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Designing ligands for cancer has traditionally overlooked complex dissociation and transmetalation in
enhancing efficacy. Another neglected criterion is the ligands' ability to intercept the labile Fe(i) pool
released after transferrin endocytosis and reduction of transferrin-bound Fe(in). Given iron's essential role
in cancer proliferation, disrupting metal homeostasis offers a promising therapeutic strategy. Herein, we
introduce a new class of Fe(i)-selective ligands and their Ga(i) complexes for cancer therapy, guided by
insights into their dissociative dynamics and transmetalation behavior. Unlike prior approaches focused
on static metal coordination, this work integrates dissociation and transmetalation as design features,
enabling selective interception of intracellular Fe(n) trafficking. Relative to the ligand, Ga(il) complexation
led to a pronounced (p < 0.001-0.0001) enhancement in anti-proliferative activity, with up to a 70-fold
increase in potency. This result was in contrast to the modest increase in potency (up to 2.4-fold)
observed for the Cu(n) or Zn(1) complexes. Mechanistic dissection demonstrated that, unlike the
complete dissociation of the Ga(i) complexes, the relative Zn(i) and Cu(i) complexes underwent only
partial dissociation. This difference facilitates complete ligand and Ga(in) release from the complex and
may account for the superior cytotoxicity of the Ga(n) complexes versus their Zn() and Cu(i)
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eceived ugust 2025 counterparts. Furthermore, their potency was linked to Fe(n) ligation rather than Fe(n), despite electronic
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similarity to Ga(m). This study introduces three underexplored design principles for anti-cancer ligand
DOI: 10.1035/d55c06084b engineering: (i) dynamic complex dissociation; (ii) selective intracellular transmetalation using NNO-

rsc.li/chemical-science containing ligands; and (iii) interception of labile Fe(i) generated after endosomal Fe(in) reduction.

1 Introduction
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Targeting intracellular Fe homeostasis'>** using chelators or
Fe(m)-mimetic complexes such as Ga(uw)**® or Ti(iv)'” has
shown promise in disrupting Fe-dependent biological
processes.'” Among effective scaffolds are the aroylhydrazones
and thiosemicarbazones,*®>' which act as chelators'>?*?2¢ or
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lipophilic metal carriers.”* Their strong Fe-binding capacity has
also enabled applications in iron-overload disease.*’*" Exten-
sive structure-activity relationship (SAR) studies have facilitated
the specific design of cytotoxic ligands with enhanced potency
and selectivity.*'**
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Fig. 1 Chemical structures of: (A) bidentate ligands L1-L9, and (B) tridentate ligands L10-L13 and their Cu(i), Zn(1) and Gal(il) complexes.
Comparison of structures of the state-of-the-art ligands: (C) DpT; (D) Dp44mT; (E) DpC; and (F) Triapine®.
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In contrast to previous aroylhydrazone-based studies,**™**
this investigation introduces a conceptually distinct strategy
that integrates three underexplored design principles into anti-
cancer ligand engineering: (i) dynamic dissociation of metal
complexes; (ii) selective intracellular transmetalation; and (iii)
interception of labile Fe(u), a pool of Fe generated after endo-
somal reduction of Fe(m) in Fe,-Tf.° To implement this, we
designed a novel series of tridentate naphthofuran-based
ligands bearing NNO donor sets, constructed from pyridine,
pyrazine, benzylpyridine, or dipyridyl substituents (Fig. 1A and
B). These scaffolds offer high Fe(u) affinity, tunable electronics,
and favorable lipophilicity and membrane permeability.

Our approach builds upon prior SAR-driven development of
hybrid thiosemicarbazones and aroylhydrazones,* as well as
the di-2-pyridylketone thiosemicarbazone (DpT; Fig. 1C)
class.**** These latter agents include di-2-pyridylketone-4,4-
dimethyl-3-thiosemicarbazone (Dp44mT; Fig. 1D), which
demonstrates potent in vitro and in vivo anti-tumor activity, and
its orally bioavailable analogue, di-2-pyridylketone-4-cyclohexyl-
4-methyl-3-thiosemicarbazone (DpC; Fig. 1E), which advanced
to multi-centre phase I clinical trials.**-*7°-#

An important aspect of the efficacy of these anti-cancer
ligands is the “double punch” mechanism.*® This relates to
the tridentate, N,N,S coordination site being capable of binding
Fe(m) and Cu(u), which are required for proliferation, but also
the appropriate redox potential of these complexes, leading to
their redox activity. In particular, the redox-active Cu(u)-
thiosemicarbazone complexes generate reactive oxygen species
(ROS) and induce lysosomal membrane
permeabilization.'>'#4>°1:60-% In contrast, the Fe(ur) complexes
of the DpT ligand class are far less redox active*” and do not
possess marked anti-proliferative efficacy.*® On the other hand,
Zn(un) complexes may facilitate anti-cancer activity by in situ
transmetalation with Cu(u).*>%7°

Triapine® (3-aminopyridine-2-carboxaldehyde
thiosemicarbazone; Fig. 1F) is an older o-N-heterocyclic
thiosemicarbazone that has demonstrated anti-tumor activity
and has been examined in over 20 human clinical trials.”* More
recently, dual-function chelators, namely the Triapine®-defer-
asirox hybrid, have exemplified the therapeutic potential of
pharmacophore combination.”® Of interest, naphthofuran-
containing molecules, including natural products such as
(£)-laevigatin, (+)-heritol, and balsaminone A, exhibit favorable
pharmacokinetic  and  anti-cancer  properties.”>”*  In
aroylhydrazone and thiosemicarbazone tridentate ligands that
form stable, planar complexes,*>*"**¢>7%7* incorporating the
naphthofuran moiety can be expected to enhance: (1) electron
delocalization, and thus, promote ligand rigidity; and (2)
increase lipophilicity that will improve cellular permeability
and chelation efficacy.

Herein, we implement a dual-action strategy in which Ga(i)
complexes of tridentate ligands undergo intracellular dissocia-
tion, releasing free ligands that selectively bind Fe(u). This
process enables dynamic transmetalation and targeted disrup-
tion of intracellular Fe(u) trafficking. Notably, Ga(ui) coordina-
tion enhanced the anti-proliferative activity of the ligand by up
to 70-fold, substantially exceeding the modest 1.3-2.4-fold
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increases observed for the corresponding Cu(u) or Zn(u)
complexes. This pronounced efficacy was unexpected, as Cu(u)
and Zn(u) complexation has previously improved the activity of
structurally related ligands,*>*7%”® but never to this extent.

In line with Ga(m) coordination chemistry,”>”” our results
were initially assumed to relate to modulation of atomically
similar Fe(m) in cellular pools targeted by Ga(ui).”**° However,
again in contrast to expectations, mechanistic dissection
revealed the critical roles of robust ligand dissociation and
transmetalation with Fe(u), but not Fe(ur). We propose that
[Ga(L12),]" dissociates intracellularly, liberating L12 to bind
Fe(u) released during endosomal Fe(in) reduction. Collectively,
these results establish dissociation-enabled Fe(u) interception
and selective transmetalation as powerful yet underutilized
design principles for next-generation Ga(m)-based anti-cancer
agents.

