Therefore, this ligand
system acted as expected with this novel complex being an important
addition to the ligand series. This was confirmed by nuclear magnetic
resonance (NMR) spectroscopy. The 'H NMR and '°C NMR spectra an-
alyses of 3 are presented in SI, Fig. S1 and Fig. S2, while characterisation
data of 1, 2, and 4-7 have been published recently [18,21] and pre-
sented in the journals' Supporting Information, which is available free of
charge. High resolution mass spectroscopy (HR-MS) and elemental
analysis (EA) helped confirm the structure and purity. EA data found
(calculated) C;7H24CINoRh: C, 51.52 (51.73); H, 6.04 (6.13); N, 7.06
(7.10). HR-MS (ESI) m/z found (caled): (M") 394.0696 (394.0700)
caled. For C17H24CINoRh. A mechanism of isomerisation and cyclo-
metallation has previously been postulated [18].

2.3. Metal complex preparation

Stock solutions were prepared at 1 mM and stored at —20 °C, pro-
tected from light. Before dilution, the solutions were thoroughly mixed
by sonicating for 2 h and heated at 50 °C in a water bath for 10 min to
achieve homogeneity. Concentrations of metals were evaluated at final
concentrations of 0.01 mM and 0.1 mM. The compounds were dissolved
in sterile ddH,O (deionised water) and vehicle control solutions con-
tained only ddH5O.

3. Methods
3.1. Crystal violet assay

B16-F10 melanoma cells were seeded at a density of 5000 cells per
well (90 pL), while RAW 264.7 macrophage cells were seeded at 10,000
cells per well (90 pL), both in 96-well plates. After seeding, the cells were
incubated overnight at 37 °C in a humidified atmosphere with 5% COx to
allow for proper attachment. Following the attachment period, the cells
were exposed to metal complexes at final concentrations of 0.01 mM and
0.1 mM. The cells were then incubated for 24, 48, and 72 h, and after the
incubation periods, the cells were fixed with 11 pL of 20% formaldehyde
(final concentration 2%). Subsequently, the cells were stained with 100
pL of 0.1% (w/v) crystal violet dye and further incubated at room tem-
perature for 30 min. Plates were then washed with tap water to remove
any unbound CV dye and dried, after which, the bound CV dye was
solubilised with 100 pL of 10% (v/v) acetic acid. Absorbance readings
were then read using a FluoSTAR® Spectrophotometer (Offenburg,
Germany) at a wavelength of 630 nm. Results were reported as % cell
number with the vehicle control taken as 100% cell viability. A non-
linear regression model was applied to the dose-response data to
determine the ICsq values. To validate these calculated ICsq values, the
cells were then exposed to the metal complexes at the experimentally
derived ICsg concentrations and incubated for 24-h, the time point at
which the ICso was obtained. Following this, the crystal violet staining
and absorbance measurement procedures were repeated as described
above.

3.2. Polarisation optical differential interference contrast microscopy

B16-F10 and RAW 264.7 cells were seeded on heat-sterilised cov-
erslips in a 24-well plate at densities of 10,000 and 20,000 cells per well
(450 pL), respectively. After seeding, the cells were incubated overnight
at 37 °C in a humidified atmosphere with 5% CO; to facilitate cell
attachment. The next day, the cells were exposed to metal complexes at
their respective ICsy concentrations and incubated for an additional 24-
h. To assess morphological alterations, the coverslips were examined
using a Zeiss Axiovert CFL40 inverted microscope (Zeiss, Oberkochen,
Germany) with a 40x objective lens. This allowed for detailed imaging
of any changes in cell morphology induced by the metal complexes.
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3.3. Cell cycle analysis

The B16-F10 and RAW 264.7 cells were seeded at 15,000 and 20,000
cells per well respectively in a 6-well plate and incubated overnight to
allow for attachment. All cell lines were exposed to metal complexes at
final ICsg concentrations for 24-h. Thereafter B16-F10 were trypsinised
and RAW 264.7 cells were scraped and centrifuged in the respective
treatment groups. Thereafter cells were washed twice with PBS and
resuspended in 70% methanol for fixation and permeabilisation. For cell
cycle analysis, cells frozen in methanol were washed in 0.5% BSA/PBS
twice and counted to 1 x 10° cells per mL using trypan blue. Cells were
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incubated for 40 min with 40 pg/mL PI, 100 pg/mL RNase and 0.1%
Triton-X in 0.1 M PBS in a ratio of 1:1:1:7, respectively. Cells were
centrifuged, washed in 0.5% BSA/PBS solution, transferred to
fluorescence-activated cell sorting (FACS) tubes and analysed in the
CytoFLEX S Flow Cytometer (Beckman Coulter, Florida). All samples
were gated against the stained control according to the Sub-G1, G1, S
and G2/M phases of the cell cycle observed in the stained control. Re-
sults were then recorded as a percentage of cells in phases of the cell
cycle against the stained control using Kaluza C software (version 1.2.1).
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Fig. 1. Crystal violet analysis for B16-F10 and RAW 264.7 cells after exposure to complexes 1-7 after 24, 48 and 72 h. Graph (A) B16-F10 and (B) RAW 264.7 cells
after 24-h of exposure. Graph (C) B16-F10 and (D) RAW 264.7 cells after 48-h of exposure. Graph (E) B16-F10 and (F) RAW 264.7 cells after 72-h of exposure. Solid
bars are represented by 0.01 mM concentration and striped bars are 0.1 mM concentration for NHC complexes. (VC) vehicle control, (1) Complex 1, (2) Complex 2,
(3) Complex 3, (4) Complex 4, (5) Complex 5, (6) Complex 6, (7) Complex 7 and NOC. NOC was exposed at 0.013 mM. Data is an average of triplicate experiments
represented and mean + SEM. The following symbol (*) represents a significant difference between vehicle control and metal complexes. (*p < 0.05; **p < 0.01;
**¥p < 0.001; ****p < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Statistical analysis

