#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

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

i '.) Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 17221

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Pierre Arnaut,® Nestor Bracho Pozsoni, & 1* Denys Bondar, &2 Petra Lippmann,©
Susanne Boschuk,© lvan Semenyuta, Subhrajyoti Bhandary,® Kristof Van Hecke, ¢
Yevgen Karpichev, ©° Enrico Cavarzerani,” Vincenzo Canzonieri, 9"

Flavio Rizzolio, @ Thomas Scattolin, ©' Georgios C. Vougioukalakis, &’

Ingo Ott, © *< Nikolaos V. Tzouras*¥ and Steven P. Nolan%*a

Two distinct synthetic pathways are disclosed that lead to new gold—selenolato complexes, stabilized by
N-heterocyclic carbenes (NHCs). The weak base route can provide facile access to phenylselenolate
complexes of gold, using both NHC and phopshine ligands. In addition, the pathway based on the
carbometallation of elemental selenium enables the construction of a more diverse library of
products,
commercially available. Biological studies performed on human cancer cell lines (A-549, H-T29, and
MCF-7) and mammal healthy cell lines (Vero-E6) reveal that a selection of these complexes exhibit
cytotoxic activity and are selective towards cancerous cells. In vitro experiments confirmed that our
lead candidate is indeed a TrxR inhibitor. Finally, this complex showed strong cytotoxic activity even in

based on substituted aryl-selenide fragments whose selenol congeners are not
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Introduction

Selenium plays a role in numerous biological processes," one of
which being the regulation of reactive oxygen species (ROS).?
Although these compounds are natural by-products of mito-
chondrial respiration and can be involved in cellular
signaling,*>* their accumulation has deleterious effects on DNA
and proteins.>® Increased ROS levels are also characteristic of
tumors, where they mediate both cell proliferation and angio-
genesis. However, due to their high metabolism, tumors are
particularly sensitive to oxidative stress, which explains why
ROS can both serve as tumor-promoting and tumor-suppressing
agents.” This ambivalent role of ROS has led to different
approaches for cancer treatment, by either increasing or
lowering the production of ROS.? This article will be focusing on
the first strategy, through the inhibition of antioxidant systems
in cancer cells.

Thioredoxin reductases (TrxR) and glutathione peroxidases
(GPx) are key antioxidative enzymes that depend directly on
selenocysteine residues.” Because of the instability of the Se-O
bond, Se oxides can be rapidly reduced to selenols, which is why
selenoenzymes tend to resist permanent inactivation by oxida-
tion. TrxR exist in three forms: one located in the cytoplasm of
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cells, and the other two in the mitochondria; they represent
a critical pharmacological target for apoptosis-inducing
agents.” The presence of a cysteine close to a selenocysteine
enables TrxR to interact with organometallic complexes by
coordinating to thiol and selenol groups."** Conversely, GPx
cannot form chelates with metals due to their distant selenol
groups. Another aspect that makes TrxR an attractive thera-
peutic target is related to their incredible affinity for soft tran-
sition metals, especially gold(1) and platinum(u)."* For reference,
only nanomolar (nM) concentrations of auranofin will reduce
TrxR activity to 50%, whereas micromolar (uM) levels are
needed for GPx.*