2 Results and discussion

Nine bidentate aroylhydrazone and thiosemicarbazone ligands
based on benzofuran (L1-L4) and naphthofuran (L5-L9) were
synthesized (Fig. 1A), along with four tridentate naphthofuran-
based aroylhydrazones (L10-L13; Fig. 1B). The tridentate
ligands were designed for Cu(u), Zn(u), and Ga(m) coordination,
forming stable, planar complexes via imine nitrogen, carbonyl
oxygen, and pyridine- or pyrazine-nitrogen. Fe(u) complexes of
these ligands are inherently unstable under aerobic or aqueous
conditions, as they readily oxidize to Fe(m), readily dissociate, or
undergo rapid ligand exchange, preventing their reproducible
isolation and characterization.** Our studies show that Ga(m)
complexes adopt a 1:2 Ga:L octahedral geometry, supported
by MS and spectroscopy, and consistent with known Ga(u)
preferences.”® By contrast, Cu(u) and Zn(u) complexes display
four- and five-coordinate geometries from spectroscopy and X-
ray analyses, respectively, differences that underpin their
distinct dissociation and biological profiles (below).

2.1. X-ray crystallography

Understanding the structure of ligands and complexes is crucial
for elucidating their medicinal chemistry and biological
activity. To this end, X-ray crystallography was employed to
deepen our knowledge of the chemistry of L1, L5, L7, and L10-
L13, with the ligand structures (Fig. S1A-G) and unit cell
packing diagrams shown in Fig. S2A-G. Studies focused on the
crystal structures of complexes of the tridentate ligands L10-
L13, as these demonstrated the greatest biological activity
(described below). Exhaustive attempts to obtain a crystal
structure of the Ga(ur) complexes of L10-L13 always led to
crystals of the ligand alone. This observation reflects critical
aspects of the coordination chemistry of these ligands, partic-
ularly dissociation, which is key to their biological activity and is
described below. However, the crystal structure of [Zn(L11)Cl,]-
CH,Cl, is shown in Fig. 2. The neutral complex is five-
coordinate with a distorted square pyramidal geometry (5 =
0.18: ©5 = (« — B)/60, where « and § are the two largest coor-
dinate angles). The hydrazone ligand remains protonated at N3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ORTEP representation of [Zn(L11)Cl,] using 50% probability
ellipsoids. The DCM molecule is omitted for clarity. Selected bond
lengths (A) and angles (°): Zn1-N12.140(2); Zn1-N2 2.169(2); Zn1-01
2.297(2); Zn1-Cl1 2.2284(9); Zn1-ClI2 2.2147(8); N1-Zn1-N2 73.42(8);
01-Zn1-N2 71.05(7); Cl1-Zn1-N2 106.15(7); Cl1-Zn1-ClI2 120.33(3).

2.2. Inhibition of cellular proliferation

The anti-proliferative activity of the synthesized ligands (L1-
L13) and their Cu(u), Zn(u), and Ga(ur) complexes was evaluated
in SK-N-MC neuroepithelioma cells, MCF-7 (estrogen receptor-
positive) and MDA-MB-231 (triple-negative) breast cancer cells
following a 72 h/37 °C incubation (Tables 1, 2 and S3). These cell
types were selected for their well-characterized responses to
metal-binding ligands and their distinct proliferative pheno-
types.>”7*#># Ag controls, ligands with well-established clinical
or investigational relevance were employed, namely: (1) the
clinically used hydrophilic Fe(m) chelator, desferrioxamine
(DFO), which shows modest anti-proliferative activity;**** (2) the

Table 1 Anti-proliferative activity (ICsq pM) of the controls (DFO, 311,
DpC, and Dp44mT) and the newly synthesized bidentate (L1-L9) and
tridentate (L10-L13) ligands. Of these newly synthesized agents, L10—
L13 were the most potent against SK-N-MC neuroepithelioma cells,
and MCF-7 and MDA-MB-231 breast cancer cells after a 72 h/37 °C
incubation. Results are mean + SD (3 experiments)

ICs0 (HM)

Compounds SK-N-MC MCF-7 MDA-MB-231
DFO 13.15 £ 4.24 3.18 £ 0.25 27.61 £ 0.14
311 1.06 £ 0.21 1.56 £ 0.35 >12.5

DpC 0.02 + 0.01 0.03 & 0.01 0.02 £ 0.01
Dp44mT 0.01 £ 0.01 0.02 £ 0.01 0.01 £ 0.01
L1 8.93 £0.78 1.26 £ 0.04 10.93 £+ 0.07
L2 >12.5 6.77 £ 0.84 >12.5

L3 >12.5 10.13 £ 0.32 >12.5

L4 >12.5 >12.5 >12.5

L5 4.34 £ 0.27 11.72 £ 0.46 6.40 £ 0.23
L6 5.87 £0.10 >12.5 5.72 £ 0.12
L7 >12.5 5.89 £ 0.40 6.41 £0.14
L8 6.32 £ 0.14 >12.5 5.78 £ 0.09
L9 >12.5 >12.5 >12.5

L10 1.38 £ 0.27 1.43 £ 0.03 1.62 £ 0.21
L11 2.38 £ 0.52 3.21 £ 0.49 2.52 £ 0.49
L12 2.11 £ 0.08 1.53 £ 0.35 1.79 £ 0.03
L13 1.31 £ 0.14 1.41 £ 0.11 1.17 £ 0.05

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 ICsp (uM) values of L10-L13 and their Cu(i), Zn(i), and Ga(in)
complexes, with the Ga(in) complexes demonstrating the most potent
inhibition of proliferation against SK-N-MC neuroepithelioma cells,
and MCF-7 and MDA-MB-231 breast cancer cells after a 72 h/37 °C
incubation. Results are mean + SD (3 experiments)

ICso (ULM)
Compounds SK-N-MC MCF-7 MDA-MB-231
L10 1.38 + 0.27 1.43 £ 0.03 1.62 £ 0.21
[Cu(L10)OAc] 1.17 £ 0.25 1.08 + 0.38 1.15 £ 0.02
n > . 14 5 . . .
Zn(L10)CL 0.81 % 0.1 1.54 £ 0.12 1.28 £ 0.04
al N K K . . K .
Ga(L10),]" 0.04 + 0.01 0.79 + 0.09 0.61 + 0.21
L11 2.38 & 0.52 3.21 + 0.49 2.52 + 0.49
u C . . . . B B
Cu(L11)OA: 1.60 % 0.09 1.32 £ 0.15 1.46 £ 0.03
n > 5 .85 . . . .
Zn(L11)CL 4.52 £ 0.8 1.62 & 0.04 0.81 + 0.28
[Ga(L11),] 0.13 £ 0.13 1.14 + 0.28 0.43 + 0.01
L12 2.11 + 0.08 1.53 + 0.35 1.79 £ 0.03
[Cu(L12)OAc] 1.61 + 0.13 1.92 + 0.26 1.02 £ 0.29
n > . . A1 0. . .
Zn(L12)Cl 0.89 + 0.41 1.11 + 0.24 1.08 £ 0.18
al >, K K K . K .
Ga(L12),]" 0.03 + 0.01 0.68 + 0.05 0.62 + 0.14
L13 1.31 £+ 0.14 1.41 £+ 0.11 1.17 £ 0.05
u > . . . . . .
Cu(L13)Cl 0.53 + 0.14 0.92 + 0.45 1.00 + 0.08
n > . A4 . . 1.14 £ 0.
Zn(L13)Cl 2.30 £ 0.42 1.08 £ 0.36 +0.26
[Ga(L13),] 0.04 + 0.01 0.59 + 0.14 0.83 + 0.09
ONO-donor aroylhydrazone, 2-hydroxy-1-naphthylaldehyde-

isonicotinoyl-hydrazone (311), which shows moderate anti-
proliferative efficacy;***>* and (3) the thiosemicarbazones,
DpC and Dp44mT, which demonstrate potent anti-proliferative
effects‘42,52,67—69,35

As expected, DFO exhibited limited activity (ICs,: 3.18-27.61
uM),**# while 311 displayed moderate potency,***>** particularly
against SK-N-MC (ICs,: 1.06 pM) and MCF-7 (ICs(: 1.56 uM) cells.
Relative to these two agents, DpC and Dp44mT exhibited far more
potent anti-tumor activity (ICso: 0.01-0.03 uM) across all cell types
(Table 1), in agreement with our previous studies.*>*-%%%

Among the new compounds, the bidentate ligands (L1-L9)
displayed variable anti-proliferative effects that varied from the
moderate (ICsq: 1.26 uM) activity of L1 against MCF-7 cells, to
the more limited (>4.34-12.5 uM) efficacy observed for all these
chelators across the 3 cell-types (Table 1). In contrast, the tri-
dentate naphthofuran-based ligands L10-L13 demonstrated
consistent and superior efficacy, with ICs, values of 1.17-3.21
uM across all cell-types. These tridentate ligands were signifi-
cantly (p < 0.001) more active than DFO in all cell types, except
for L11 in MCF-7 cells, where activity was comparable.

