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The rational design, sustainable synthesis, and comprehensive biological evaluation of a new family of
gold()—indomethacin complexes bearing N-heterocyclic carbene (NHC) ligands are reported. The mild,
scalable synthetic protocol affords the first reported examples of well-defined [Au(NHC)(indomethacin)]
complexes that display robust chemical and thermal stability and exhibit potent antiproliferative activity
across a panel of human cancer cell lines, frequently outperforming cisplatin, including in cisplatin-resist-
ant models. Notably, these gold()-indomethacin derivatives retain strong cytotoxicity against breast
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cancer stem cells (CSCs)-like populations and demonstrate superior efficacy in physiologically relevant 3D
spheroid models. Mechanistic investigations reveal that their anticancer activity correlates with efficient
inhibition of thioredoxin reductase, disruption of intracellular thiol homeostasis, and induction of oxidative
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Introduction

Cancer remains one of the most formidable health challenges
of the 21st century, accounting for millions of deaths world-
wide each year. Traditional treatments, including surgery,
radiotherapy, and chemotherapy, have significantly improved
survival rates." However, these approaches often come with
severe side-effects and limitations. Chemotherapy, in particu-
lar, while effective at killing rapidly dividing cells, lacks speci-
ficity, leading to collateral damage to healthy tissues and sig-
nificant adverse effects.> Moreover, the development of resis-
tance to chemotherapeutic drugs is a common and serious
issue, necessitating the search for new and more effective
treatments.’

Metal-based compounds have a rich history in cancer
therapy, with the platinum-based drug cisplatin being one of
the most successful examples.* The latter and its derivatives
have been widely used to treat various cancers and are highly
effective against several malignancies, including testicular,
ovarian, bladder, lung, head and neck cancers. However, they
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stress through reactive oxygen species generation.

exhibit several drawbacks, including nephrotoxicity, ototoxi-
city,” as well as limited efficacy or unsuitability in certain
cancer types and/or the occurrence of resistance phenomena.®
This has spurred interest in other metal complexes as poten-
tial therapeutic agents. Among these, gold complexes have gar-
nered significant attention due to their unique chemical pro-
perties and biological activities. In particular, gold has been
used in medicine for some time, primarily in the treatment of
rheumatoid arthritis through gold salts like aurothiomalate.”
The therapeutic potential of gold compounds extends beyond
anti-inflammatory properties to include antiviral, antibacterial,
and anticancer activities.*° In fact, the ability of gold to form
stable complexes with a variety of ligands makes it a versatile
candidate for drug development. Among the various types of
gold complexes, those featuring N-heterocyclic carbene (NHC)
ligands have shown particular promise in the realm of anti-
cancer therapy."''® The strong covalent bond between gold
and the carbene carbon imparts significant stability to these
complexes, making them less prone to decomposition in bio-
logical environments compared to their phosphine congeners.
This stability is crucial for maintaining therapeutic efficacy
and minimizing off-target effects. Furthermore, the cellular
uptake of gold-NHC complexes can be influenced by the
nature of the N-substituents on the carbene ligand. In particu-
lar, the introduction of lipophilic groups at the nitrogen atoms
may enhance membrane permeability and promote intracellu-
lar accumulation."” The ability to fine-tune the electronic and
steric properties of NHC ligands through synthetic modifi-
cations enables researchers to optimize the pharmacokinetic
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and pharmacodynamic profiles of gold-NHC complexes,
enhancing their anticancer activity and selectivity.'**>*”

The anticancer activity of gold-NHC complexes is mediated
through multiple and potentially complementary mechanisms.
Among these, inhibition of thioredoxin reductase (TrxR), an
enzyme frequently overexpressed in cancer cells and involved
in the maintenance of cellular redox homeostasis, has been
widely reported.'®'® In many cases, TrxR inhibition leads to
increased oxidative stress and can promote apoptotic cell
death. However, this mechanism is not universal, as some Au-
NHC complexes exhibit significant cytotoxicity without strong
TrxR inhibition, suggesting the involvement of additional
molecular targets and pathways.

In addition to protein targeting, gold-NHC complexes have
also been reported to interact with DNA;*® however, for Au(i)-
NHC species this interaction is generally weaker and not con-
sidered a dominant mechanism of action. These complexes
typically display a higher affinity for protein thiols and sele-
nols, and any effects on DNA are often indirect, arising from
oxidative stress or disruption of redox homeostasis.
Nevertheless, in certain cases, DNA perturbation may contrib-
ute to cell cycle arrest and apoptosis, thereby supporting their
overall anticancer activity. Moreover, gold-NHC complexes can
disrupt mitochondrial function, leading to the release of cyto-
chrome c and the activation of caspases, which are central to
the intrinsic pathway of apoptosis.>*

This multifaceted approach to inducing cell death makes
gold-NHC complexes highly effective against a range of cancer
types, including those resistant to conventional therapies.
With the aim of contributing to this fascinating research
topic, we recently became interested in the work of Johnson,
Awuah, and Suntharalingam, who reported a notable example
of gold(1) complexes specifically investigated for anti-breast
cancer stem cell (CSC) activity (Scheme 1).**

It should be noted that breast cancer recurrence is strongly
associated with the presence of CSCs, a subset of breast cancer
cells capable of self-renewal, differentiation, and forming sec-
ondary tumors.>*?* As a confirmation of this, basal-like and
claudin-low breast tumors—subtypes frequently enriched in
cancer stem cells (CSCs)—are generally associated with lower
survival rates.”® In contrast, HER2-positive tumors are not con-
sistently CSC-enriched, and their prognosis has improved sig-
nificantly with targeted therapies such as trastuzumab.
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complexes with anti-breast cancer stem cell
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CSCs are also implicated in metastasis, with clinical studies
showing higher proportions of CSC-like cells in metastatic
tumors compared to primary tumors.>®>® CSCs divide more
slowly than other breast cancer cells, allowing them to evade
conventional chemotherapy and radiotherapy, which target
rapidly dividing cells.****> Additionally, the small number of
CSCs within a tumor and their tendency to reside in difficult-
to-access areas mean they can be missed during surgery. After
treatment, CSCs can regenerate tumors at the original site or
produce invasive cells that spread to other organs.*® Therefore,
effective treatments must eliminate all cancer cell populations,
including CSCs, to prevent relapse. While potential targets for
CSC therapy, such as cell surface markers, signaling pathways,
and microenvironment components, have been identified,>®
no clinically approved drug currently exists that can fully eradi-
cate CSCs at administered doses.