Cancer cells exhibit elevated mitochondrial membrane
potential compared to healthy cells,' which causes the accu-
mulation of lipophilic cations within the mitochondria.
Therefore, following the design of auranofin in the late 1970s,"”
one of the earlier examples of analogue structures was a bis-
chelated cationic gold—-phosphine complex."®** Changing from
phosphines to triazaphosphaadamantane ligands increased the
water-solubility of the complex, with limited results against
cancer cells.”** It is worth noting that even though the thio-
sugar ligand is not essential for the cytotoxic activity of aur-
anofin,** the presence of a glycosidic unit is still an important
factor in the design of chemotherapeutic agents, since carbo-
hydrates can act as active sites for molecular recognition, in
accordance with the Warburg effect.*® As exemplified with
cisplatin,” ligand exchange is a critical step for metallodrugs
before the actual binding process.>**” The use of N-heterocyclic
carbene (NHC) ligands paved the way to more selective
compounds thanks to a more refined balance of hydrophilic
and lipophilic character for membrane permeation.”® For
instance, shorter alkyl chains (IMe = 1,3-dimethylimidazol-2-
ylidene) display lower lipophilicity than longer ones (such as
nBu = 1,3-di(tert-butyl)imidazol-2-ylidene or ICy = 1,3-
di(cyclohexyl)imidazol-2-ylidene), as is to be expected.>® Another
benefit of NHCs, besides substituent versatility, is the ease of
synthesis of their transition metal complexes via the weak base
route, which can be conducted under air with green solvents
(including acetone, ethanol, and ethyl acetate).***> Gold-NHC
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anticancer®” properties and are capable of binding to cysteine
and selenocysteine residues in proteins.***° Bis-NHC gold
complexes have also shown cytotoxic activity against acute
myeloid leukemia cells (HL60) and cisplatin resistant cell lines,
notably ovarian cancer (A2780).3® [(NHC),Au]" cationic
complexes were reported to selectively target mitochondrial
TrxR to induce the apoptosis of cancer cells without affecting
the corresponding healthy cells. In this case, it was shown that
the gold center forms bridges between cysteine and selenocys-
teine residues, and that selenols are preferred over thiols by
several orders of magnitude.*

The first characterized gold-selenolato complex dates to the
1990s.*” The reason behind the incorporation of a selenium
atom, as a substitute to sulfur, was to reduce toxicity and
adverse side effects.***> A common synthetic pathway was to
mix phosphine gold chlorides with a selenolate.***® These
protocols, however, require strict inert conditions, due to sele-
nols being typically air sensitive. Alternatively, it is possible to
protect the selenol by silylation to obtain gold-selenolates in
air, as it was performed in the specific case of dinuclear
complexes with ferrocene (Scheme 1).>° Since then, even though
numerous gold derivatives have been developed, a larger
emphasis has been given to Au-S bond-containing
complexes.”>* Besides gold complexes bearing selenourea
ligands, examples of Au-Se bond-containing complexes remain
scarce.****” Therefore, it is in this context that we aimed to
synthesize M-selenolato derivatives (M = Au, Cu, Ag), in an
attempt to gain a better understanding of the mechanism
behind the biological activity of these complexes, as well as the
structural parameters which affect this activity. To this end, we
considered two possible synthetic pathways: the weak base
route, to access M-arylselenolato complexes from the corre-
sponding [M(NHC)CI] complexes and selenophenol, and
a second method - the formal Se insertion into the Au-C bond
which occurs when a Au-aryl complex is heated in the presence
of elemental selenium. The use of the weak base route for
selenol metalation represents a new synthetic approach,
although being a logical extension of the analogous thiol
metalation.*® The limited number of commercially available/low

complexes can have antioxidant,*® antibacterial,®® and cost selenols may certainly restrict the diversity of such a library
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Scheme 1 Synthetic background of selenium-based gold complexes.
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of complexes intended for biological studies. Therefore, we also
developed the second synthetic approach in order to establish
the potential of gaining rapid access to arylselenolato
complexes which vary with respect to the arylselenolato frag-
ment, benefiting from the variety and facile synthesis of Au-aryl
complexes.***® The formal insertion of Se into Au-aryl bonds to
form a Au-Se-C bonding arrangement is without precedent in
the literature (Scheme 1). After gaining synthetic access to a new
library of gold-selenolato complexes, their anticancer activity
was evaluated in vitro. For the most promising complex, further
in vitro experiments were performed, revealing the role of this
compound as a TrxR inhibitor. Then, the performance of our
lead compound was tested ex vivo, using patient-derived tumor
organoids as an advanced 3D cancer model.