Relative to 311, L10-L13 exhibited similar or greater potency,
with greater efficacy in the more aggressive MDA-MB-231 triple-
negative breast cancer cells (Table 1). This improved activity
relative to the bidentate L1-L9 is attributed to their enhanced
complex stability via the chelate effect and the NNO donor set,
which provides stronger and more geometrically favorable
coordination.”

2.3. Potently enhanced anti-proliferative activity of ligands
L10-L13 upon Ga(m) complexation

The Cu(n) and Zn(u) complexes of L10-L13 exhibited minimal or
inconsistent changes in anti-proliferative activity versus the

Chem. Sci., 2026, 17, 6546-6563 | 6549
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ligand, with modest enhancements ranging from 1.02- to 3.11-
fold and, in some cases, reduced potency (Table 2). In contrast,
Ga(m) complexation led to marked and significant (p < 0.001-
0.0001) increases in anti-proliferative activity relative to the
respective ligands across all cell types. Importantly, [Ga(NO;);]
alone displayed very limited cytotoxicity (ICso = 88.6 + 1.2 pM in
SK-N-MC and 78.9 £ 2.0 pM in MCF-7 cells), confirming that
free Ga(m) is biologically poorly active®® under these conditions
(Table S3).**¢ In contrast, [Ga(L12),]" markedly and signifi-
cantly (p < 0.0001) enhances potency in both cell-types (IC5, =
0.099 + 0.010 pM and 0.292 + 0.050 pM, respectively), consis-
tent with effective cellular delivery. In fact, the potency of
[Ga(L12),]" was increased by 270-895-fold relative to [Ga(NO3);].

Most notably, [Ga(1.12),]" exhibited a 70-fold increase in
potency in SK-N-MC cells, far exceeding that of its Cu(u) and
Zn(u) analogues (1.3- and 2.4-fold, respectively). Similar
enhancements relative to the ligand were also observed for
[Ga(L10),]", [Ga(L11),]", and [Ga(L13),]", showing 18-34-fold
increases in the same cell-type. In MCF-7 and MDA-MB-231
cells, Ga(ur) complexes also exhibited greater activity than the
ligands and their Cu(u)/Zn(u) analogues, although the
enhancements were more modest (1.4-5.9-fold).

The pronounced increase in anti-proliferative activity
observed for the Ga(m) complexes of L10-L13 is likely driven by
multiple synergistic factors. These complexes probably act as
lipophilic “Trojan horse” shuttles, enabling efficient cellular
uptake of Ga(m), followed by intracellular transmetalation.'**
Complexation significantly increases ligand lipophilicity,
thereby promoting membrane diffusion and cellular accumu-
lation.*"*”*® To evaluate this effect, both calculated and experi-
mental n-octanol-water partition coefficients (logP) were
determined (Table S4).

The calculated log P values of the Ga(m) complexes were
consistently and considerably higher than the experimentally
determined (n-octanol-water) values (Table S4), because theo-
retical models treat [Ga(L)2]" as a fully intact, pseudo-neutral
complex in a non-hydrated environment.*® In contrast, under
aqueous conditions, the high hydration energy of Ga(um)
promotes ligand exchange, dissociation, and extensive solva-
tion, leading to the formation of hydrated and ion-paired
species with counter-anions such as NO; .*** These polar,
charge-dispersed entities partition preferentially into the
aqueous phase, resulting in lower apparent lipophilicity.
Consistent with this, UV-Vis analysis of the n-octanol layer
showed that the absorption spectra of the Ga(u) complexes
closely superimpose with the corresponding free ligands,
differing only in intensity, confirming complex dissociation.
Consequently, the experimental log P values are much closer to
those of the ligands, accurately reflecting the hydrophobicity of
the solvated or partially dissociated species. In contrast, the
calculated values overestimate lipophilicity by neglecting
dissociation, solvent coordination, and hydrolytic equilibria
intrinsic to Ga(m) chemistry.

Notably, similar observations have been reported for related
NNO-Ga(m) complexes, where the experimental logP (1.10)
differs markedly from the calculated value of 13.09, confirming
that hydration and ion-pairing effects dominate the
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partitioning behaviour of these systems.*”* Ga(um) closely
resembles Fe(m) in ionic radius and charge, but is redox-inactive
under physiological conditions, allowing it to interfere with
iron-dependent redox processes essential for cancer prolifera-
tion.”>** This chemical similarity facilitates its uptake by Fe-
binding proteins such as ribonucleotide reductase, the rate-
limiting enzyme in DNA synthesis.”” This ultimately leads to
enzyme inhibition and potent anti-proliferative effects.*®”**

The Ga(m)-mediated enhancement of the anti-proliferative
activity of L10-L13 exceeds that reported for classical ONO-
donor ligands such as pyridoxal isonicotinoyl hydrazone
(PIH).**** For instance, Ga(m)-PIH complexes exhibited only
a ~5-fold increase in anti-proliferative activity in the same SK-N-
MC cell type.** Analogues such as HPKIH and HPKBH, when
coordinated to Mn(u), Co(u), Ni(u), Cu(u), or Zn(u), showed no
more than a 3- to 7-fold improvement.*® Even Ga(m) complexa-
tion with the promising di-2-pyridylketone-4-ethyl-4-methyl-3-
thiosemicarbazone (Dp4e4mT) resulted in only a 1.5-1.8-fold
increase under identical conditions, comparable to its Cu(u)
and Zn(u) complexes.®

These findings establish specially designed Ga(ur)
complexes, particularly [Ga(L12),]", as a highly potent and
mechanistically distinct class of anti-cancer agents. Their effi-
cacy is driven not only by targeted metal chelation of critical
intracellular pools, but also by a finely tuned set of properties
made possible through the strategic incorporation of specific
ligand design features. These include, NNO donor identity,
lipophilic tuning, and the well-established ability of Ga(m) to
mimic Fe(ur) and disrupt intracellular iron metabolism.”*** This
work reinforces the therapeutic potential of Ga(m) complexes
and highlights the pivotal role of coordination environment
and scaffold engineering in driving next-generation metal-
based anti-cancer strategies.