In their seminal work, Johnson, Awuah,
Suntharalingam demonstrated that gold(r) complexes contain-
ing one triphenylphosphine and one non-steroidal anti-inflam-
matory drug—specifically indomethacin, diflunisal, or
naproxen, as other NSAIDs proved unstable under physiologi-
cal conditions due to oxidation to triphenylphosphine oxide—
exhibit promising anti-breast cancer stem cell (CSC) properties
(Scheme 1).** Notably, the most encouraging results were
obtained with the complex containing indomethacin. This
gold() complex demonstrates significantly higher potency
against breast cancer stem cells (CSCs) compared to bulk
breast cancer cells, with up to 80 times greater effectiveness.
Mechanistic studies indicate that this gold-indomethacin
derivative causes breast CSC death through localization in the
cytoplasm, production of intracellular reactive oxygen species
levels, downregulation and inhibition of cyclooxygenase-2, and
induction of apoptosis.

Inspired by these promising results, we present in this work
the synthesis and antitumor properties of gold(1)-indometha-
cin complexes in which the triphenylphosphine ligand has
been replaced by an NHC ligand. The possibility to fine tune
the electronic and steric characteristics of the target complexes
by varying the type of NHC ligand used, along with the greater
stability of gold-NHC complexes compared to their triphenyl-
phosphine congeners, motivated our efforts and results are
presented here.

Additionally, with the aim of making these gold(i)-indo-
methacin derivatives more accessible, we have developed an
original synthetic approach to these gold-carboxylate com-
plexes that avoids the use of silver salts or external bases.

and

Results and discussion

Before embarking on our diversification of the [Au(NHC)(indo-
methacin)] architecture, we initially investigated alternative
synthetic routes distinct from the reported method involving
silver as the transmetalation agent and dichloromethane as
solvent (Scheme 2).*> Our objective was to identify a simpler
pathway devoid of the drawbacks associated with metal usage,

This journal is © The Royal Society of Chemistry 2026
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Scheme 2 Synthetic procedure to target Au()-NHC indomethacin
complexes.

given its relative expense and limited scalability. The high cost
of silver, susceptible to market fluctuations and potential
supply constraints, can significantly impact the feasibility and
reliability of any synthetic process. Additionally, the use of
silver salts and dichloromethane requires careful handling
and appropriate waste disposal to minimize potential health
and environmental impacts, although toxicity is context-
dependent and generally manageable at laboratory scale.>*3®
Considering these challenges, we explored alternative routes
that could offer more cost-effective, environmentally sustain-
able, and practical solutions for synthesizing the targeted Au-
carboxylate complexes.

The synthesis of Au-carboxylate complexes bearing NHC
ligands has previously been approached through silver trans-
metalation strategies,®” as well as through the use of pre-func-
tionalized gold synthons.*®*° However, the reported examples
are largely confined to gold-acetate complexes and closely
related derivatives, rather than representing a general and sys-
tematic access to the broader class of [Au(NHC)(carboxylate)]
species. This narrow scope also reflects the very limited range
of NHC ligands that can be employed, which is mainly dictated
by the poor availability and restricted scope of gold synthons
such as NHC-gold-acetonyls and NHC-gold-hydroxides.
Because of these limitations, the chemical space explored thus
far remains extremely narrow, despite the apparent potential
of this structural motif. In this context, [Au(NHC)(carboxylate)]
complexes constitute an intriguing yet still largely underdeve-
loped family of gold derivatives. Notably, although a number
of Au-NHC-carboxylate complexes have been reported, a com-
prehensive study offering a general, elegant, and silver-free
protocol for their synthesis, along with systematic evaluation
in biological applications, has not yet been performed.

Initial attempts to synthesize the desired [Au(NHC)(carboxy-
late)] complexes from [Au(NHC)CI] precursors using the weak
base route'* were met with failure, as the starting materials
decomposed rather than forming the target products. We con-

This journal is © The Royal Society of Chemistry 2026
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Table 1 Research on optimal conditions
Conv.
Time T (yield)

Entry [Au] Base  Solvent [h] [°C]  [%]
1 Au(IPr)Cl] K,CO; EtOH 16 RT NR
2 Au(IPr)Cl] K,CO, EtOH 16 60 NR
3 Au(IPr)Cl] K,CO; Toluene 16 60 NR
4 Au(IPr)Cl] K,CO; Acetone 16 60 NR
5 Au(IPr)Cl] K,CO; EtOAc 16 RT NR
6 Au(IPr)(anisolyl)] — Toluene 16 RT NR
7 Au(IPr)(anisolyl)] — THF 16 RT NR
8 Au(IPr)(anisolyl)] — DCM 16 RT 75
9 Au(IPr)(anisolyl)] — DCM 30 RT 100
10 Au(IPr)(anisolyl)] — EtOAc 30 RT 100
11 Au(IPr)(anisolyl)] — EtOAc 16 RT 67
12 [Au(TPr)(anisolyl)] — EtOAc 16 35 100 (78)

Conditions: reactions conducted in air. 10 mg of the Au source and 1
eq. of indomethacin. 3 eq. of base in the case of [Au(IPr)Cl]. Solvents
were used as received except for DCM which was previously passed
through a plug of basic alumina.

ducted extensive experiments, varying the temperature and
solvent in hopes of finding the right conditions, but these
efforts proved unsuccessful (Table 1, entries 1-5). It became
evident that the reaction between [Au(NHC)CI] and indo-
methacin in the presence of potassium carbonate was not a
viable pathway for our target synthesis.