Each quantitative assay consists of three technical repeats, and each
experiment was repeated at least three times. The data are presented as
means + standard error of the mean (SEM). GraphPad Prism v7.01
(California, USA) was used to perform a statistical analysis of the data.
The data were evaluated for normality using the D'Agostino-Pearson
omnibus normality test and depending on normality either a one-way
ANOVA or a Kruskal-Wallis test with multiple comparisons were done.
Significant differences (p < 0.05, at 5% significance level) were deter-
mined for the NHC complexes compared to the control. Effect sizes were
calculated using eta squared (%) values derived from ANOVA analyses
and are presented in the Supplementary Information (Table S1).

5. Results
5.1. Cytotoxicity of rhodium and iridium complexes

The B16-F10 and RAW 264.7 cells were treated with rhodium- and
iridium-based NHC complexes at concentrations of 0.01 mM and 0.1 mM
for 24, 48, and 72 h (Fig. 1, Table 1). Following treatment, half inhibi-
tory concentration (ICsg) values were determined and used for further
testing of each complex.

5.2. Half inhibitory concentration determination

The ICs( values for the complexes were determined at 24, 48, and 72
h. A comparative analysis was conducted to select the most optimal ICsq
values, allowing a calculation of extrapolated ICsy values from the
concentration range tested (0.01-0.1 mM). Notably, the 24-h exposure
time point emerged as the most suitable duration, as it exhibited the
least cytotoxic impact on RAW 264.7 cells while concurrently main-
taining cytotoxicity against B16-F10 cells. Therefore, the B16-F10 cells
were exposed to the calculated ICsg values (shown in Table 2) for 24-h
and re-tested for cell number.

The B16-F10 cells exposed to the corresponding complexes at the
calculated ICsp concentrations (Table 3) had approximately 50% cell

Bioorganic Chemistry 180 (2026) 110183

Table 2
Calculated ICsq values of complexes in B16-F10 and RAW 264.7 cells at 24-h.

Metal Complex Concentration B16-F10 RAW 264.7
ion number range Calculated calculated ICsg
IC50 (mM) (mM)

Rh(IID) 1 0.01 mM - 0.1 0.08 1.00

2 mM 0.04 0.07

3 0.06 0.08

4 0.09 0.37

5 0.09 0.22
bam:— g 0.09 0.24

7 0.07 0.59

Table 3

Selectivity Index of B16-F10 cell viability compared to RAW 264.7 cell viability.

Metal B16-F10 RAW 264.7 Selectivity index

complex viability (%) viability (%) B16 — F10
RAW 264.7

1 47.02 97.35 0.48

2 41.96 98.51 0.43

3 48.36 100.36 0.48

4 47.89 99.11 0.48

5 40.89 95.32 0.43

6 49.96 97.08 0.51

7 52.61 92.97 0.57

NOC 78.40 55.66 1.41

death after 24-h (Fig. 2). Specifically, complex 5 had the most significant
reduction in cell viability with 40.89% (p < 0.0001) followed by com-
plex 2 (41.96%, p < 0.001), complex 1 (47.02%, p < 0.0001), complex 4
(47.89%, p < 0.0001), complex 3 (48.36%, p < 0.0001), complex 6
(49.96%, p < 0.0001) and complex 7 (52.61%, p < 0.0001). NOC-
exposed cells also showed a significant decrease in B16-F10 cell
viability with 78.40% (p < 0.0001) (Fig. 2). Conversely, RAW 264.7 cells
showed no significant cytotoxicity after exposure at ICso. Complex 7
showed the most reduction in cell viability with 92.97% (p = 0.5969)
followed by complex 5 (95.32%, p = 0.8956), complex 6 (97.08%, p =
0.9910), complex 1 (97.35%, p = 0.9951), complex 2 (98.51%, p >