Results and discussion

Synthesis of metal-selenolato complexes: weak base route and
Se insertion

The weak base route is applicable to a wide variety of substrates
with moderate to high yields (Scheme 2), in green solvents, such
as ethanol and acetone. While the standard procedure was
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conducted for 16 hours overnight, the reaction time can be
shorter in some cases, such as for monoIPent (1m), which can
reach full conversion in one hour. Ethyl acetate can also be used
as an alternative to dichloromethane for product purification.

The isolated yields are highly dependent on the ligand and
the metal center. To begin with the effect of the ancillary ligand
of the gold complexes, IPr performed best in acetone with up to
90% yield, compared to 62% in ethanol (1a). The same trend
was observed on SIPr (1b) and BIAN-IPr (1e), where the yield
increased to 84% and 88%, respectively, by performing the
reaction in acetone. Complexes bearing unsymmetrical ligands
also reacted favorably with 88% yield for MelPr (1g), 72% for
MelMes (1h), and 91% for ImPyIPr (1i) in ethanol.

In addition to NHCs, a triphenylphosphine-based complex
was successfully synthesized with 61% yield (10, Scheme 3).
Lastly, this method was extended to both copper (1p) and silver
(1q) complexes, which were isolated with 75% and 64% yield,
respectively. Special care should be taken with silver derivatives,
due to their light sensitivity. More details on reaction condi-
tions can be found in the SI (Table S1).

To further increase the scope of products, we investigated an
alternative synthetic pathway, based on the formal insertion of
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Scheme 2 Scope of ligands for the weak base route with selenophenol. The X-ray molecular structures of complexes 1b, 1e and 1l are presented,
showing thermal displacement ellipsoids at the 50% probability level and hydrogen atoms omitted for clarity. CCDC: 1b 2379975, 1e 2379977,

11 2379976.
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Scheme 3 Additional entries for non-NHC gold complexes.

selenium into the Au-C bond of Au-aryl derivatives. In this
method, the gold center is functionalized pre-emptively through
base-assisted transmetallation of an aryl group from arylbor-
onic acids, leading to the corresponding Au-aryl complex. Then,
this complex is heated in the presence of elemental Se, resulting
in the desired gold-selenolato complex via carboauration. All
synthetic procedures towards substrates for the Se insertion can
be found in the SI (Table S2). Because the starting material is
fully tunable before the insertion, this two-step process enables
more elaborate products, such as substituted aryl complexes
(Scheme 4). Among Au-aryls, the insertion performed on the 4-
trifluoromethylphenyl derivative resulted in complex 2a with
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92% yield in toluene. The meta-equivalent 2b can be prepared
under the same conditions with 71% yield. 2a is also accessible
through a one pot reaction from the Au-Cl complex with 87%
yield. The synthesis of 1a was cleaner in a 1:1 mixture of
dioxane/water, compared to toluene, which is why protonated
solvents were subsequently investigated. 1a can be isolated with
83% yield in ethanol at 75 °C after 40 hours. Unfortunately,
neither 2a nor 2b was obtained when the reaction was per-
formed in ethanol. Based on our studies, the outcome of this
reaction appears to be highly dependent on the electron density
of the aryl group. Even though the reaction is possible in both
cases, it is more selective when the aryl fragment bears electron-
withdrawing groups than it is when electron-donating groups
are present.

The electronic environment of the Se-based complex is
naturally influenced by the ancillary ligand. The chemical shift
of ”7Se in NMR indicates a correlation of 83% with the Tolman
electronic parameter (TEP) of the NHC in NHC-Au-Se-aryl
complexes, as shown in Fig. 1. It is known that the reactivity of
NHC gold complexes is modulated by the o-donor character of
the ancillary ligand.** Here, the metal center acts as a mediator
that facilitates the transfer of electron density from the NHC
ligand to selenium, hence the correlation observed between the
TEP and the Se chemical shift. Changes in electron density at
gold and electronic communication between ancillary ligands
and other gold-bound fragments are well-documented in the
literature.®® The use of selenium as a probe in the context of L-
Au donating ability (L = ancillary ligand), is

—
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Scheme 4 Scope of the formal Se insertion. The X-ray molecular structure of complex 2a is presented, showing thermal displacement ellipsoids
at the 50% probability level and hydrogen atoms omitted for clarity. CCDC: 2a 2379974.