The use of gold-aryl synthons with an integrated base (ani-
solyl) emerged as an appealing strategy. This method drives
the reaction irreversibly toward the desired product through
protonolysis of the Au-aryl bond, generating anisole as a
byproduct while installing the target carboxylate. Such an
innovative approach not only simplifies the synthesis process
but also enhances efficiency and selectivity in achieving the
desired outcome. We selected the [Au(NHC)(Anisolyl)] syn-
thons as starting reagents (Scheme 2) for their remarkable sub-
strate availability.'>*°~** These valuable gold synthons can be
easily obtained on large scale from [Au(NHC)Cl] complexes
and 4-methoxy-phenylboronic acid in the presence of potass-
ium carbonate.">*°

Expanding upon previous studies, we successfully syn-
thesized 10 distinct carboxylate complexes, highlighting the
versatility of the methodology. This simple protocol allowed us
to achieve our synthetic goals under mild conditions (35 °C,
16 h), bypassing the need for a base and utilizing technical
grade ethyl acetate as the solvent (Table 1). Moreover, all reac-
tions proceed under aerobic conditions. Notably, this process
is strongly dependent on the solvent used, since the experi-
ments performed in toluene or tetrahydrofuran (THF) resulted
in no conversion of the starting materials (Table 1, entries 6
and 7). Conversely, despite its toxicity, dichloromethane can
be used as an alternative to ethyl acetate (Table 1, entries 8
and 9) but remains a distant alternative.

Focusing on the scope of NHC ligands (Scheme 3), the
gold-anisolyl precursors as well as their corresponding gold-
indomethacin derivatives were successfully obtained using: (i)
classical imidazol-2-ylidenes (IPr, 1-2a; I'Bu, 1-2¢; IMes, 1-2d;
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Scheme 3 [Au(NHC)indomethacin] complexes (2a—2j) synthesized in this work.

IPr*, 1-2e; IPent, 1-2i), (ii) backbone functionalized imidazol-
2-ylidenes (IPr®, 1-2f; IPr™°, 1-2g), (iii) imidazolin-2-ylidenes
(SIPr, 1-2b); (iv) imidazo[1,5-a]pyridine-3-ylidenes (ImPy,
1-2h); and (v) cyclic(alkyl)(amino)carbenes (CAAC?Y, 1-2j).

All compounds were thoroughly characterized by NMR,
HRMS or elemental analyses. Specifically, the formation of the

Dalton Trans.

target [Au(NHC)(indomethacin)] complexes was supported by
'H and “C NMR spectroscopy, which confirm ligand substi-
tution and the presence of the expected organic moieties,
although these techniques do not unambiguously establish
metal-ligand connectivity or the Au-O bond (see Fig. S9-S78
in SI).

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00194g

Open Access Article. Published on 25 March 2026. Downloaded on 4/15/2026 11:31:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

In these spectra, a shift in signals compared to the starting
reagents was observed, along with the disappearance of the
aromatic signals of the aryl fragment (anisole) and the dis-
appearance of the carboxylic proton signal of indomethacin
(in the "H NMR spectra). The structures of complexes 2b, 2c,
2¢g and 2h have been unambiguously confirmed through X-ray
crystallographic analysis on single crystals. The effective for-
mation of the NHC-Au-carboxylate linkage and the character-
istic linear geometry of gold is clear from structures shown in
Fig. 1 and Fig. S3-S8 in SI.

To assess thermal stability, compounds 2a and 2b were
heated in toluene at 110 °C. After 40 hours, 2a (IPr) showed
less than 10% decomposition, while 2b (SIPr) remained largely
intact. These results indicate that the complexes display
reasonable thermal stability under the tested conditions,
although further studies and comparison with benchmark
systems would be needed to draw more general conclusions
about the thermal robustness of this family (see Fig. S1 and S2
in SI). The physical appearance of the complexes remained
unchanged over time when stored in air at room temperature,
and their purity, estimated by "H NMR spectroscopy, remained
above 95% after 2 years for compounds 2d, 2e, 2f, and 2h.

Having established a scope, we conducted solubility and
stability tests in a 2:1 mixture of DMSO-d¢/D,O0, finding that
all complexes remained soluble and stable for at least 48 hours
(Fig. S79-S88 in SI). No release of indomethacin was observed,
as its characteristic signals in the free form were clearly dis-
tinguishable even in this solvent mixture. However, when uti-
lizing the CAAC?Y ligand instead of the standard NHCs, a

? f é 2b },){}\s( 2¢
&
Fig. 1 Molecular structure of 2b (CCDC: 2367333), 2c (CCDC:
2367331), 2g (CCDC: 2521381) and 2h (CCDC: 2367330) determined by
single-crystal X-ray diffraction analysis. Hydrogen atoms and solvent

molecules are omitted for clarity. Thermal displacement ellipsoids are
shown at the 50% probability level.

This journal is © The Royal Society of Chemistry 2026
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solvent switch from DMSO to DMF was necessary, to address
solubility issues.

We strategically targeted a range of NHC gold complexes,
each tailored with distinct stereoelectronic parameters. This
deliberate variation not only enriched the diversity of our com-
pounds but also permits future modelling of their well-stab-
lished electronic and steric properties,*>** with potential sig-
nificance in various biological applications.

The novel gold(r) complexes 2a-2j were evaluated for their
cytotoxic activity towards a series of human cancer cell lines in
bidimensional (2D) assays. In particular, the in-house cancer
cell line panel contains examples of human lung (A549), breast
(MDA-MB-231), pancreatic (BxPC-3), germinal (NTERA-2) and
ovarian (2008) cancers. As reported in the Experimental
section, cisplatin was selected as the reference metallodrug
and was tested under the same experimental conditions. The
cytotoxicity parameters obtained by means of the MTT assay
after 72 h of drug exposure, and expressed in terms of ICs,, are
listed in Table 2.

Overall, the 2D cytotoxicity studies highlighted that all gold
(1)-indomethacin complexes elicited ICs, values in the micro-
molar range. Within the series, complexes 2¢ and 2f proved to
be the most effective, with an average ICs, value over the five
cancer cell lines of some 10 pM. Similarly, derivatives 2d and
2g showed very promising cytotoxic profiles, with average ICs,
lower compared with that of the reference metal-based che-
motherapeutic drug cisplatin. On the contrary, derivatives 2h
and 2i displayed the weakest cytotoxic activity, with average
IC5, value of about 30 pM. It is interesting to note that many
compounds (2a-2d as well as 2f-g) were significantly more
effective than cisplatin against human triple negative breast
cancer cells MDA-MB-231.