Table 1
Summary of cytotoxic effects of complexes on B16-F10 and RAW 264.7 cells.
Time Cell line Complex Conc. Key findings Most cytotoxic complex(es) (% Least cytotoxic NOC Notes
(h) (mM) cell death) (% cell death) activity
At 0.013
mM
(% cell
death)
24 B16-F10 0.1 Strong cytotoxicity 3 (77.79%), 2 (76.57%), 4~6~1 All significant (p <
7 (69.88%) (58.47-59.88%) 0.0001)
B16-F10 0.01 No significant cytotoxicity 5 (12.22%), 2 (10.54%) Others negligible ~ 29.56% Overall non-significant
RAW 0.1 Moderate cytotoxicity 3 (62.97%), 2 (30.88%) 1 (10.01%) Overall significant
264.7 44.61%
RAW 0.01 Minimal cytotoxicity 5 (28.58%) Others negligible Overall non-significant
264.7
48 B16-F10 0.1 Increased cytotoxicity vs. 24 3 (88.97%), 2 (86.79%) 1 (8.58%) Strong time dependence
h
B16-F10 0.01 Significant cytotoxicity 4 (36.92%), 3 (33.49%), 6 (8.85%) 40.36% All significant
emerges 5 (28.40%)
RAW 0.1 Increased toxicity, but < 2 (80.84%), 3 (79.83%), 1 (11.22%) All significant
264.7 B16-F10 5 (75.09%)
RAW 0.01 No significant cytotoxicity 5 (8.06%, non-significant) Others negligible ~ 57.02% Some cell growth
264.7 observed
72 B16-F10 0.1 Maximum cytotoxicity 2 (91.58%), 3 (90.85%), 1 (18.74%) Strongest overall effect
observed 6 (75.84%)
B16-F10 0.01 Moderate but significant 2 (47.78%), 5 (41.16%), 7 (21.71%) 51.64% All significant
toxicity 4 (39.47%)
RAW 0.1 High cytotoxicity 6 (87.83%), 3 (87.38%), 1 (18.86%) Comparable to B16-F10
264.7 2 (85.57%)
RAW 0.01 No meaningful cytotoxicity 2 (~2.55%, non-significant) Growthin3,6,7  68.79% Mostly non-significant
264.7
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Fig. 2. Crystal violet analysis for B16-F10 and RAW 264.7 cells after exposure to complexes 1-7 after 24-h at ICso concentrations. Solid bars represent B16-F10 cells
while striped bars represent RAW 264.7 cells. (VC) vehicle control, (1) complex 1, (2) complex 2, (3) complex 3, (4) complex 4, (5) complex 5, (6) complex 6, (7)
complex 7 and (NOC) nocodazole. NOC was exposed at 0.013 mM. Data is an average of triplicate experiments represented and mean + SEM. The following symbol
(*) represents significant difference between vehicle control and metal complexes (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Polarisation-optical transmitted light Differential Interference Contrast (PlasDIC) micrographs of B16-F10 cells at 24-h after exposure to the B16-F10 ICsq
values of complexes. (A) control cells treated with ddH,O (B) complex 1 treated cells (C) complex 2 treated cells (D) complex 3 treated cells (E) complex 4 treated
cells (F) complex 5 treated cells (G) complex 6 treated cells (H) complex 7 treated cells (I) NOC-treated cells. Micrographs were taken at 40 x magnification. Orange -
membrane blebbing, Red - cytoplasmic extensions, Yellow - apoptotic blebbing, Blue - cell rounding, Green - cell swelling, White - cell debris. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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0.9999) and complex 4 (99.11%, p > 0.9999). Complex 3 showed a non-
significant increase in cell growth with 100.36% (p > 0.9999). However,
NOC showed a 55.66% (p < 0.0001) reduction in RAW 264.7 cells
(Fig. 2).

To evaluate the relative sensitivity of B16-F10 cells to the metal
complexes, a selectivity index (SI) in viability was calculated by dividing
B16-F10 cell viability by RAW 264.7 cell viability at the ICs¢ concen-
trations (Table 3). Any SI value below 1 shows a greater selectivity of the
complex to killing B16-F10 cells vs. RAW 264.7 cells. All metal com-
plexes produced SI values well below 1 (0.43-0.57), indicating that
melanoma cells were significantly more susceptible to these metal
complexes compared to the RAW 264.7 control cells. In particular,
complexes 2 and 5 showed the greatest preferential reduction in B16-
F10 viability (SI ~ 0.43), reflecting strong anticancer activity. In
contrast, NOC yielded a SI greater than 1 (1.41), demonstrating higher
toxicity towards RAW 264.7 cells compared to B16-F10 cells. This sug-
gests the metal complexes have a greater selectivity towards the B16-
F10 cells.

5.3. Cellular morphology

B16-F10 and RAW 264.7 cells were exposed to the complexes at the
B16-F10 calculated ICsq concentrations to evaluate the effect on cellular
morphology, using PlasDIC techniques. After 24 h of exposure, the un-
treated B16-F10 cells had a typical elongated fibroblast-like shape with a
high cell density (Fig. 3A). On the other hand, the metal complex-
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exposed B16-F10 cells showed frequent apoptotic and necrotic
morphological characteristics as well as a reduced cell density compared
to the untreated control. Apoptotic morphological associations include
cell protrusions (Fig. 3C-H), cell rounding (Fig. 3C-F) as well as mem-
brane (Fig. 3B, Fig. 3D, Fig. 3F, Fig. 3G and Fig. 3H) and apoptotic
blebbing (Fig. 3C-G), which can be seen overall throughout all of the
complexes. Moreover, necrotic morphological associations include cell
debris (Fig. 3B) and cell swelling (Fig. 3C, Fig. 3D and Fig. 3H). The
NOC-exposed cells only showed membrane blebbing (Fig. 3I).