17224 | Chem. Sci, 2025, 16, 17221-17231

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04490a

Open Access Article. Published on 19 August 2025. Downloaded on 4/5/2026 10:00:54 AM.

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

(cc)

Edge Article
98
T
...... °
% SMes .- *
...... IPr
=92 o SPr .
3 0.
g9 | e
= IMes .
®o .
Bes | °
Pr
84 °
82 IPent
80
2049 20495 2050 20505 2051 20515 2052 20525 2053
TEP (cmr™)

Fig.1 Plotof TEP of NHC ligands vs. Se shift of complexes 1a, 1b, 1c, 1,
1k, and 1L (TEP determined by IR of the corresponding [Ni(CO)s(NHC)]
complexes).®*

unprecedented,* to the best of our knowledge. Combined with
the facile synthesis and stability of the compounds in question,
this correlation suggests that NHC-Au-selenolato complexes
could serve as a new type of probe for the electron-donating
ability of ancillary ligands.

Furthermore, the stability of the complexes 1a and 1m in
water was studied by dissolving a known quantity of the corre-
sponding complex (4 mg) in DMSO-d¢ (0.4 mL), followed by
diluting the solution with D,O to obtain a total volume of 0.5
mL. No change was observed after 48 hours. This indicates that
gold-selenolato complexes are stable in aqueous solution.

Caution should be exercised when using complexes with
potential minor impurities suggested by discrepancies between
theoretical and experimental values in the contents of some
elements (between ca. 0.6-0.9%) in elemental analysis, such as
1e, 1i and 1j. Despite revealing no sign of impurities via "H
NMR, complexes 1e and 1i could not be validated by elemental
analysis successfully. We suspect 1e to slowly decompose at
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ambient temperature. No organic impurity was detected via "H
NMR for 1i, therefore the failure of elemental analysis must
have been due to minor inorganic impurities. Among these
cases, only 1i was used for biological analysis along with the
other candidates.

Biological analyses of metal-selenolato complexes

In vitro experiments on 2D cancer and non-cancerous cell
lines. A selection of the pure complexes was then tested in vitro
on cancer cell lines to probe their potential biological activity
(Table 1). The first selected group of candidates was derived
from the standard IPr ligand, as it is a reference in gold
chemistry. Candidates included different substituents on the
backbone and aromatic wings of the NHC ligand to gauge their
effect on biological activity. The chosen targets were human
lung cancer cells (A-549), human colorectal adenocarcinoma
(HT-29), human breast cancer cells (MCF-7), and, as a reference
for healthy cells, kidney epithelial cell lines (Vero-E6) from
African green monkey. Starting with the most promising
candidates, 1m and 1q displayed selective cytotoxicity towards
all tested cancerous cell lines. Complex 1d was the only candi-
date that targeted one cancer cell line, with no activity on any
other tested cell types. Interestingly, the imidazolium salt
equivalent 1m’ was only moderately less active than 1m and
shared the same selectivity. The addition of an electron with-
drawing group on the aryl moiety also drastically reduced the
activity of complex 2a compared to 1a. Changing to a saturated
backbone completely inactivated complex 1b. Finally, the
volume occupied by the ligand had a significant impact on the
activity, as increasing the bulk of the complex from IPr to IPr*
on 1c also inactivated the complex, most likely due to a poor
interaction with its target. The aromatic wingtips also revealed
to be capital in bioactivity, as the IPent ligand (1l), unlike

Table 1 Cytotoxic activity of Se complexes against A-549, HT-29, and MCF-7 cancer cell lines and the non-cancer healthy Vero cell line

Complex ICso (LM)