2.4. Cellular gallium uptake

The enhanced cytotoxicity of [Ga(L12),]" (Table 2) prompted
investigation of whether its activity arises from improved cellular
delivery of gallium. Total gallium accumulation in SK-N-MC cells
was quantified by inductively coupled plasma-mass spectrom-
etry (ICP-MS; Fig. 3).** Untreated cells contained negligible
gallium,® whereas treatment with [Ga(NOs);] led to a modest
intracellular level of 0.42 4 0.01 pg Ga per 10° cells. In contrast,
exposure to [Ga(L12),]'resulted in a significant (p < 0.001) 7-fold
higher accumulation (2.91 + 0.73 ug Ga per 10° cells), confirming
its markedly superior ability to deliver gallium into cells (Fig. 3).
This enhanced uptake correlates closely with the substantially
greater anti-proliferative potency of [Ga(L12),]" (IC5¢ = 0.099 pM
versus 88.611 pM (Table S3) for [Ga(NO;);]). This finding strongly
supports the conclusion that Ga(m) coordination to the NNO-
donor ligand significantly improves membrane permeability
and intracellular transport of Ga(u).

2.5. Electrochemistry

As described above in Table 1, among the newly synthesized
agents, the tridentate naphthofuran ligands (L10-L13) exhibi-
ted the most potent anti-proliferative activity. To investigate the

© 2026 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/d5sc06084b

Open Access Article. Published on 09 February 2026. Downloaded on 4/16/2026 3:26:39 AM.

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

(cc)

Edge Article

0

O *kk

O 4 —

O

=

<

4

0 2-

wn

o

=

€ 1

2 T

© 0.4+

o

6 0.2-

o

= 0.0-
O e -
- T\
© O [qV]
£ Z I
[ © ==
D O 8

Fig. 3 Cellular gallium accumulation quantified by ICP—MS in SK-N-
MC cells after 4 h exposure to [Ga(NOsz)s] or [Ga(L12),]* (25 pM).
Untreated cells contained negligible gallium. Treatment with
[Ga(NO3)3] resulted in 0.42 + 0.01 pg Ga per 10° cells, whereas
[Ga(L12),]" produced a 7-fold increase (2.91 4 0.73 pg Ga per 10° cells;
***p < 0.001). Data are expressed as mean + SD (n = 3).

mechanistic basis of this behavior, we first examined the redox
properties of their corresponding Cu(u) complexes, given the
well-established cytotoxic and redox-active nature of Cu()-
aroylhydrazone and Cu(n)-thiosemicarbazone
complexes,'8:40:5267.68,75,859597 Cyclic voltammetry was performed
in MeCN : H,O (70: 30 v/v; Fig. 4), a solvent system previously
optimized in our laboratory for assessing the electrochemical
behavior of hydrazone complexes.***!

Cyclic voltammograms of [Cu(L10)(OAc)], [Cu(L11)(OAc)],
[Cu(L12)(0Ac)], and [Cu(L13)(OAc)] (100 uM) exhibited irre-
versible one-electron reduction waves at —26, —131, —51, and
—8 mV versus the normal hydrogen electrode (NHE), respec-
tively (Fig. 4). The observed reduction potential reflects the
electronic effects of ligand substituents. For example, replacing
the pyridine ring in [Cu(L10)(OAc)] (—26 mV) with a more
electron-withdrawing pyrazine in [Cu(L13)(OAc)] (-8 mV)
induces a positive shift, consistent with literature reports.”***
Similarly, substituting the phenyl group in [Cu(L11)(OAc)]
(—131 mV) with a pyridyl substituent in [Cu(L12)(OAc)] (—51
mvV) results in a more positive potential, in agreement with
trends reported for Cu(u) aroylhydrazones.*®

To benchmark these findings, we compared the redox
behavior of the L10-L13 Cu(u) complexes with the well-
characterized, redox-active thiosemicarbazone complex
[Cu(DpC)(OAc)], which exhibits a quasi-reversible potential of
+15 mV versus NHE in the same solvent system (MeCN : H,0, 7 :
3 v/v).*” The more positive potential of [Cu(DpC)(OAc)] corre-
lates with its well-described, marked redox activity and anti-
proliferative potency®>®””® relative to the modest anti-
proliferative efficacy of the naphthofuran-based Cu(u)
aroylhydrazone complexes (Table 2).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cyclic voltammograms of the 100 uM Cu(i) complexes of the
tridentate ligands L10-L13 recorded in MeCN : H,O (7:3 v/v) con-
taining 0.1 M BusNClO4 as the supporting electrolyte. The sweep rate
was 100 mV s7%, and all sweeps were initiated in the direction of the
arrow. Potentials are reported versus the normal hydrogen electrode
(NHE).

The irreversible behavior of the aroylhydrazone L10-L13
Cu(u) complexes is likely due to dissociation of the reduced
Cu(1)-hydrazone species, in contrast to sulfur-containing
ligands such as Dp44mT, which retain S-coordination in the
Cu(i) state and thereby facilitate redox cycling.®® This inability to
sustain redox cycling may limit ROS generation and contribute
to the comparatively lower anti-cancer activity of these naph-
thofuran Cu(u) complexes (Table 2), relative to the structurally
similar and potently cytotoxic Dp44mT Cu(u) complex (ICso <
0.01 uM) in SK-N-MC cells.* Nonetheless, the redox potentials
of the L10-L13 Cu(u) complexes fall within the biologically
relevant range (—0.4 to +0.8 V versus NHE) typically observed for
redox-active species in aqueous systems.*®

In summary, L10-L13 Cu(un) complexes may exhibit some
redox activity, but this is likely to be less pronounced than their
thiosemicarbazone counterparts. This is explored in a subse-
quent mechanistic section, following the examination of
potential transmetalation of the Ga(m) complexes with the three
most common transition metal ions in cells, namely Cu(u),
Fe(m), and Fe(n).

2.6. Transmetalation of [Ga(L12),]" with Cu(u), Fe(m), or
Fe(u): mechanistic insight into enhanced anti-proliferative
activity

The superior anti-cancer activity of Ga(ur) complexes of L10-L13
(Table 2) could be driven, in part, by their dissociative behavior
and ability to transmetalate with Cu(u), Fe(u), or Fe(m), which are
critical for tumor cell growth."** We hypothesized that these
complexes perturb metal homeostasis and mobilize intracellular
Fe(u), contributing to selective cytotoxicity against cancer cells.
This proposal was inspired by our previous findings, which
showed that structurally related thiosemicarbazone Ga(um)
complexes (e.g., [Ga(Dp4e4mT),]") readily transmetalate with
Cu(u), correlating with their potent anti-proliferative effects.®®
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Comparable behavior has been observed in thiosemicarbazone
and selenosemicarbazone Zn(u) complexes.*®*

To explore this, we focused on [Ga(L12),]", the most active
complex (Table 2), and studied its reactivity with Cu(u), Fe(i),
and Fe(u) using UV-Vis spectroscopy, direct mass spectrometry
(MS), liquid chromatography-mass spectrometry (LC-MS), and
cyclic voltammetry (Fig. 5, 6 and S$3-513). Initial studies
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employed a 7:3 DMSO: H,0 (v/v) solvent mixture to ensure
solubility at relevant concentrations,* with key experiments
also repeated in 100% DMSO. To further mimic physiological
conditions, critical experiments were performed in a near-fully
aqueous solution (99.75% H,0/0.25% DMSO) in 0.14 M NaCl/
20 mM HEPES (pH 7.4), termed “aqueous solution (0.14 M
NaCl/pH 7.4)” from hereon.
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(A-C) Spectral alterations of [Ga(L12),]* (50 uM) upon titration with either [Cu(OAc),] (5-50 uM), Fe() citrate (5-50 pM; 1: 100 metal-to-

citrate molar ratio), or Fe(i) ascorbate (5-50 pM; 1: 100 metal-to-ascorbate molar ratio) using UV-Vis spectroscopy in DMSO : H,O (7 : 3v/v)/20 °
C. After each titer was added and vigorous mixing, solutions were incubated for 5 min/20 °C before recording each spectrum.
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Fig. 6 (A—H) Direct MS and LC-MS analysis of the transmetalation of [Ga(L12),]* (500 uM) with either [Cu(OAc),] (500 uM), Fe(n) citrate (1 : 100
metal-to-citrate molar ratio; 500 pM), or Fe(i) ascorbate (1: 100 metal-to-citrate molar ratio; 500 pM) in DMSO/H,O (7 : 3 v/v) after vigorous
mixing and a 24 h incubation/20 °C. Prior to MS analysis, samples were diluted 1: 1 with MeOH.