The untreated RAW 264.7 cells had a typical rounded shape
(Fig. 4A). After exposure to the metal complexes at calculated ICsg
concentration values, RAW 264.7 cells all presented with features of
apoptosis. These features include cell protrusions (Fig. 4C, Fig. 4D,
Fig. 4F and Fig. 4H), cell rounding (Fig. 4B, Fig. 4G and Fig. 4H) and
membrane blebbing (Fig. 4E-G). NOC-exposed cells showed cytoplasmic
protrusion, cell rounding, blebbing and debris (Fig. 4I).

5.4. Cell cycle analysis

Cell cycle distribution in B16-F10 cells was assessed following
treatment with the metal complexes at their respective ICsy concentra-
tion values (Fig. 5). In the vehicle control group, the majority of cells
were observed in the G1 phase (72.74%), with smaller populations in the
Sub-G1 (4.95%), S (7.47%), and G2/M (14.88%) phases, establishing
the baseline for comparison.

Exposure to all complexes (1-7) resulted in a significant reduction (p

Fig. 4. Polarisation-optical transmitted light Differential Interference Contrast (PlasDIC) micrographs of RAW 264.7 cells at 24-h after exposure to the metal
complexes (A) control cells treated with ddH,O (B) complex 1 treated cells (C) complex 2 treated cells (D) complex 3 treated cells (E) complex 4 treated cells (F)
complex 5 treated cells (G) complex 6 treated cells (H) complex 7 treated cells (I) NOC-treated cells. Micrographs were taken at 40x magnification. Orange -
membrane blebbing, Red - cytoplasmic extensions, Blue - cell rounding, White - cell debris. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. Cell cycle analysis of B16-F10 cells exposed to metal complexes 1-7 after 24-h using cell cycle analysis at ICsq values. (VC) vehicle control, (1) complex 1, (2)
complex 2, (3) complex 3, (4) complex 4, (5) complex 5, (6) complex 6, (7) complex 7 and (NOC) nocodazole. NOC was exposed at 0.013 mM. Data is an average of
triplicate experiments represented and mean + SEM. The following symbol (*) represents a significant difference between vehicle control vs. metal complexes at each
respective cell cycle phase (Sub-G1, G1, S and G2M phase). (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

< 0.0001) in the proportion of cells in the Sub-G1 and G1 phases,
accompanied by a significant increase (p < 0.0001) of cells in the S and
G2/M phases, indicating a disruption of normal cell cycle progression.
Among the complexes, complex 6 induced the most significant G1 phase
arrest reduction, decreasing the cell population from 72.74% in the
control to 5.59% (p < 0.0001), while complex 1 caused the most sig-
nificant increase in S phase cells (51.4%, p < 0.0001) compared to the
control (7.47%). Similarly, complex 6 produced the most significant
increase in the G2/M phase population (56.35%, p < 0.0001) relative to
the control (14.88%). Consistent with its known activity as a G2/M
checkpoint inhibitor, the positive control NOC induced the highest
accumulation of cells in the G2/M phase (62.00%, p < 0.0001).

Cell cycle analysis of RAW 264.7 cells showed that the vehicle con-
trol group exhibited a normal distribution across the different cell cycle
phases, with 0.56% in Sub-G1, 78.34% in G1, 2.66% in S, and 18.26% in
G2/M (Fig. 6). These values served as the baseline for assessing the
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effects of the metal complexes at their respective ICso concentrations.
Treatment with the metal complexes produced variable but generally
non-significant changes on cell cycle progression. Complexes 1, 2, and 4
caused a non-significant decrease in the Sub-G1 population, whereas
complexes 3 and 5-7 resulted in an increase in Sub-G1 cells relative to
the control, suggesting a possible but statistically insignificant trend
towards cell death induction in these treatments. All complexes (1-7)
induced an increase in the proportion of cells in the G1 phase, with
complex 3 showing the highest percentage (88.11%) compared to the
control (78.34%). However, this increase was not statistically signifi-
cant. Complexes 1-3 and 6-7 exhibited a non-significant decrease in the
S phase population, whereas complexes 4 and 5 showed a slight, non-
significant increase in this phase. A decrease in the G2/M phase popu-
lation was observed for all complexes (1-7) when compared to the
control, with complex 5 showing the largest reduction (5.44%) relative
to value of 18.26% in the control. Although this trend was consistent
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Fig. 6. Cell cycle analysis of RAW 264.7 cells exposed to metal complexes 1-7 after 24-h using cell cycle analysis at ICso. (VC) vehicle control, (1) complex 1, (2)
complex 2, (3) complex 3, (4) complex 4, (5) complex 5, (6) complex 6, (7) complex 7 and (NOC) nocodazole. NOC was exposed at 0.013 mM. Data is an average of
triplicate experiments represented and mean + SEM. The following symbol (*) represents a significant difference between vehicle control vs. metal complexes at each
respective cell cycle phase (Sub-G1, G1, S and G2M phase). (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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across treatments, most of these changes were not statistically signifi-
cant, indicating that the metal complexes exerted only minor effects on
RAW 264.7 cell cycle distribution under the tested conditions.