(Entry) A-549 HT-29 MCF-7 Vero-E6
Auranofin 3.7+04 49+ 0.5 1.5+ 0.2 2.6 £ 0.1
Cisplatin 3.0+ 0.4 7.0 £ 0.5 5.3+£0.8 2.06 + 0.02
[Au(IPr)Se(CeHs)] (1a) 4.5+ 0.9 31405 3.6 £ 0.5 71406
[Au(IPr)Se(C¢H,CF;)] (2a) 55 4 10 88 + 8 48 £5 >100
[Au(SIPr)Se(CeHs)] (1b) >100 >100 >100 >100
[Au(IPr*)Se(CeHs)] (1¢) >100 >100 >100 >100
[Au(IPr™¢)Se(CeHs)] (1d) >100 >100 6.1+ 0.3 >100
[Au(BzIPr)Se(C¢Hs)] (1) 0.32 + 0.04 1.08 + 0.05 1.9 + 0.4 2.9+ 0.2
[Au(MeIPr)Se(CeHs)] (1g) 1.5 4+ 0.3 2.2+ 0.5 2.440.5 3.84+0.1
[Au(MeIMes)Se(CsHs)] (1h) 4.0+ 05 4+1 3.4+06 3.5+ 0.2
[Au(ImPyIPr)Se(CeHs)] (1i) 5.97 + 0.08 12.6 £ 0.8 43404 6.3+ 0.1
[Au(SIMes)Se(CsHs)] (1K) 6.3 + 0.6 9.9 + 0.3 44401 6.0 £ 0.3
[Au(TPent)Se(CqH;)] (11) >100 >100 >100 >100
[Au(MonoIPent)Se(C¢Hs)] (1m) 0.27 +0.03 0.35 +£0.05 0.27 £0.04 4.5 +0.2
MonolIPent-HCI (1m’) 0.76 = 0.08 0.8 £0.2 0.79 £+ 0.09 12.3 £ 0.8
[Au(PPh,)Se(CeH;)] (10) 2.9 + 0.4 2.8 £ 0.2 1.70 + 0.08 1.9+ 0.3
[Cu(IPr)Se(CsHs)] (1p) 0.7 £0.1 1.0 + 0.3 0.4+ 0.3 1.1+ 0.2
[Ag(TPr)Se(CsHs)] (1q) 0.8+ 0.1 1.2+ 0.3 0.9+ 0.2 6.0 £ 0.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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monolPent (1m), was inactive. Other complexes such as 1h, 10
or 1p exhibited cytotoxicity without discriminating between
cancerous and healthy cells.

In preparation for testing on patient-derived colon and
ovarian cancer organoids, we evaluated our lead compound
(complex 1m) on the widely used ovarian cancer cell line A2780,
obtaining an ICs, of 0.4 + 0.1 pM (compared to 1 uM for
cisplatin). This result is consistent with the ICs, values previ-
ously determined for complex 1m in A-549, HT-29, and MCF-7
cell lines. Moreover, since oxaliplatin and carboplatin will be
employed as positive controls in colon and ovarian cancer
tumoroid assays, respectively—being the standard treatments
for these cancer types—we find it relevant to report the average
ICs, values for these second- and third-generation platinum
drugs as described in the literature: (i) 7 pM for oxaliplatin in
HT-29 colon cancer cells,* and (ii) 8 uM for carboplatin in
A2780 ovarian cancer cells.®®

Ex vivo experiments on 3D patient-derived organoids

Encouraged by the promising in vitro results obtained in a wide
range of 2D cancer cell lines, we sought to assess the efficacy of
our synthesized compounds in more advanced biological
models. Among these models, patient-derived tumor organoids
(PDTOs) and spheroids derived from commercially available
tumor cell lines are two key approaches. However, PDTOs offer
significant advantages over spheroids in drug screening,
particularly in the context of metallodrugs.