2.6.1. Reaction of [Ga(L.12),]" with Cu(n) acetate: complete
transmetalation. The UV-Vis spectrum of [Ga(L12),]" (50 pM)
exhibited a strong 7 — 7* band at 356 nm and a weaker band at
421 nm, absent in the free ligand (Fig. 5A). This latter feature
likely arises from Ga(m)-perturbed intra-ligand transitions or
metal-influenced charge redistribution upon coordination,
consistent with prior reports for tridentate Ga(ur) complexes.*®
Upon titration of [Ga(L12),]" with [Cu(OAc),] (5-50 uM), the
solution turned a deeper yellow, accompanied by an isosbestic
point at 380 nm, an increase in absorbance at 421 nm, and
a hypsochromic shift to 419 nm. These features are consistent
with the formation of [Cu(L12)(OAc)] (Fig. 5A). In fact, these
spectra closely matched that of the independently synthesized
[Cu(L12)(OAc)], indicating complete transmetalation. Similar
results were also observed in terms of transmetalation of
[Ga(L12),]" with Cu(u) in 100% DMSO (data not shown).

This transmetalation was further validated by direct MS and
LC-MS analyses (Fig. 6A-H). Direct MS of [Ga(L12),]" alone
confirmed a single intact species (Fig. 6A). Under the labilizing
LC-MS conditions,®®® both [Ga(L12),]" and free L12 were
detected, consistent with enhanced ligand dissociation
(Fig. 6B). Upon addition of equimolar [Cu(OAc),] (500 uM),
direct MS identified [Cu(L12)DMSO]" as the major product
(Fig. 6C), while LC-MS revealed further dissociation, detecting
[Cu(L12)DMSO]" along with [Cu(L12),] and L12 (Fig. 6D).

2.6.2. Reaction of [Ga(L12),]" with Fe(m) citrate: ligand
release without Fe(1) complexation. Titration of [Ga(L12),]" (50

© 2026 The Author(s). Published by the Royal Society of Chemistry

uM) with Fe(w) citrate (5-50 pM; 1:100 metal-to-citrate molar
ratio) was performed using a large excess of citrate to prevent
Fe(m) hydroxide precipitation under aqueous conditions.'*
Citrate was specifically chosen as it is a physiologically relevant
Fe(m) ligand implicated in the intracellular labile Fe pool
delivered from transferrin," and the Fe(m) citrate complex can
donate Fe to cells and intracellular proteins.**>** Hence, Fe(m)
citrate is used here to model the intracellular iron pool** and to
investigate its effect on [Ga(L12),]" to provide deeper under-
standing of its potent anti-proliferative activity against cancer
cells (Table 2). Upon titration of the pale yellow [Ga(L12),]" with
Fe(ur) citrate, the solution became colorless (Fig. 5B), accom-
panied by the collapse of the 421 nm band and restoration of
the © — m* transition at 356 nm, both indicative of ligand
dissociation and release of free L12. This colorimetric and
spectral change closely matched those of the free ligand (¢f. red
dotted line of synthesized and characterized L12 in Fig. 5B),
confirming Ga-ligand dissociation without the formation of
L12-Fe(m) complexes.

To additionally investigate Fe(m) binding, L12 (50 uM) was
titrated with Fe(m) citrate (5-75 pM) in DMSO/H,0 (7:3 v/v),
which resulted in negligible spectral changes (Fig. S3A).
Similar outcomes were observed upon adding FeCl; to L12 in
100% DMSO (Fig. S3B) or physiologically relevant aqueous
solution (0.14 M NaCl/pH 7.4; Fig. S3C). This indicated that L12
exhibits minimal ligation of Fe(u) under all tested conditions.
To isolate the role of citrate, it was titrated alone into

Chem. Sci., 2026, 17, 6546-6563 | 6553
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[Ga(L12),]", leading to a loss of the 421 nm band, restoration of
the 356 nm band (Fig. S4A), and a visible color change from pale
yellow to colorless. These changes mirrored those induced by
Fe(m) citrate (Fig. 5B), suggesting that both Fe(ur) citrate and
citrate alone effectively displace L12 from Ga(u), likely forming
[Ga(citrate),] species. This was confirmed by direct MS and LC-
MS analyses (Fig. 6E-F and S5C-D), which showed complete
ligand dissociation and formation of Ga-citrate species, with no
evidence of Fe(m)-L12 complexes.

To further examine the role of citrate, FeCl; was titrated
directly into [Ga(L12),]" in 100% DMSO or physiologically
relevant aqueous solution (0.14 M NaCl/pH 7.4), with no
observable spectral changes or evidence of transmetalation
(Fig. S4B-C). These results indicate that Fe(ur) alone is unable to
displace L12 under either organic or physiological conditions.

2.6.3. Reaction of [Ga(L12),]" with Fe(n) ascorbate:
complete transmetalation and preferential Fe(u) coordination.
To investigate the Fe(n)-binding capacity of [Ga(L.12),]", UV-Vis
titrations were conducted with Fe(u) ascorbate (Asc) in DMSO/
H,O0 (7: 3 v/v), using a 1: 100 metal-to-Asc molar ratio to stabi-
lize Fe(n) in aqueous solution (Fig. 5C). An excess of Asc was
added to maintain Fe(n) in solution, as it is a well-known
physiologically relevant reductant and weak ligand implicated
in the intracellular labile Fe pool'* and is involved in cellular Fe
metabolism.'**'*” Hence, as the labile intracellular iron pool is
probably composed of multiple ligands and complexes," Fe(u)
Asc is used here to examine its effect on [Ga(L12),]" to dissect
the mechanism of its marked efficacy against cancer cells (Table
2). Upon incremental addition of Fe(u) Asc (5-50 puM) to
[Ga(L12),]" (50 uM; 70% DMSO/30% H,0), the solution rapidly
changed from pale yellow to deep green, with an isosbestic
point at 370 nm (Fig. 5C). This was accompanied by a bath-
ochromic shift of the T — 7* band (356 nm to 391 nm), loss of
the 421 nm Ga-ligand band, and emergence of a 680 nm peak
characteristic of Fe(un) — ligand charge transfer (MLCT).'*®
Similar spectral alterations were observed in a physiologically
relevant aqueous solution (0.14 M NaCl/pH 7.4; Fig. S4D),
demonstrating the consistency of this reaction across solvent
systems.

Control experiments confirmed that the latter features were
specific to Fe(u) coordination (Fig. S3D-F). Titration of L12
alone with Fe(u) Asc resulted in nearly identical spectral features
(391 and 680 nm)'*® and a green coloration (Fig. S3D), consis-
tent with Fe(u1)-L12 complex formation in 70% DMSO/30%H,0.
Similar results were observed upon the addition of Fe(u) (as
(NH,4),Fe(SO,),) to L12 in both the presence (Fig. S3E) and
absence (Fig. S3F) of Asc in aqueous solution (0.14 M NaCl/pH
7.4). Direct MS of [Ga(L12),]" mixed with equimolar Fe(i) Asc
identified [Fe(L12),], [Ga(Asc)]", and free L12 (Fig. 6G), while the
more dissociative LC-MS®** detected [Fe(L12)(Asc)], [Ga(Asc)]",
and Asc (Fig. 6H), confirming complete transmetalation.