The antiproliferative cytotoxicity of the novel gold(i)-indo-
methacin compounds was also investigated in a cisplatin-resist-
ant cancer cell subline (C13* cells). All tested complexes
exhibited a remarkably similar activity level in both the cispla-
tin-sensitive (2008) and cisplatin-resistant (C13*) cell lines. The
resulting resistance factor (RF) values, close to 1, indicate a
lack of cross-resistance with cisplatin, although they do not
provide mechanistic insight into overcoming resistance. For
comparison purposes, literature data for the clinically used
gold(i) compound auranofin report ICs, values of 1.4 uM and
1.0 uM in the 2008 and C13* ovarian cancer cell lines, respect-
ively (RF = 0.73),*> as well as ICs, values of 0.75 uM in A549
lung cancer cells and 9.2 pM in MDA-MB-231 breast cancer
cells.***” On this basis, the most active derivatives identified
in this study (2¢, 2f and 2g) display an antiproliferative activity
that is of the same order of magnitude as auranofin in the
MDA-MB-231 breast cancer model, whereas auranofin appears
somewhat more cytotoxic in the ovarian (2008/C13*) and lung
(A549) cancer cell lines. It should be noted, however, that
these values derive from literature reports obtained under
potentially different experimental conditions; therefore, the
comparison should be regarded as indicative and limited to
the general order of magnitude rather than as a strict quanti-
tative benchmark.

Dalton Trans.
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Table 2 Cytotoxic activity evaluated by the MTT test at 72 h. ICsq values were calculated with a four-parameter logistic model (p < 0.05). R.F. = ICs5¢

(resistant subline)/ICsq (wild-type cells). S.D: standard deviation

ICs0 (UM) + S.D.

NTERA-2 MDA-MB-231 A549 BxPC-3 2008 C13* (R.F.) CSC MDA-MB-231
[Au(IPr)(indomethacin)] 2a 15 +2 21+2 31.2+0.8 12.6+0.5 14+2 21 +2 (1.4) 43 +2
[Au(SIPr)(indomethacin)] 2b 16 +3 19+2 20+1 15.1+0.8 14+3 16 + 4 (1.1) 31+2
[Au(I‘Bu)(indomethacin)] 2¢ 1.2+05  7.8+0.9 19 +2 9.1+0.8 11+1 11.8+0.6 (1.0) 123
[Au(IMes)(indomethacin)] 2d 10 +2 14+2 181+0.5 14+4 11.9+0.5  10.0+0.9(0.8) 23 +2
:Au(IPr*)(lndomethacm)] 2e >50 >50 >50 >50 >50 >50 >50
[Au(1Pr™)(indomethacin)] 2f 2.9+07 122 13+1 7.0+0.8 3.8+0.5 6.9 +0.6 (1.8) 19+3
[Au(1Pr™¢)(indomethacin)] 2g 7+2 12+2 9.7 +0.2 17 +2 17 +2 15.2 + 0.3 (0.9) 17 +2
[Au(ImPy)(indomethacin)] 2h 26+1 >50 >50 23.0+01 261 26.7+0.9(1.0)  >50
[Au(IPent)(indomethacin)] 2i 35+2 >50 >50 35+2 41+4 15+ 2 (0.4) >50
[Au(CAAC®)(indomethacin)] 2j 24 +2 45+ 4 41+1 26 + 4 22+3 26 + 3 (1.2) >50
Cisplatin 16 +4 28+3 8.4+0.8 7+1 2+1 29 +3(13.6) 41 +2

A CSC-enriched population was derived from MDA-MB-231
cells, one of the most widely used models for CSC studies,*®
and employed to evaluate the cytotoxicity of the newly devel-
oped indomethacin-based derivative toward cells with stem-
like properties. Remarkably, the response pattern observed for
the tested compounds was comparable to that displayed in the
parental cell line, whereas cisplatin proved to be less effective
against CSCs; collectively, these findings emphasize that the
new compounds retain potent cell-killing activity toward CSC
populations.

The cytotoxic activity of the newly developed gold(i) com-
plexes observed in 2D monolayer cultures was also assessed in
established 3D cell culture models. Actually, 3D spheroid cell
culture systems are widely recognized to better reproduce the
cancer in vivo microenvironment, both in terms of physio-
pathological characteristics (e.g., gene expression, cell-cell
interactions and metabolism) and drug-related interactions
(drug permeation, retention and intracellular trafficking),
making them more predictive models for anticancer drug
screening.49 The ICs, values acquired after treatment of 3D cell

Table 3 Spheroids from MDA-MB-231 or A549 cells were treated for
72 h with increasing concentrations of 2a—2j or cisplatin. Cytotoxicity
was assessed by means of a modified APH assay. ICsq values were calcu-
lated from the dose-survival curves by the four-parameter logistic
model (p < 0.05). S.D. = standard deviation

ICso (UM) # S.D.

A549 MDA-MB-231

[Au(1Pr)(indomethacin)] 2a >50 >50
[Au(SIPr)(mdomethacm)] 35+6 19+4
[Au(I'Bu)(indomethacin)] 2¢ >50 47 £ 10
[Au(IMes)(indomethacin)] 2d 35+8 22+1
[Au(IPr*)(lndomethacm)] 2e >50 >50
[Au(1Pr™’)(indomethacin)] 2f >50 44 + 17
[Au(1Pr™€)(indomethacin)] 2 35+5 316
[Au(ImPy)(indomethacin)] 2h >50 >50
[Au(TPent)(indomethacin)] 2i >50 26 +3
[Au(CAAC™)(indomethacin)] 2j >50 >50
Cisplatin 60+1 107 £ 3

Dalton Trans.

spheroids derived from human breast and lung cancer cells
are reported in Table 3.

Surprisingly, in both 3D cancer models the pattern of
response was quite different for the newly developed com-
pounds, with compounds 2b, 2d and 2g displaying the highest
antitumor potential, with ICs, values approximately 2-fold
lower than those of cisplatin.