6. Discussion

This study demonstrated the cytotoxic effects of N-heterocyclic car-
bene complexes of rhodium and iridium on B16-F10 melanoma cells and
non-cancerous RAW 264.7 macrophages. The findings offer significant
insights into the potential anticancer properties and selectivity of these
group IX transition metal complexes.

6.1. Cytotoxicity and selectivity

The results of the crystal violet assay showed that all complexes
exhibited significant cytotoxic effects in B16-F10 melanoma cells. At the
tested ICso concentrations (Fig. 2) high potency was observed for the Rh
(II1) complexes 1, 2 and 3 (52.98%, 58.04%, and 51.64% cell death
respectively). Additionally, apoptosis and some necrosis was observed
(Fig. 3 and Fig. 4). Complex 1 has been previously tested in a study on
different cancer cell lines by Landman et al., [18] showing high toxicity
at ICsp (3.79-13.07 pM). However, in this study the complex was
determined to be poorly selective towards breast cancer cell lines (A459,
BT20, C2C12, HepG2, MCF-7 and MDM-MB-231) with complex 1 having
a low ICsp of 4.40 pM towards non-cancerous MCF-12 A cells. This is
contrasted by the results obtained in this study, where complex 1
showed more specificity towards the B16-F10 cells vs. the RAW 264.7
cells at the tested ICsg concentration, with a 0.48 SI (Table 3). However,
at higher concentrations (0.1 mM), RAW 264.7 cells showed equal
toxicity compared to B16-F10 cells (24-72 h) (Fig. 2). This suggests that
complex 1 is potentially more preferential for use in cases of melanoma
at the lower ICsg concentration compared to the previous studies' tested
cancer cell lines [18]. However, more control cell lines need to be tested
to confirm this.

Additionally, in other literature, Rh(III) complexes have also shown
promising anticancer potential, with Sheldrick et al. reporting Rh(III)
complexes exhibiting high toxicity in MCF-7 and HT-29 (colorectal)
cancer cell lines (ICso 0.055-0.285 pM) after 72-h [24a]. These com-
pounds were found to accumulate in mitochondria, elevate intracellular
reactive oxygen species (ROS) levels, and initiate programmed cell
death. Additionally, some of these Rh(III) complexes demonstrated
enhanced metallointercalating properties due to specific ligand struc-
tures, suggesting that ligand design plays a critical role in determining
the biological activity of these compounds [24a]. This is consistent with
findings in the current study, where all Rh(III) complexes exhibited the
most pronounced cytotoxic effects in B16-F10 melanoma cells. The
observed variation in cytotoxic potency among the Rh(III) complexes
might be influenced by ligand-dependent differences. These structural
differences can influence cellular uptake, DNA binding, or mitochon-
drial affinity [3]. For example, complex 2, being a coordination com-
pound with an imidazole ring binding through the nitrogen atom to the
metal (Scheme 1), could owe its high activity to the fact that it is bound
less strongly to the metal centre than in the carbene complex 1. This may
allow the imidazole ligand to dissociate from the metal centre, thereby
facilitating easier disruption of cellular pathways. These findings
collectively highlight the importance of further exploring ligand modi-
fications to enhance selectivity while retaining potent anticancer ac-
tivity. Additionally, the oxidation state of the metal centre can play a
role in the cytotoxicity of the metal-based compounds. A series of Rh(I)-
NHC complexes was tested by Liu et al. against hepatocellular carcinoma
with their most active complex against HepG2 cells having an ICs of
1.33 pM [24b]. Ott et al. investigated Rh(I) NHCs as anticancer com-
plexes with their complexes having ICsg values in the range of 0.6-3.0
pM for MCF-7 and 0.9-6.6 pM in HT-29 cells [24c]. These literature
examples demonstrate that the oxidation state of the metal centre can be
modulated depending on the desired properties of the metallodrug.
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Comparing the Rh(III)-based NHC complexes 1 and 3, that differ only by
the presence of a methyl group on the cyclometallated arm of complex 1,
show similar cytotoxicity, selectivity, and mechanisms of action. These
findings suggest that the inclusion or exclusion of a methyl group at this
position has little influence on the biological activity of these types of
complexes.

In literature it has been shown that replacing a ligand with a NHC
moiety has yielded better anticancer activity. This was shown by Ott
et al, [25] who investigated the well-known Grubbs family of catalysts
for their biological activity. They found that the substitution of a
phosphine ligand for an NHC ligand (Grubbs and Hoveyda-Grubbs 1st
generation catalyst vs. 2nd generation analogues) resulted in an increase
in activity against thioredoxin reductase and cathepsin B [25]. The NHC
ligand structure has a significant impact on the activity of the com-
plexes, as observed by Hartinger et al [26]. It was found that the in-
clusion of benzyl moieties as substituents on the nitrogen atom of the
NHC ligand resulted in higher cellular uptake of the complexes and
therefore higher activity. This group [26] synthesised Rh(III) and Ir(III)
NHC complexes and found that the N'N-dimethyl substituted complex
had no activity against HCT116 (human colon), SiHA (cervical) and NCI-
H460 (non-small-cell lung) cell lines whereas the N'N-dibenzyl
substituted complex had high activity [26]. In this same study, Rh(III)
analogues demonstrated enhanced activity compared to the Ir(IIl) ana-
logues [26]. These findings indicate that the electronic and steric
properties of NHC ligands can modulate the stability and cellular uptake
of metal complexes.