PDTOs are established directly from patient tumors,
preserving the genetic, epigenetic, and histological heteroge-
neity of the original cancer.”” This is in stark contrast to
spheroids from commercial cell lines, which often undergo
extensive adaptation in culture, leading to reduced genetic
diversity and loss of key tumor characteristics. The ability of
PDTOs to reflect real patient tumor variability is crucial for
assessing the efficacy of metallodrugs across different cancer
subtypes.®® Unlike conventional spheroids, PDTOs better reca-
pitulate the three-dimensional (3D) architecture and microen-
vironment of tumors, including cellular interactions and
extracellular matrix components. Since PDTOs are directly
derived from patient tumors, they allow for personalized drug
screening, enabling clinicians to test metallodrugs on
a patient's specific cancer before treatment.® This personalized
approach increases the likelihood of selecting the most effective
therapy while reducing unnecessary exposure to ineffective
drugs, an advantage that commercial spheroids cannot offer.

Cancer cell lines used for spheroids often lack the ability to
adapt and evolve under drug pressure in the same way real
tumors do. PDTOs, however, can capture mechanisms of drug
resistance and tumor evolution more effectively, making them
superior models for studying long-term responses and resis-
tance development to metallodrugs. Moreover, metallodrugs
often require specific metabolic conditions to become activated
or exert their effects. PDTOs, derived from primary tissues,
better reflect patient-specific drug metabolism, helping to
predict cytotoxicity profiles more accurately than cell line-
derived spheroids. This is particularly important for
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metallodrugs, whose activity can be influenced by metal-
binding proteins, enzymatic modifications, and redox condi-
tions that may not be properly maintained in conventional
spheroid models.”

Taking advantage of organoid biotechnology, four organoids
derived from tumor tissues of patients affected by colon cancer
(CRC-PDTO1-4) were selected to test the efficacy of the most
promising gold(1)-selenolato complex 1m.

The ICs, values reported in Table 2 clearly indicate that
complex 1m retains remarkable cytotoxicity even in these more
complex models of colon cancer, in addition to the promising
results obtained with HT-29 2D cells. In this case, oxaliplatin
was used as a reference, as it represents the standard chemo-
therapy agent employed in the clinical treatment of colon
cancer. Interestingly, in the two patients for whom oxaliplatin
proved to be ineffective (CRC-PDTO3 and CRC-PDTO4), our
complex exhibits cytotoxicity comparable to that observed in
patients sensitive to oxaliplatin (CRC-PDTO1 and CRC-PDTO2).
This finding suggests that complex 1m warrants further inves-
tigation as a potential metallodrug for the treatment of
aggressive forms of colon cancer that are resistant to conven-
tional first-line oxaliplatin-based therapy.

These promising results prompted us to assess the efficacy of
complex 1m in a highly aggressive and lethal type of cancer
affecting the female population, namely High-Grade Serous
Ovarian Cancer (HGSOC). Among the various subtypes of
ovarian cancer, HGSOC is the most prevalent and is associated
with the poorest five-year survival rate.”* Moreover, nearly 30%
of HGSOC patients develop ascites, a condition characterized by
the accumulation of free-floating malignant cells that facilitate
intraperitoneal metastasis.”” This clinical complication not only
hampers the efficacy of standard chemotherapy but also
necessitates frequent paracentesis for symptomatic relief.”

Given these therapeutic limitations, current treatment
strategies often fail to achieve lasting efficacy. This highlights
the urgent need for innovative drugs capable of overcoming
both intrinsic and acquired resistance, which compromise
treatment outcomes while simultaneously increasing toxicity.
With the aim of contributing to research against ovarian cancer,
we tested complex 1m and carboplatin (standard therapy)
towards four patient-derived tumoroids recently prepared in
our laboratory from HGSOC samples (HGSOC-PDTO-1-4).7*7% In
previous studies, immunohistochemistry (IHC) analysis
confirmed that these organoids retained key histological
features of their original tumors, including the expression of
markers such as PAX8, WT-1, and CA-125.