Gold(1) complexes are well-known inhibitors of redox-active
selenoenzyme Thioredoxin Reductase (TrxR).>® On these bases,
we estimated the ability of the newly synthesized gold(i)-indo-
methacin derivatives to inhibit TrxR activity, both in cell-free
experiments and in human breast cancer cells. Auranofin, a
well-characterized metal-based TrxR inhibitor, was employed
as a positive control. The inhibitory effects on TrxR activity
were measured using standard procedures detailed in the
Experimental section, and results (reported as the percentage
of residual enzyme activity relative to the untreated control)
are shown in Fig. 2(A and B).

In cell-free assays, all gold(1) complexes were highly efficient
in inhibiting cytosolic mammalian TrxR, although with
varying degrees of potency. Among them 2¢ and 2i exhibited the
strongest TrxR inhibition, albeit their efficacy remained lower
than that of the reference inhibitor auranofin (Fig. 2A). In
MDA-MB-231 cells, complexes 2¢, 2f and 2g showed the stron-
gest inhibitory effects on the selenocysteine-containing redox
enzyme TrxR, reducing its activity by approximately 70%
(Fig. 2B). Similarly, compounds 2b and 2d were able to decrease
cellular TrxR activity by about 40%. Taken together, these
results are consistent with the hypothesis that the complexes
may exert part of their activity through TrxR inhibition in intact
cancer cells, although direct causation and selectivity versus
other redox proteins have not been established. Notably, TrxR
inhibition was directly correlated with the cytotoxic profile of
the compounds (see the insert in Fig. 2B), thus underlying that
TrxR can represent a key molecular target of these complexes.

It is well established that the thioredoxin reductase (TrxR)
system is a key regulator of cellular redox reactions and plays a
central role in maintaining intracellular redox homeostasis.
Inhibition of this redox-regulating pathway disrupts the
thiol-disulfide balance, promotes the accumulation of reactive

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 TrxR inhibition. (A) TrxR1 activity was assayed by measuring NADPH-dependent reduction of DTNB at 412 nm as described in the
Experimental section. Error bars indicate S.D. (B) MDA-MB-231 cells were incubated for 24 h with tested complexes (5 uM) or auranofin (1 pM).
Subsequently, TrxR activity was assessed in cell lysates by measuring NADPH-dependent reduction of DTNB at 412 nm. The insert shows the corre-
lation between the ICsq values calculated for MDA-MB-231 cells and the percentage of residual TrxR activity. Error bars indicate SD. ** p < 0.01.

oxygen species (ROS), and ultimately impairs cell viability.*! Total free sulthydryl groups, including glutathione, cysteine
Indomethacin has been shown to induce the generation of residues, and protein thiols, were quantified using the DTNB
reactive oxygen species (ROS), a feature that underpins its assay after treatment of MDA-MB-231 cells with the newly
rationale for inclusion in multi-target anticancer therapeutic developed gold(i) complexes (10 pM), with auranofin (3 pM)
approaches.’® The effects of the newly synthesized complexes used as a positive control.

on cellular thiol contents and ROS generation were investi- As shown in Fig. 3A, compound that elicited the highest
gated (Fig. 3). TrxR inhibitory effect were those inducing a more pronounced

A 120 - B —e— ctr
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Fig. 3 Effects on sulfhydryl content and ROS production. (A) Sulfhydryl content in MDA-MB-231 cancer cells incubated for 24 h with Au() com-
plexes (5 pM) and auranofin (1 uM). The sulfhydryl group amount was determined by the DTNB assay. Error bars indicate S.D. * p < 0.05, ** p < 0.01.
(B) Effect of gold() compounds on hydrogen peroxide formation in MDA-MB-231 cells. Cells were pre-incubated in PBS/10 mM glucose medium for
20 min at 37 °C in the presence of 10 yM CM—-DCFDA and then treated with tested complexes (25 uM) or antimycin (3 pM).
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depletion of intracellular thiols. In addition, they were also the
most effective in promoting ROS accumulation. Specifically,
treatment of MDA-MB-231 cells with 2¢ and 2f complexes
resulted in a marked, time-dependent increase in hydrogen
peroxide levels (Fig. 3B), like that induced by auranofin.
However, all compounds induced a ROS increase which was
lower than that induced by antimycin A, a well-known complex
IIT inhibitor of the mitochondrial respiratory chain.

Conclusions

In this study, we report the development of a novel and chemi-
cally distinct class of gold(1)-indomethacin complexes sup-
ported by N-heterocyclic carbene ligands, conceived to over-
come both synthetic and biological limitations of existing
gold-based anticancer agents. Central to this work is the
implementation of an original, silver-free and base-free syn-
thetic strategy exploiting gold-anisolyl synthons, which
enables direct and efficient access to the first structurally auth-
enticated [Au(NHC)(indomethacin)] complexes. This mild and
scalable methodology, operating under aerobic conditions and
using environmentally more benign solvents, substantially
broadens the scope of gold carboxylate chemistry and facili-
tates systematic structure-activity investigations.

By varying the nature of the NHC ligands, we have gener-
ated a structurally diverse library of complexes characterized
by outstanding thermal stability. Among them, derivatives
bearing I'Bu (2c), IPr®! (2f), IMes (2d), and IPr™® (2g) ligands
emerged as the most biologically performant compounds, con-
sistently displaying ICs, values in the low- to mid-micromolar
range across multiple cancer cell lines, and surpassing cispla-
tin in several models, including triple-negative breast cancer
cells.

Importantly, all selected gold()-indomethacin complexes
retained full cytotoxic potency in cisplatin-resistant ovarian
cancer cells, demonstrating their ability to overcome platinum-
based drug resistance. Even more strikingly, the most active
derivatives exhibited robust activity against breast cancer stem
cell-like populations, a cellular subset largely refractory to con-
ventional chemotherapeutics and strongly implicated in tumor
relapse and metastasis. These findings were further corrobo-
rated in 3D spheroid models, where some compounds dis-
played superior antitumor efficacy, with ICs, values approxi-
mately two-fold lower than cisplatin, highlighting their effec-
tiveness under conditions that closely resemble the in vivo
tumor microenvironment.