The Ir(III)-containing complexes 4, 5, 6 and 7 displayed high potency
(Fig. 2) at tested ICsop concentrations (52.11%, 59.11%, 50.04% and
47.39% cell death, respectively). Similarly, a study done by Liu et al
[27] reported that their cyclometallated Ir(III) complexes demonstrated
potent anticancer activity (ICso values of 0.20-15.9 pM) after 48-h in
various human cancer cell lines such as A2780 (ovarian), A549 (lung),
and MCF-7 (breast) [27]. Their cyclopentadienyl ligands allowed for
effective DNA-intercalation, resulting in cell death and antiproliferative
activity [27]. In their study, it was noted that some of these Ir(IIl)
complexes had a stronger potency (1.2-7.15 pM ICs¢ values) than the
drug cisplatin [27], which is a commonly-used chemotherapeutic agent
[28]. Interestingly, it was noted that cell death was not necessarily
induced via apoptosis or cell cycle arrest but rather an increase in ROS
generation and mitochondrial membrane depolarization [27].
Conversely, in the current study the morphological analysis possibly
indicated both apoptotic and necrotic characteristics in the Ir(III)-based
complexes (4-7). These variations might be due to the differences in
ligand systems of the tested NHC complexes in this study. Therefore, it
can be deduced that the ligand system plays a role in the type of cell
death induced by the complex.

Additionally, a study conducted by Chen et al. demonstrated that
their cyclometallated Ir(III) complexes (1.10-6.27 pM ICs, values) were
also capable of targeting the mitochondria to induce both autophagy
and apoptosis in a range of human cancer cell lines tested after 48-h:
A549 (lung); HeLa (cervical); A549R (drug-resistant lung); HepG2
(liver); and MCF-7 (breast), and in the nontumorigenic liver cell line
(LO2) [29]. In their investigation, it was proposed that these Ir(III)
complexes induced mitochondrial damage, which in turn led to elevated
ROS production, ultimately triggering apoptotic and autophagic path-
ways. All complexes that Chen et al. studied exhibited significant cyto-
toxicity in both cancerous and non-cancerous cells, suggesting a lack of
selectivity in cell death. Similarly, in the current study, apoptotic fea-
tures were observed in both B16-F10 and RAW 264.7 cells exposed to Ir
(III) complexes [29]. However, complexes 4-7 exposed RAW 264.7 cells
showed a non-significant reduction in cell viability (Fig. 1) and showed
minimal toxicity in the morphologies at tested ICsy concentrations
(Fig. 3 and Fig. 4), indicating complexes 4-7 have low specificity when
inducing cell death. At the higher tested concentration (0.1 mM) some of
the complexes did show a lack of specificity between cell death induc-
tion in the B16-F10 and RAW 264.7 cells (Fig. 1A and B) indicating a
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lower concentration is required to optimise selectivity. The non-
cyclometallated complex 7 has a similar activity when compared to its
cyclometallated analogue complex 6 (47.39% vs. 50.05% cell death,
respectively) (Fig. 2). However, complex 6 had a lesser effect on RAW
264.7 (2.92% cell death) compared to 7 (7.03% cell death). This could
be due to hemilability offered by cyclometallation [21], thereby
increasing stability of complex 6 vs. 7. Thus, Complex 7 would be more
reactive and less selective. Additionally, the Ir(IIl) coordination complex
4 showed similar activity to that of the NHC bound complexes (5-7),
with only complex 5 outperforming its toxicity in B16-F10 cells (Fig. 2).
Consequently, complex 4 was more selective with only 0.89% cell death
in RAW 264.7 cells compared to 4.68% cell death for complex 5.
Complex 5 contains a cyclometallated benzyl group and an isomerised
allyl arm. Complexes 6 and 7 are expected to exhibit higher lipophilicity
than complex 5 due to their greater hydrocarbon content. However,
despite having fewer benzyl substituents, complex 5 demonstrates su-
perior cytotoxicity and selectivity. Although increased lipophilicity is
often associated with higher activity, this relationship is not always
linear. In the case of small-molecule drugs, excessive lipophilicity can
reduce membrane permeability due to trapping in lipophilic cell mem-
branes and/or limited aqueous solubility, ultimately limiting cellular
uptake [3b,3c,3d]. This may account for the lower activity of complexes
6 and 7 when compared to that of complex 5.