To examine the effect of Asc alone, its titration into
[Ga(L12),]" (50 uM; pale yellow) induced a gradual loss of the
421 nm band and resulted in a colorless solution (Fig. S4E). This
result suggests that Asc directly coordinates with Ga(m) and
displaces L12. Both direct MS and LC-MS confirmed the
formation of [Ga(Asc),] and free L12 (Fig. SSE-F), paralleling the
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behavior observed with citrate (Fig. S5C-D). Thus, Asc and
citrate, which are both potential ligands of the intracellular iron
pool,** act as oxygen donors capable of sequestering Ga(m) and
releasing L12.

Notably, similar Fe(un)-driven transmetalation was observed
across the Ga(m) complexes of L10, L11, and L13 (data not
shown), suggesting that this behavior is general to this ligand
series. Collectively, these results demonstrate a clear preference
of L12 for Fe(u) over Fe(m), as [Ga(L.12),]" undergoes complete
ligand exchange with Fe(u) ascorbate, whereas Fe(m) citrate
promotes complete ligand dissociation without formation of an
Fe(m)-L12 complex. The complete ligand exchange of
[Ga(1.12),]" is likely driven by the high charge density of Ga(m),
a hard Lewis acid with a strong thermodynamic preference for
oxygen-donor ligands such as citrate.'**"* The lability of Ga(u)
complexes to ascorbate and citrate mirrors that of established
gallium therapeutics (e.g., gallium nitrate, gallium maltolate),
which act as prodrugs, releasing Ga(m) and Fe(u)-intercepting
ligands within cells to enhance selectivity and therapeutic
potential. These results highlight the role of metal ion identity
and redox state in governing ligand exchange and provide
mechanistic insight into how [Ga(L12),]" perturbs intracellular
iron pools to inhibit proliferation (Table 2).

2.7. Comparative transmetalation and ligand liberation
studies of Zn(u) and Cu(u) complexes

Unlike [Ga(L12),]", [Zn(L12)Cl,] and [Cu(L12)(OAc)] undergo
only partial dissociation under the same conditions, forming
mixed-ligand species. These differences highlight Ga(m)'s
stronger affinity for common oxygen-donor ligands thought to
play a role in the intracellular iron pool, e.g., citrate and Asc**
relative to the softer NNO coordination sphere of L12. This
difference facilitates complete ligand release and may account
for the superior cytotoxicity of [Ga(L12),]" relative to its Zn(i)
and Cu(u) counterparts (Table 2). Detailed descriptions of these
findings are provided in the SI Discussion (Fig. S6-S12).

2.8. Electrochemical investigation of [Ga(L12),]"
transmetalation with Fe and Cu

Building on insights from the UV-Vis and MS studies above,
cyclic voltammetry was employed to investigate the trans-
metalation dynamics and redox behavior of [Ga(L12),]" (100
uM) in the presence of 100 pM of either Cu(OAc),, Fe(u) Asc (1:
100 molar ratio), or Fe(m) citrate (1: 100 molar ratio; Fig. S13A
and B). Of note, Zn(u) was not examined as results in a redox
inactive complex with a potential of ~—900 mV versus the NHE,
as shown for similar Zn(n) complexes.***>”® These electro-
chemistry studies aimed to assess if Ga(u) is displaced from L12
by Cu(u), Fe(u), or Fe(m). As expected for a redox-inert Ga(u)
complex,®® [Ga(L12),]" alone showed no significant redox
features between —400 and +600 mV (Fig. S13A). Upon addition
of Cu(OAc),, the voltammogram revealed an irreversible one-
electron reduction at —51 mV vs. NHE, identical to that of
independently synthesised [Cu(L12)OAc] (Fig. 4), confirming
Cu(n)-driven transmetalation, as further supported by UV-Vis
(Fig. 5A), direct MS (Fig. 6C), and LC-MS (Fig. 6D).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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UV-Vis spectrophotometry (Fig. 4B and C) and MS data
(Fig. 5E-H) provide compelling evidence that [Ga(L12),]" selec-
tively transmetallates with Fe(u) over Fe(m). To probe this elec-
trochemically, the voltammogram scan range for [Ga(L12),]"
was extended from —1200 to +1200 mV following the addition of
either Fe(u) Asc or Fe() citrate (1:100 molar ratio; Fig. S13B).
[Ga(L12),]" alone exhibited an irreversible reduction at
—425 mV vs. NHE, whereas Fe(un) Asc showed a one-electron
irreversible reduction at +626 mV. Notably, Fe(u) Asc exhibited
two anodic processes, with the lower-potential peak corre-
sponding to Fe(u) oxidation, and the higher-potential peak to
direct ascorbate oxidation."? Mixing L12 with Fe(u) Asc resulted
in a green solution, with a shifted potential of +739 mV, rep-
resenting a +113 mV increase consistent with Fe(u1) coordination
to L12 (Fig. S13B). This observation was in agreement with UV-
Vis data confirming L12 Fe(i) complex formation in the pres-
ence of Fe(u) Asc (Fig. S3D).

When Fe(n) Asc was added to [Ga(L12),]", the pale-yellow
solution immediately turned green, and the voltammogram
revealed a single irreversible oxidation at +739 mvV vs. NHE,
corresponding to the Fe(u)/Fe(m) couple (Fig. S13B). This
electrochemical signature was identical to that obtained for Fe(i)
Asc with free L12 (Fig. S13B), confirming Fe(n) coordination to
L12 following transmetalation. The formation of the Fe(u) L12
complex was further substantiated by UV-Vis spectrophotometry
(Fig. 5C and S3D) and MS analyses (Fig. 6G and H). Notably, the
+739 mV potential of [L12 + Fe(u) Asc] is significantly higher than
that of related NNO-type hydrazone Fe(n) complexes, such as
[Fe(PCIH),] (+616 mV vs. NHE in 50% DMF : H,0), likely reflect-
ing solvent-dependent stabilization effects.'*®

The redox behavior of Fe(m) citrate was next examined alone
and in combination with L12 (Fig. S13B). In both cases, the vol-
tammogram profiles were very similar, showing a one-electron
irreversible reduction at —374 mV vs. NHE, in agreement with
reported values for Fe(m) citrate’” (Fig. S13B). This confirms that
L12 does not bind Fe(m) from Fe(u) citrate, consistent with UV-Vis
spectrophotometry (Fig. S3A). In contrast, addition of Fe(m) citrate
to [Ga(L12),]" caused the pale-yellow solution to turn colorless, and
the potential to shift markedly to —680 mV vs. NHE (Fig. S13B).
Since [Ga(L12),]" alone has a potential of —425 mV vs. NHE, this
large negative shift indicates a fundamentally different redox
process. Given the redox-inert nature of Ga(ur),*® the shift is most
plausibly attributed to a ligand-centred reduction, consistent with
the formation of a Ga(m) citrate complex. This assignment is
further supported by direct MS and LC-MS analyses (Fig. 6E and F).
In summary, cyclic voltammetry (Fig. S13) provides electro-
chemical evidence, fully consistent with UV-Vis (Fig. 5A-C) and MS
data (Fig. 6A-H), showing that Cu(u) and Fe(u) readily trans-
metalate with Ga(m) in [Ga(L12),]’, whereas Fe(m) does not.