Mechanistic studies consistently point to thioredoxin
reductase as a key intracellular target. The most active com-
plexes, notably 2¢, 2f, and 2g, induced pronounced inhibition
of cellular TrxR activity, accompanied by intracellular thiol
depletion and a time-dependent accumulation of reactive
oxygen species. The strong correlation between TrxR inhibition
and cytotoxicity underscores a redox-mediated mode of action,
synergistically reinforced by the intrinsic ROS-inducing pro-
perties of the indomethacin moiety.

Dalton Trans.
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Taken together, this work establishes gold(i)-NHC-indo-
methacin complexes as a robust, tunable, and mechanistically
coherent anticancer platform. The identification of highly per-
formant derivatives capable of targeting bulk tumor cells,
drug-resistant phenotypes, and cancer stem cell populations
provides a compelling foundation for further preclinical devel-
opment and positions this class of compounds at the forefront
of next-generation gold-based anticancer therapeutics.

Conflicts of interest

There are no conflicts to declare.

Data availability

All data included and leading to conclusions presented in this
manuscript are included in the manuscript.

Supplementary information (SI) is available. See DOIL
https://doi.org/10.1039/d6dt00194g.

CCDC 2367330, 2367331, 2367333 and 2521381 contain the
supplementary crystallographic data for this paper.>**™

Acknowledgements

T. S. gratefully acknowledges the financial support provided by
the Department of Chemical Sciences (PDiSC 2024 project
“EasyBackTherapy”). We gratefully thank the Research
Foundation - Flanders (FWO grant no: G0OA6823N to SPN).
Umicore AG is gratefully thanked for gifts of materials. We
would like to acknowledge Dr Marina Saab for the structure of
the precursor 1j. UGent is gratefully acknowledged for the doc-
toral assistantship awarded to N. B. P.

References

1 A. Urruticoechea, R. Alemany, J. Balart, A. Villanueva,
F. Vinals and G. Capella, Recent Advances in Cancer
Therapy: An Overview, Curr. Pharm. Des., 2010, 16, 3-10.

2 M. S. Aslam, S. Naveed, A. Ahmed, Z. Abbas, 1. Gull and
M. A. Athar, Side Effects of Chemotherapy in Cancer
Patients and Evaluation of Patients Opinion about
Starvation Based Differential Chemotherapy, J. Cancer
Ther., 2014, 05, 817-822.

3 M. Rebucci and C. Michiels, Molecular aspects of cancer
cell resistance to chemotherapy, Biochem. Pharmacol., 2013,
85, 1219-1226.

4 B. Rosenberg, L. Vancamp, J. E. Trosko and V. H. Mansour,
Platinum Compounds: a New Class of Potent Antitumour
Agents, Nature, 1969, 222, 385-386.

5 R. Oun, Y. E. Moussa and N. J. Wheate, The side effects of
platinum-based chemotherapy drugs: a review for chemists,
Dalton Trans., 2018, 47, 6645-6653.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d6dt00194g
https://doi.org/10.1039/d6dt00194g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00194g

Open Access Article. Published on 25 March 2026. Downloaded on 4/15/2026 11:31:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

6

10

11

12

13

14

15

16

17

18

L. Galluzzi, L. Senovilla, I. Vitale, J. Michels, I. Martins,
O. Kepp, M. Castedo and G. Kroemer, Molecular mecha-
nisms of cisplatin resistance, Oncogene, 2012, 31, 1869-1883.
T. Pullar, J. A. Hunter and H. A. Capell, Sulphasalazine in
rheumatoid arthritis: a double blind comparison of sulpha-
salazine with placebo and sodium aurothiomalate., Br.
Med. J., 1983, 287, 1102-1104.

J. Karges, R. W. Stokes and S. M. Cohen, Metal complexes
for therapeutic applications, Trends Chem., 2021, 3, 523-
534.

C. Schmidt, B. Karge, R. Misgeld, A. Prokop, R. Franke,
M. Bronstrup and I Ott, Gold() NHC Complexes:
Antiproliferative Activity, Cellular Uptake, Inhibition of
Mammalian and Bacterial Thioredoxin Reductases, and
Gram-Positive Directed Antibacterial Effects, Chem. — Eur.
J., 2017, 23, 1869-1880.

E. Bortolamiol, F. Visentin and T. Scattolin, Recent
Advances in Bioconjugated Transition Metal Complexes for
Cancer Therapy, Appl. Sci., 2023, 13, 5561.

C. Schmidt, L. Albrecht, S. Balasupramaniam, R. Misgeld,
B. Karge, M. Bronstrup, A. Prokop, K. Baumann, S. Reichl
and L. Ott, A gold(1) biscarbene complex with improved
activity as a TrxR inhibitor and cytotoxic drug: comparative
studies with different gold metallodrugs, Metallomics,
2019, 11, 533-545.

J. Zhang, M. A. Abu El Maaty, H. Hoffmeister, C. Schmidt,
J. K. Muenzner, R. Schobert, S. Wolfl and I. Ott, A
Multitarget Gold(r) Complex Induces Cytotoxicity Related to
Aneuploidy in HCT-116 Colorectal Carcinoma Cells, Angew.
Chem., Int. Ed., 2020, 59, 16795-16800.

T. A. C. A. Bayrakdar, T. Scattolin, X. Ma and S. P. Nolan,
Dinuclear gold(r) complexes: from bonding to applications,
Chem. Soc. Rev., 2020, 49, 7044-7100.

T. Scattolin, A. A. Logvinov, N. V. Tzouras, C. S. J. Cazin and
S. P. Nolan, Advances in the Synthesis and Applications of
N-Heterocyclic Carbene Metal Complexes with a Focus on
the Weak Base Route, Organometallics, 2023, 42, 2692-
2730.

T. Scattolin, G. Tonon, E. Botter, S. G. Guillet, N. V. Tzouras
and S. P. Nolan, Gold(1)- N -Heterocyclic Carbene Synthons
in Organometallic Synthesis, Chem. - Eur. J., 2023, 29,
€202301961.