Table 2 Anticancer activity on organoids from colon cancer tissues

ICso (HM)
Organoid Oxaliplatin 1m
CRC-PDTO1 1.4 £0.9 13+9
CRC-PDTO2 4+1 6+2
CRC-PDTO3 >100 3.4+0.5
CRC-PDTO4 >100 9+£5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Anticancer activity on organoids from HGSOC tissues

ICs0 (UM)
Organoid Carboplatin 1im
HGSOC-PDTO1 3.5+0.7 17 £ 8
HGSOC-PDTO2 3+1 4+2
HGSOC-PDTO3 >100 62
HGSOC-PDTO4 >100 7£5

Even in this type of cancer, complex 1m demonstrates high
efficacy, with IC5, values in the micromolar range (see Table 3).
Similar to the results observed in organoids derived from colon
cancer tissues, complex 1m exhibits potent cytotoxicity across
all tested organoids (Fig. 2). This finding is particularly note-
worthy when examining the HGSOC organoids HGSOC-PDTO3
and HGSOC-PDTO4, where conventional carboplatin-based
therapy is ineffective.

Complex 1m

A

Non-treated

HGSOC
PDTO-3

HGSOC
PDTO-4

Complex 1m
50 uM

e gt

Non-treated

CRC
PDTO-1

CRC
PDTO-2

Fig. 2 Representative brightfield images of PDTOs from HGSOC (A)
and CRC (B) following treatment with complex 1m at 50 uM for 96
hours, compared to non-treated controls. Complex 1m treatment
resulted in visible reductions in organoid size, density, and structural
integrity in both HGSOC and CRC models. Scale bar = 200 um.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TrxR1 inhibition

Based on the obtained in vitro results, three compounds were
then tested for TrxR1 inhibition: the most active complex (1m),
the corresponding imidazolium (1m’) and one featuring the
most common NHC-ligand in gold chemistry (1a). These
experiments were focused on gold complexes, since TrxR is not
the most common target for copper and silver complexes. The
inhibitory activity on TrxR by our lead candidate 1m was then
confirmed in vitro with an average ICs, value of 0.18 & 0.05 uM.
The imidazolium salt 1m’ and complex 1a did not show any
inhibition of the enzyme (i.e. no reduction of the enzymatic
activity was notable at the highest applied dosage of 100 uM),
which suggests that their cytotoxic potency is related to a sepa-
rate mechanism.

Molecular docking of complexes 1m, 1m’ and 1a into the
TrxR1 redox site

Next, molecular docking studies on these three candidates (1m,
1m’, and 1a) were conducted to compare both active and inac-
tive complexes and to understand the potential interactions
between 1m and TrxR1 redox sites. Even though there is
a possibility of ligand exchange upon binding to the active site,
we chose to conduct this study with the intact gold-selenolato
complexes to gauge interactions that precede ligand exchange
and this may explain the inhibitory activity observed for 1m.
The RSCB Protein Data Bank file PDB: 3EAN of the crystal
structure of thioredoxin reductase I, containing selenocysteine
(Sec) amino acid residues, was used for the docking research
and the amino acid residue SEC498 (subunit A) was set as the
docking box center. Fig. 3 shows the comparative localization of
the docking positions of 1m in the TrxR1 redox site (top), as well
as the key interactions between various sites of 1m and specific
amino acid residues (bottom). For the investigation of the
proposed mechanism of the inhibition of TrxR, molecular
docking was performed on compounds 1m, 1m’ and 1a into the
thioredoxin reductase redox site (subunit A), as illustrated in
Fig. S1 (see SI). Auranofin was docked as a control at the redox
site of the TrxR1 with the formation of a protein-auranofin
complex (—9.5 keal mol™"). The molecular docking method has
established the complexation of 1m, 1m’ and 1a with the TrxR1
C-terminal redox center with a binding energy (AG) of —9.3,
—7.8 and —7.4 keal mol™" respectively. A key aspect of this
process is the binding of the gold atom of 1m with the selenium
atom of SEC498 through metal acceptor bonds (2.77-2.91 A)
(Fig. 3). Secondly, complexation is assisted by hydrogen bonds
(2.46-2.95 A) between the selenium atom of the organometallic
complex with the amino acids LYS29 and LYS123 of TrxR1.
These interactions may represent the onset of a protodeaura-
tion/gold binding sequence after which gold would be bound
to the selenium atom of SEC498.