2.9. Cu(u) complexes of L10-L13 exhibit lower redox activity
than [Cu(DpC)Cl,]

The anti-cancer activity of aroylhydrazones'™ and thio-
semicarbazones*>*”* is often attributed to the redox activity of
their Cu(u) complexes,***”* which generate reactive oxygen
species (ROS) to induce lysosomal membrane permeabilization

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

and cell death.**”® In this context, the Ga(u) complexes of
L10-L13 may acquire part of their anti-proliferative activity
through intracellular transmetalation with Cu(u), forming
redox-active complexes.®® Electrochemical studies showed irre-
versible redox behavior for these Cu(un) complexes (Fig. 4), sug-
gesting a limited ability to sustain redox cycling.

To evaluate this, we assessed 2/,7’-dichlorodihydrofluorescein
(H,DCEF) oxidation at pH 7.4 (cytosolic) and pH 5.0 (lysosomal) in
the presence of Cu(u) and Ga(m) complexes (10 uM), r-cysteine,
and H,0, (100 pM).**>7> The generation of ROS was assessed in
solution under these controlled conditions to understand
intrinsic redox activity in these critical compartments that are
known to be important for anti-proliferative efficacy***”* rather
than whole cell activity. Moreover, our laboratories have used this
assay under the same conditions for many series of similar
ligands and their complexes, enabling specific comparison.®7%”*
Fluorescence was recorded and compared to controls, including
[Cu(DpC)Cl,] (positive control), CuCl,, DpC (negative control),
and the redox-inactive Cu(u) chelator tetrathiomolybdate
(TM).c7*>7* TM, DpC, and all free L10-L13 ligands produced no
increase in DCF fluorescence under either pH condition,
consistent with redox inactivity.*”-%%7

In contrast, CuCl, and [Cu(DpC)Cl,] induced significant
fluorescence (p < 0.001-0.01), with greater activity at pH 7.4.67-%°
The Cu(u) complexes of L10-L13 showed significantly (p <
0.001-0.05) lower redox activity than [Cu(DpC)Cl,] (Fig. 7A and
B), attributable to the NNO donor set, which confers less redox
potential than the NNS coordination sphere of DpC.**%7-6%8
These complexes exhibited modest ROS activity, with L10, L12,
and L13 showing slight, but significant (p < 0.05) increases
versus CuCl, at pH 5.0, implicating a pH-dependent redox
enhancement likely due to ligand protonation and altered
Cu(u)/Cu(1) cycling.

Similarly to the ligands alone, the Ga(u) complexes of L10-
L13 demonstrated little redox activity across both pH values, as
expected from the chemistry of Ga(m).** However, addition of
CuCl, to the Ga(m) complexes resulted in a significant (p < 0.01-
0.05) increase in H,DCF oxidation, indicating transmetalation
with Cu(n), although redox activity remained equal to or lower
than that of CuCl, alone (Fig. 7A and B). Notably, [Ga(.12),]" at
pH 5.0 showed a slight but significant (p < 0.05) increase beyond
CuCl,, aligning with transmetalation data from UV-Vis, direct
MS, and LC-MS experiments. In contrast, Fe(u) and Fe(u)
complexes of L12 resulted in a 1- to 7-fold decrease in ROS
generation compared to the Cu(u) complex (data not shown),
confirming that iron-mediated redox cycling plays a minimal
role in this system.

To complement the extracellular DCF assays (Fig. 7A and B),
intracellular ROS production was quantified using DCF-DA (10
uM) upon incubation of SK-N-MC cells for 4 h/37 °C with CuCl,,
or the Cu(u) or Ga(m) complexes of L10-L13 (5 puM) in the
presence or absence of CuCl, or TM (5 uM; Fig. 7C). Consistent
with their minimal extracellular redox activity, [Ga(NO3)], the
free ligands L10-L13 and their Ga(u) complexes produced no
significant increase in fluorescence relative to control (Fig. 7C).
In contrast, a marked and significant (p < 0.0001-0.001)
increase in intracellular ROS was observed upon incubation
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Fig. 7 The redox activity of CuCl,, and the Cu(i) and Ga(in) complexes of L10-L13 was evaluated relative to the positive control [Cu(DpC)Cl,] (all
at 10 pM) by measuring H,DCF (uM) oxidation in solution at either: (A) cytosolic pH (7.4) or (B) lysosomal pH (5.0) over 0—-12 min/20 °C. The
transmetalation of the Ga(i) complexes to their redox-active Cu(i) counterparts was assessed by adding equimolar CuCl, (10 uM) to the Ga(in)
complexes. (C) Intracellular ROS generation was measured by incubation of SK-N-MC cells for 4 h/37 °C with CuCl, alone, L10-L13 alone, or the
Cu(i) and Ga(mn) complexes of L10-L13 (all at 5 uM). The Ga(i) complexes were added in the presence or absence of an equimolar concentration
of CuCl, (5 uM), and CuCl, and the Cu(i) complexes added in the presence or absence of TM (5 pM). Then redox activity was measured by the
addition of DCF-DA (10 uM). The results are presented as mean + SD from three experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001;

ns: non-significant.

with CuCl, or the Ga(ur) complexes with CuCl,. This increase in
redox activity observed was similar to that observed for the
respective Cu(u) complexes. For all Cu(u) complexes and CuCl,,
the addition of TM markedly and significantly (p < 0.0001-
0.001) ablated their redox activity (Fig. 7C). Moreover, the
activity of the Cu(u) observed was similar to, or only slightly
greater than, that of CuCl, alone, suggesting only minor redox

6556 | Chem. Sci, 2026, 17, 6546-6563

activity. These findings suggest that the oxidative stress origi-
nates from Cu-dependent transmetalation of the Ga(m)
complex, rather than from Ga(um) itself.

Collectively, these data in Fig. 7A-C demonstrate that the
Ga(m) complexes of L10-L13 remain redox-silent themselves,
but act as delivery vehicles that may transmetallate with intra-
cellular Cu pools to trigger minor oxidative stress.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.10. Interception of cellular iron pools: *°Fe mobilization
and uptake inhibition by L1-L13

To assess the ability of the new ligands to access intracellular Fe
pools, two sensitive and widely validated radionuclide-based
assays?+*1324:52 were employed: (1) *°Fe mobilization from SK-N-
MC cells prelabeled with *°Fe,-transferrin (Tf) (Fig. 8A); and (2)
inhibition of *°Fe uptake from *°Fe,-Tf by SK-N-MC cells (Fig. 8B).

Given the rapid dissociation of Ga(m) complexes under
cellular conditions (as determined in Fig. 5, S4 and S5), iron
mobilization and uptake inhibition assays were conducted
using the free ligand to directly model the active intracellular
species. Comparative analysis included four positive control
ligands, namely DFO, Dp44mT, DpC, and 311, previously
characterized for their differential Fe-chelation efficiency."**'!*

Given the short incubation period (3 h), no cytotoxicity was
observed using all ligands, with cell viability exceeding 96%
(data not shown). Control media alone induced minimal *°Fe
mobilization (<5%) from SK-N-MC cells prelabeled with *°Fe,-
Tf, consistent with prior studies.***»*> Amongst the control
ligands,****** Dp44mT and 311 showed the highest activity,
mobilizing 44-47% of total cellular *°Fe, while DpC and DFO
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Fig. 8 The effect of benzofuran- and naphthofuran-based bidentate
ligands (L1-L9) (25 uM) and naphthofuran-based tridentate (L10—-L13)
ligands (25 puM) relative to the positive controls, DFO (25 uM), Dp44mT
(25 uM), DpC (25 pM), and 311 (25 uM) on: (A) the promotion of cellular
*9Fe release from SK-N-MC cells prelabeled for 3 h/37 °C with >°Fe,-
transferrin (0.75 uM); and (B) the inhibition of internalized *°Fe uptake
from SK-N-MC cells incubated with >°Fe,-transferrin (0.75 uM) for 3 h/
37 °C. Results are mean =+ SD (3 independent experiments).
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were less effective (12-17%; Fig. 8A). Considering the bidentate
ligands (L1-L9), L1 displayed the highest *Fe mobilization
activity (31%), significantly (p < 0.01) exceeding that of DFO and
DpC. L2 and L6 showed modest efficacy (11-15%), while L3-L5
and L7-L9 were largely inactive, with mobilization comparable
to control media (4-6%). In contrast, the tridentate ligands,
L10-L13, consistently outperformed most bidentate analogues,
mobilizing 20-35% of total cellular *°Fe (Fig. 8A).