P. Arnaut, N. B. Pozsoni, D. Bondar, P. Lippmann,
S. Boschuk, I. Semenyuta, S. Bhandary, K. Van Hecke,
Y. Karpichev, E. Cavarzerani, V. Canzonieri, F. Rizzolio,
T. Scattolin, G. C. Vougioukalakis, I. Ott, N. V. Tzouras and
S. P. Nolan, A new generation of N-heterocyclic carbene
(NHC) gold-selenolato complexes as potent anticancer
agents: distinct synthetic routes and evaluation in 2D and
3D cancer models, Chem. Sci., 2025, 16, 17221-17231.

M. Mora, M. C. Gimeno and R. Visbal, Recent advances in
gold-NHC complexes with biological properties, Chem. Soc.
Rev., 2019, 48, 447-462.

R. Rubbiani, E. Schuh, A. Meyer, ]J. Lemke, J. Wimberg,
N. Metzler-Nolte, F. Meyer, F. Mohr and I. Ott, TrxR inhi-
bition and antiproliferative activities of structurally diverse

This journal is © The Royal Society of Chemistry 2026

19

20

21

22

23

24

25

26

27

28

29

30

31

View Article Online

Paper

gold N-heterocyclic carbene complexes, MedChemComm,
2013, 4, 942.

L. Ortego, F. Cardoso, S. Martins, M. F. Fillat, A. Laguna,
M. Meireles, M. D. Villacampa and M. C. Gimeno, Strong
inhibition of thioredoxin reductase by highly cytotoxic gold
(1) complexes. DNA binding studies, J. Inorg. Biochem.,
2014, 130, 32-37.

D. Wragg, A. de Almeida, R. Bonsignore, F. E. Kiihn,
S. Leoni and A. Casini, On the Mechanism of Gold/NHC
Compounds Binding to DNA G-Quadruplexes: Combined
Metadynamics and Biophysical Methods, Angew. Chem.,
Int. Ed., 2018, 57, 14524-14528.

B. Bertrand, A. De Almeida, E. P. M. Van Der Burgt,
M. Picquet, A. Citta, A. Folda, M. P. Rigobello, P. Le
Gendre, E. Bodio and A. Casini, New Gold(i)
Organometallic Compounds with Biological Activity in
Cancer Cells, Eur. J. Inorg. Chem., 2014, 27, 4532-4536.

A. Johnson, C. Olelewe, ]J. H. Kim, J. Northcote-Smith,
R. T. Mertens, G. Passeri, K. Singh, S. G. Awuah and
K. Suntharalingam, The anti-breast cancer stem cell pro-
perties of gold(1)-non-steroidal anti-inflammatory drug
complexes, Chem. Sci., 2023, 14, 557-565.

M. Al-Hajj, M. S. Wicha, A. Benito-Hernandez,
S. J. Morrison and M. F. Clarke, Prospective identification
of tumorigenic breast cancer cells, Proc. Natl. Acad.
Sci. U. S. A., 2003, 100, 3983-3988.

M. Luo, S. G. Clouthier, Y. Deol, S. Liu, S. Nagrath, E. Azizi
and M. S. Wicha, Methods Mol. Biol., 2015, 1293, 1-49.

T. W. Owens and M. J. Naylor, Breast cancer stem cells,
Front. Physiol., 2013, 4, 225.

M. G. Scioli, G. Storti, F. D’Amico, P. Gentile, G. Fabbri,
V. Cervelli and A. Orlandi, The Role of Breast Cancer Stem
Cells as a Prognostic Marker and a Target to Improve the
Efficacy of Breast Cancer Therapy, Cancers, 2019, 11, 1021.
M. A. Elbaiomy, T. Akl, N. Atwan, A. A. Elsayed,
M. Elzaafarany and S. Shamaa, Clinical Impact of Breast
Cancer Stem Cells in Metastatic Breast Cancer Patients,
J. Oncol., 2020, 2020, 2561726.

M. Balic, H. Lin, L. Young, D. Hawes, A. Giuliano,
G. McNamara, R. H. Datar and R. J. Cote, Most Early
Disseminated Cancer Cells Detected in Bone Marrow of
Breast Cancer Patients Have a Putative Breast Cancer Stem
Cell Phenotype, Clin. Cancer Res., 2006, 12, 5615-5621.

X. Li, M. T. Lewis, ]J. Huang, C. Gutierrez, C. K. Osborne,
M.-F. Wu, S. G. Hilsenbeck, A. Pavlick, X. Zhang,
G. C. Chamness, H. Wong, J. Rosen and J. C. Chang, Intrinsic
Resistance of Tumorigenic Breast Cancer Cells to
Chemotherapy, JNCI, J. Natl. Cancer Inst., 2008, 100, 672-679.
A. M. Calcagno, C. D. Salcido, J.-P. Gillet, C.-P. Wu, J. M. Fostel,
M. D. Mumau, M. M. Gottesman, L. Varticovski and
S. V. Ambudkar, Prolonged Drug Selection of Breast Cancer
Cells and Enrichment of Cancer Stem Cell Characteristics,
JNCI, J. Natl. Cancer Inst., 2010, 102, 1637-1652.

T. M. Phillips, W. H. McBride and F. Pajonk, The Response
of CD24 —/low/CD44+ Breast Cancer-Initiating Cells to
Radiation, JNCI, J. Natl. Cancer Inst., 2006, 98, 1777-1785.

Dalton Trans.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00194g

Open Access Article. Published on 25 March 2026. Downloaded on 4/15/2026 11:31:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

32

33

34

35

36

37

38

39

40

41

42

43

44

X. Bai, J. Ni, J. Beretov, P. Graham and Y. Li, Cancer stem
cell in breast cancer therapeutic resistance, Cancer Treat.
Rev., 2018, 69, 152-163.

M. A. Velasco-Velazquez, V. M. Popov, M. P. Lisanti and
R. G. Pestell, The Role of Breast Cancer Stem Cells in
Metastasis and Therapeutic Implications, Am. J. Pathol.,
2011, 179, 2-11.

P. L. Drake and K. J. Hazelwood, Exposure-Related Health
Effects of Silver and Silver Compounds: A Review, Ann.
Occup. Hyg., 2005, 49, 575-585.

J. Sherwood, How do you (dis)solve a problem like methyl-
ene chloride?, RSC Sustainability, 2025, 3, 3891-3902.

W. Dekant, P. Jean and J. Arts, Evaluation of the carcino-
genicity of dichloromethane in rats, mice, hamsters and
humans, Regul. Toxicol. Pharmacol., 2021, 120, 104858.