The calculated ICsy values revealed that RAW 264.7 cells were
generally less sensitive than B16-F10 cells. This aligns with findings
from Zen et al., who showed that RAW 264.7 cells under oxidative stress
rapidly activate stress and apoptotic pathways such as NF-xB, p53, and
MAPKs [30]. Interestingly, after 48 and 72 h, several complexes at 0.01
mM displayed either reduced toxicity or non-significant (p > 0.05) in-
creases in RAW 264.7 cell viability (Fig. 1). This recovery may be
explained by macrophage-specific survival mechanisms. Prior studies
have shown that RAW 264.7 cells respond to oxidative stress by upre-
gulating antioxidant enzymes such as catalase, glutathione peroxidase,
and superoxide dismutase, helping prevent long-term damage [31].
Additionally, research has indicated that activation of autophagy in
RAW 264.7 cells can serve as a protective mechanism, enabling recovery
from early stress and maintaining immune function [32]. Macrophages
are also known to metabolise and clear intracellular toxins over time
[33]. Together, these processes may explain the delayed rebound in
viability observed in RAW 264.7 cells, especially at sub-lethal concen-
trations. These findings highlight the importance of exposure time and
concentration when evaluating toxicity and suggest that these com-
plexes may hold therapeutic potential by selectively targeting cancer
cells while sparing non-cancerous cells.

6.2. Morphological evidence of apoptosis and necrosis

Morphological assessments using PlasDIC microscopy revealed
distinct cellular responses between the Rh(III) and Ir(III) complexes in
both B16-F10 melanoma and RAW 264.7 cells, supporting the quanti-
tative cytotoxicity findings and providing visual evidence of apoptosis
and necrosis.

In B16-F10 cells, the Rh(III) complexes (complexes 1-3) induced a
broad spectrum of morphological characteristic of both apoptotic and
necrotic markers (Fig. 3). Notable features included cell rounding,
membrane blebbing, cytoplasmic extensions, and the presence of
apoptotic bodies. These findings were evident in PlasDIC micrographs.
Complex 3, in particular, induced extensive nuclear fragmentation
(karyorrhexis) and cell swelling, indicating possible dual mechanisms of
cell death. In contrast, the Ir(IlI) complexes (complexes 4-7) also dis-
played apoptotic morphology (Fig. 3) but with slightly less nuclear
damage, and more frequent membrane blebbing and cell rounding, as
seen in PlasDIC. Complexes 5 and 6, both cyclometallated Ir(III) species,
produced prominent apoptotic blebs and occasional signs of necrosis
(debris and swelling), suggesting a more apoptotic dominant effect.
These observable differences between Rh(III)-based complexes 1-3 and
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Ir(IlI)-based complexes 4-7 might be attributed to the distinct binding
preferences of Rh(III) and Ir(Ill), with Rh(III) potentially interacting
more with protein targets, while Ir(IlI) preferentially binds DNA, as
previously described [3,16].

In RAW 264.7 cells, Rh(III) complexes similar to what was seen for
the B16-F10 cells, produced more pronounced morphological changes
compared to Ir(Il) (Fig. 4). PlasDIC images showed cell rounding,
cytoplasmic extensions, and membrane blebbing, particularly with
complexes 3. These features suggest early apoptotic markers, potentially
progressing to secondary necrosis. Ir(Ill) complexes also induced
apoptotic features like membrane blebbing and protrusions, but to a
lesser extent than the Rh(III) compounds.

Together, these morphological observations suggest that Rh(III)
complexes, particularly 2 and 3, elicit stronger and more varied cyto-
toxic effects than their Ir(III) counterparts. Ir(IIl) complexes primarily
induced apoptotic features with moderate nuclear disruption and min-
imal necrosis in RAW 264.7 cells, possibly reflecting a slower or more
targeted mechanism. These morphological trends reinforce the idea that
Rh(III) and Ir(Ill) complexes may engage distinct cellular pathways due
to their differing electronic properties, coordination chemistry, and
ligand environments [15,16]. Further mechanistic studies including
flow cytometry (Annexin V/PI), caspase activation assays, and ROS
measurements would be beneficial to confirm these observed modes of
cell death.

6.3. Flow cytometry

Cell cycle analysis showed that the metal complexes selectively dis-
rupted B16-F10 cells while minimally affecting non-cancerous RAW
264.7 cells. Untreated B16-F10 cells mainly resided in G1, reflecting
active proliferation, whereas treatment at ICsy concentrations caused
redistribution into S and G2/M phases, indicating interference with DNA
replication and mitosis. Complex 1 induced pronounced S-phase accu-
mulation, consistent with stalled DNA synthesis, while complex 6 led to
G2/M arrest, mirroring the effect of the NOC positive control and sug-
gesting impaired mitotic entry or DNA repair.

Mukhopadhyay et al. also investigated the effects of various Rh(III)
and Ir(IlI) complexes on the cell cycle [15]. Their results showed that
Rh-based complexes caused a slight increase in G1 phase, while Ir-based
complexes led to an accumulation in G2/M phase, highlighting differ-
ences in how these metals influence cell cycle progression. In contrast,
the Rh(III) and Ir(III) complexes of the current study consistently
induced S-phase accumulation, showing no phase-specific preference.
Given that the complexes in the two studies are structurally distinct, it is
unsurprising that their effects on the cell cycle differ.