The important factors in the stabilization of the protein-1m
complex are hydrogen bonds between the imidazolylidene ring
of 1m and amino acid LEU493. It should be noted that the
formation of electrostatic interactions occurs between the
phenyl rings of 1m and amino acids LYS29 and SEC498. For
1m/, the imidazolium is stabilized by one hydrogen bond (3.42

Chem. Sci., 2025, 16, 1722117231 | 17227
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LYS123

Fig. 3 Localization of 1m at the TrxR1 redox site (top), and molecular
docking of 1m into the redox center of TrxR1l (bottom); grey —
complex.

A) between the heterocyclic ring and amino acid GLN494; two
electrostatic interactions, SEC498 (4.85 A) and LYS29 (4.45 A)
with the phenyl ring; and two hydrophobic interactions, the
isopentyl group with VAL484 (3.92, 4.89 A) (Fig. S1b). Molecular
docking of non-inhibitor 1a demonstrates a lack of bond
between the gold atom and the SEC498 selenium atom (Fig.
Sic). The stabilization of the protein-1a complex only occurs
through two electrostatic interactions (2.98-5.47 A) between the
phenyl rings and amino acids LYS123 and SEC498, and four
hydrophobic interactions (3.22-5.46 A) between phenyl and
isopropyl groups and amino acids ALA119 and VAL484. The
localization and certain interactions observed at the TrxR1
redox center in the case of 1m are comparable to those found in
cases of NHC-gold-selenone complexes described in the liter-
ature.””® Considering all the above results, the candidate
molecule can be considered an inhibitor of TrxR1, affirming the
proposed theory on the anticancer mechanism of action of such
complexes.

Conclusion

We have developed two simple pathways for the synthesis of
metal-selenolato complexes under air, with gold, copper, or
silver. A large number of ligands are compatible with the weak
base route, while the Se insertion route enables the synthesis of
gold-selenolato complexes from gold-aryl derivatives, bypass-
ing the use of selenol. The importance of this newly discovered

17228 | Chem. Sci., 2025, 16, 17221-1723]

View Article Online

Edge Article

reactivity of coinage metal-aryl complexes lies in the capacity of
converting any (aryl)boron-containing substrate to the corre-
sponding coinage metal-selenolato complex. Additionally, this
reaction reveals the potential of converting other types of
coinage metal organometallics into their organoselenolato
congeners, thus providing access to a significantly larger pool of
such complexes for biological or other applications. Both routes
make use of very simple, atom-economical procedures, with
desirable solvents such as ethanol and acetone with straight-
forward purification, leading to high yields. In vitro analysis
provided clear evidence of selective cytotoxicity for a selection of
complexes on human cancer cells and confirmed the inhibitory
activity on TrxR with our most promising candidate, complex
1m. Molecular docking has demonstrated the complexation of
1m with the TrxR1 C-terminal redox center with a binding
energy (AG) of —9.3 kcal mol ', Based on the computational
studies and biological tests, it is plausible to infer that the
binding of the studied compounds on the redox centers of
TrxR1 causes oxidative stress followed by the apoptosis of
cancer cells.

Finally, complex 1m exhibited promising cytotoxic effects
even in advanced and physiologically relevant biological
models, such as 3D organoids derived from tumor tissues of
multiple patients. In both colon cancer and HGSOC organoids,
our compound demonstrates high efficacy even in patients
resistant to the standard chemotherapy agents used in clinical
practice (oxaliplatin and carboplatin, respectively).

The strong activity observed in vitro, combined with its
effectiveness in ex vivo models, provides a solid foundation for
the potential clinical development of the compounds discussed
in this study. However, additional research is currently
underway in our laboratories, with a primary focus on assessing
their efficacy in in vivo models as well as in better defining their
mode of action.
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