M. V. Baker, P. J. Barnard, S. K. Brayshaw, J. L. Hickey,
B. W. Skelton and A. H. White, Synthetic, structural and
spectroscopic studies of (pseudo)halo(1,3-di-tert-butylimida-
zol-2-ylidine)gold complexes, Dalton Trans., 2005, 1, 37-43.

S. Gaillard, A. M. Z. Slawin and S. P. Nolan, A
N-heterocyclic carbene gold hydroxide complex: a golden
synthon, Chem. Commun., 2010, 46, 2742.

D. Gasperini, A. Collado, A. Goméz-Suarez, D. B. Cordes,
A. M. Z. Slawin and S. P. Nolan, Gold-Acetonyl Complexes:
From Side-Products to Valuable Synthons, Chem. - Eur. J.,
2015, 21, 5403-5412.

N. V. Tzouras, M. Saab, W. Janssens, T. Cauwenbergh, K. Van
Hecke, F. Nahra and S. P. Nolan, Simple Synthetic Routes to
N-Heterocyclic Carbene Gold(1)-Aryl Complexes: Expanded
Scope and Reactivity, Chem. — Eur. J., 2020, 26, 5541-5551.

T. Cauwenbergh, N. V. Tzouras, T. Scattolin, S. Bhandary,
A. Simoens, K. Van Hecke, C. V. Stevens and S. P. Nolan,
Continuous Flow Synthesis of [Au(NHC)(Aryl)] (NHC=N-
Heterocyclic Carbene) Complexes, Chem. — Eur. J., 2021, 27,
13342-13345.

N. V. Tzouras, N. Bracho Pozsoni, G. Cari, R. Saito,
T. A. C. A. Bayrakdar, S. Bhandary, K. Van Hecke,
G. C. Vougioukalakis and S. P. Nolan, Synthesis of N
-Heterocyclic Carbene Au()-Aryl Complexes Through Mild
Base-Assisted Transmetallation of Arylboronic Acids: Scope
and Limitations, Chem. — Eur. J., 2025, e03322.

R. Dorta, E. D. Stevens, N. M. Scott, C. Costabile,
L. Cavallo, C. D. Hoff and S. P. Nolan, Steric and Electronic
Properties of N-Heterocyclic Carbenes (NHC): A Detailed
Study on Their Interaction with Ni(CO),, J. Am. Chem. Soc.,
2005, 127, 2485-2495.

D. J. Nelson and S. P. Nolan, Quantifying and understand-
ing the electronic properties of N-heterocyclic carbenes,
Chem. Soc. Rev., 2013, 42, 6723.

Dalton Trans.

45

46

47

48

49

50

51

52

53

View Article Online

Dalton Transactions

C. Marzano, V. Gandin, A. Folda, G. Scutari, A. Bindoli and
M. P. Rigobello, Inhibition of thioredoxin reductase by aur-
anofin induces apoptosis in cisplatin-resistant human
ovarian cancer cells, Free Radicals Biol. Med., 2006, 42, 872—
881.

V. Gandin, A. P. Fernandes, M. P. Rigobello, B. Dani,
F. Sorrentino, F. Tisato, M. Bjornstedt, A. Bindoli,
A. Sturaro, R. Rella and C. Marzano, Cancer cell death
induced by phosphine gold(i) compounds targeting thiore-
doxin reductase, Biochem. Pharmacol., 2009, 79, 90-101.

L. Ma, X. Sun, W. Gao, P. Zhang, S. Zhao, Y. Wang and
H. Liu, Effect and mechanism of auranofin on extrusion
and migration of breast cancer cells, Transl. Cancer Res.,
2025, 14, 5441-5450.

S. Fani, B. Kamalidehghan, K. M. Lo, S. E. Nigjeh,
Y. S. Keong, F. Dehghan, R. Soori, M. A. Abdulla,
K. M. Chow, H. M. Ali, F. Hajiaghaalipour, E. Rouhollahi
and N. M. Hashim, Anticancer activity of a monobenzyltin
complex C1 against MDA-MB-231 cells through induction
of Apoptosis and inhibition of breast cancer stem cells, Sci.
Rep., 2016, 6, 38992.

C. Jubelin, J. Mufioz-Garcia, L. Griscom, D. Cochonneau,
E. Ollivier, M.-F. Heymann, F. M. Vallette, L. Oliver and
D. Heymann, Three-dimensional in vitro culture models in
oncology research, Cell Biosci., 2022, 12, 155.

M. De Franco, M. Saab, M. Porchia, C. Marzano,
S. P. Nolan, F. Nahra, K. Van Hecke and V. Gandin,
Unveiling the Potential of Innovative Gold(i) and Silver(x)
Selenourea Complexes as Anticancer Agents Targeting TrxR
and Cellular Redox Homeostasis, Chem. — Eur. J., 2022, 28,
€202201898.

V. Scalcon, A. Bindoli and M. P. Rigobello, Significance of
the mitochondrial thioredoxin reductase in cancer cells: An
update on role, targets and inhibitors, Free Radicals Biol.
Med., 2018, 127, 62-79.

H. Kohzuki, H. Ito, H. Kurokawa, H. Matsui, T. Yamamoto
and E. Ishikawa, Reactive oxygen species induced by indo-
methacin enhance accumulation of heme carrier protein 1
and hematoporphyrin accumulation in vitro and in vivo in
a brain tumor model, J. Clin. Biochem. Nutr., 2024, 74, 207-
212.

(@) CCDC 2367330: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2kgdhy;
(b) CCDC 2367331: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2kgdjz;
(c) CCDC 2367333: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2kgdlt;
(d) CCDC 2521381: Experimental Crystal Structure

Determination, 2026, DOI: 10.5517/ccdc.csd.cc2gmpwy.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.5517/ccdc.csd.cc2kgdhy
https://doi.org/10.5517/ccdc.csd.cc2kgdjz
https://doi.org/10.5517/ccdc.csd.cc2kgdl1
https://doi.org/10.5517/ccdc.csd.cc2qmpwy
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00194g

	Button 1: 