Together with high cell death in viability assays, this indicates that
the complexes first induce checkpoint-mediated arrest, followed by
apoptosis a mechanism common to DNA-damaging anticancer agents
[15,24]. In contrast, RAW 264.7 cells showed only minor, non-
significant changes in cell cycle distribution, consistent with minimal
cytotoxicity and supporting a favourable therapeutic window.

Overall, these results demonstrate that the metal complexes selec-
tively induce S and G2/M checkpoint arrest in melanoma cells, dis-
rupting proliferation and promoting cell death, providing mechanistic
support for their cancer-selective cytotoxicity.

6.4. Comparison to positive control

NOGC, the positive control, caused moderate toxicity at ICsy concen-
trations in both cancerous (21.60% cell death) and non-cancerous cells
(44.34% cell death). However, all the tested complexes outperformed
NOC at ICsg concentrations in B16-F10 cells (47.39% - 59.11% cell
death) while showing lower toxicity in RAW 264.7 cells (+0.36%
growth — 7.03% cell death), indicating that the metal complexes may
offer better therapeutic indices. These results reinforce the potential of
transition metal complexes as alternatives to conventional
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chemotherapy agents that often lack selectivity.
7. Limitations

The possible limitations of this study may include the narrow con-
centration range that was chosen at only two concentrations (0.01 mM
and 0.1 mM.) A limitation of this study is the restricted number of tested
concentrations used for dose-response assessment. Only two concen-
tration points were available for analysis, which is insufficient to
construct a meaningful nonlinear dose-response curve or to reliably
estimate ICso values using regression modelling. Robust ICso determi-
nation requires multiple concentrations spanning the full dynamic range
of the biological response, including both upper and lower plateaus, to
enable accurate fitting of a sigmoidal model. In the absence of such data,
any regression-based estimation would be mathematically under-
determined. However, the calculated ICs( values were used as a guiding
estimate and were subsequently compared to the experimental data.
This comparison showed that responses at the estimated ICsy concen-
tration were consistent with approximately 50% reduction in cell
viability, providing qualitative agreement with the expected midpoint
effect. This supports the general trend of the observed response but does
not replace the need for a full dose-response curve for rigorous phar-
macodynamic modelling. Future studies should include a broader con-
centration range to enable proper ICsy determination and curve fitting.

Complex 7 exhibited the lowest calculated ICsq value of 0.07 mM
among the Ir(Ill) complexes in B16-F10 cells, but also the lowest
observed cell death (47.39%), despite lower ICsy, values usually
implying greater toxicity. However, the close agreement between
calculated and tested ICsg values indicates that the narrow concentra-
tion range used was sufficiently accurate for ICsy determination.
Furthermore, the overall trends in cytotoxicity where consistent across
the assays, indicating that the limited concentration range did not sub-
stantially affect the conclusions drawn from the study. Additionally,
limited water solubility of the neutral complexes 1-7 was identified as a
key constraint, guiding future ligand design towards more water-soluble
NHC frameworks.

Although morphological assessment and cell cycle analysis provided
evidence suggestive of apoptosis, definitive confirmation of apoptotic
cell death was not performed. The identification of apoptosis in this
study was based on characteristic morphological features, including
membrane blebbing, apoptotic body formation, cell rounding, and al-
terations in cell cycle progression. However, apoptosis-specific assays
such as Annexin V/propidium iodide staining, caspase activation anal-
ysis, mitochondrial membrane potential assessment, and reactive oxy-
gen species (ROS) quantification were not conducted. Consequently, the
precise mechanisms underlying cell death induced by these metal
complexes remain to be fully elucidated. Future studies should incor-
porate these complementary approaches to confirm apoptotic pathways
and further investigate the molecular mechanisms responsible for the
observed anticancer activity.

8. Conclusion

This study confirms the potent and selective cytotoxic effects of
rhodium and iridium complexes against B16-F10 melanoma cells.
Among the tested compounds, Rh(III) complexes 2, 3 and Ir(III) complex
5 demonstrated the most promising anticancer activity, characterised by
potent toxicity, while exhibiting comparatively reduced toxicity in non-
cancerous RAW 264.7 cells at the tested 24-h ICsq concentrations.

This study demonstrate that both metal identity and ligand design
play a role in the overall complex cytotoxicity and selectivity.
Morphological assessments confirmed the possible involvement of both
apoptotic and necrotic pathways in treated melanoma cells, suggesting a
multifaceted mechanism of action. The novel complex 3, in particular,
revealed promising anticancer potential due to its unique structure and
high efficacy. While the present findings indicate that apoptosis-like cell
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death may contribute to the cytotoxic effects of these complexes, further
mechanistic investigations are required to confirm the involvement of
specific apoptotic pathways and their upstream molecular targets.
These findings support further exploration of group IX NHC com-
plexes as targeted anticancer agents. In addition, the observed
involvement of multiple cell death pathways supports the broader po-
tential of group IX NHC complexes as multifunctional anticancer scaf-
folds, contributing to ongoing global efforts in metallodrug
development. Future work should include mechanistic studies on DNA
and protein binding, further in vitro toxicity assessments, and structure-
activity optimisation for improved selectivity and therapeutic efficacy.
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