The *°Fe uptake assays (Fig. 8B) evaluated the ability of
ligands to intercept and prevent internalized *°Fe uptake from
>9Fe,-Tf by the cells. Uptake values were normalized to control
medium (100%) and showed an inverse correlation with *°Fe
mobilization capacity (Fig. 8A). Ligands that promoted strong
*°Fe release also suppressed the uptake. Among the positive
controls, Dp44mT and 311 were most effective, reducing *°Fe
uptake to 8-13%, while DFO and DpC were comparatively
weaker (53-66%; Fig. 8B), consistent with prior reports.?»**5>

Of the bidentate ligands tested (L1-L9), L1 was the most
effective, reducing *°Fe uptake from *°Fe,-Tf to 28% of control
levels. In contrast, the remaining ligands showed minimal or
inconsistent effects, with L8 unexpectedly increasing the uptake
to 127% (Fig. 8B). The tridentate naphthofuran ligands, L10-
L13, consistently outperformed their bidentate counterparts,
reducing *°Fe uptake to 44-78% of control. This enhanced
efficacy is attributed to their NNO donor motif and rigid
naphthofuran scaffold, which promotes selective coordination
of Fe(u) observed using UV-Vis and MS (Fig. 5, 6, and S3). As
Fe(n) comprises the labile intracellular pool generated after
transferrin endocytosis and reduction,” these findings indi-
cate that L10-L13 act by targeting Fe(un) within cells, high-
lighting a distinct mechanism from that of classical Fe(i)-
targeting chelators.

3 Conclusions

Tridentate aroylhydrazones and thiosemicarbazones have long
served as versatile scaffolds for the development of therapeutics
in both iron overload and oncology contexts.?¢*334%84115116 Qur
findings reveal that Ga(m) complexes of novel tridentate NNO-
donor naphthofuran ligands (L10-L13) display uniquely
potent anti-proliferative activity via a multifaceted mechanism
distinct from classical metal chelators. Key to their efficacy is
the selective interception of Fe(u), not Fe(u), following endo-
somal reduction and release from transferrin.'>*® This was
demonstrated through highly sensitive >**Fe mobilization and
uptake inhibition assays, where L10-L13 robustly disrupted
intracellular iron trafficking (Fig. 8). These ligands decreased
%Fe uptake from *°Fe,-Tf to 44-78% of control levels, while
promoting intracellular mobilization aligning with their struc-
tural design to favor Fe(u) binding (Fig. 9).

Mechanistically, the Ga(m) complexes act as lipophilic
“Trojan horse” agents, facilitating cellular uptake and rapid
intracellular dissociation in the presence of physiologically
relevant reducing (e.g., ascorbate) and chelating agents, e.g.,
citrate and ascorbate (Fig. 9).''°*'*” This releases both cytotoxic
Ga(m) and the Fe(u)-targeting ligand (Fig. 5, 6, and 8). As shown
in Fig. 3 and Table S3 in SK-N-MC cells, [Ga(L12),]" achieved
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markedly and significantly (p < 0.001) higher gallium accumu-
lation and a significant (p < 0.0001) 895-fold increase in potency
(IC50 = 0.099 pM versus 88.611 pM) relative to Ga(NOs);), indi-
cating that [Ga(L.12),]" acts as a transport carrier facilitating cell
entry. Once inside cells, the Ga(u) complex dissociates, liber-
ating the Fe(m)-binding ligand that results in strong *°
mobilization and inhibition of *°Fe uptake from >°Fe-
transferrin (Fig. 8).

Multiple lines of spectroscopic evidence confirm Ga(ui)-
ligand dissociation and subsequent transmetalation with Fe(u)
(Fig. 3, 5, 6 and S3-5), underscoring a key and innovative design
principle, namely, dissociative lability coupled with selective
Fe(u) coordination enables therapeutic amplification.
Compared to their Cu(u) and Zn(u) counterparts, which showed
only 1.02-3.1-fold improvements, Ga(m) complexes enhanced
activity up to 70-fold increase in anti-proliferative efficacy, far
exceeding other Ga(m)-based agents, including those tested
clinically.'#31:4068,86117 Notably, [Ga(L12),]" emerged as the most
potent agent (Table 2). Unlike redox-active thiosemicarbazone-

6558 | Chem. Sci., 2026, 17, 6546-6563

Cu(n) complexes, the L10-L13 Cu(u) and Ga(m) complexes di-
splayed minimal redox cycling, favoring redox-independent
cytotoxicity and reducing off-target oxidative stress.*78-8%118119
Our electrochemical and DCF-based ROS assays confirmed
that Cu(un) complexes of L10-L13 exhibited irreversible redox
behavior and weak ROS generation, while Ga(m) complexes
remained inert (Fig. 4 and 7). These observations indicate that
cytotoxicity is not markedly driven by redox activity, but by
disruption of Fe homeostasis via selective Fe(u) interception
and Ga(m)-mediated interference with Fe-dependent enzymes
such as ribonucleotide reductase (Fig. 9). Importantly, these
properties were preserved across diverse solvent systems,
including physiological aqueous solution (0.14 M NaCl/pH 7.4),
highlighting their biological relevance. Spectroscopic evidence
further confirmed preferential Fe(u) coordination due to favor-
able electronic, steric, and hard-soft-acid-base factors. The
ability of Fe(u) to engage in m-back bonding and adopt low-spin
configurations'* contributes to its stabilization with NNO-
donor ligands, an interaction not observed with Fe(u)."**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Diferric transferrin (Fe,-Tf) delivers Fe(in) into the cell via
transferrin receptor 1 (TfR1)-mediated endocytosis. Within the
endosome, Fe(m) is reduced to Fe(u) by STEAP3 and transported
into the cytoplasm through DMT1, contributing to the labile
intracellular Fe pool. The [Ga(L12),]" complex enters the cell via
a “Trojan horse” mechanism, whereby the lipophilic Ga(u)
complex exhibits enhanced permeability. Once inside the cell, it
undergoes rapid dissociation triggered by physiological
reducing and chelating agents, such as ascorbate and citrate
and ascorbate, respectively, disrupting Fe-dependent processes
by two mechanisms. This occurs first via the liberated Ga(im)
interacting with Fe-containing proteins, including the rate-
limiting step of DNA synthesis, ribonucleotide reductase,
inhibiting its activity.'*'*"®%® Second, the dissociated tailor
designed NNO ligand specifically binds Fe(n) that has entered
the cell (as observed in studies demonstrating inhibition of *’Fe
uptake from *°Fe,-Tf; Fig. 8B) to form the [Fe(L.12),] complex
that leads to cellular Fe release (that is observed as cellular *°Fe
mobilization; Fig. 8A).

The differences in potency and mechanism between the
classical NNS-donor thiosemicarbazones (DpC and Dp44mT)
and the present NNO-donor naphthofuran ligands (L10-L13)
arise from their distinct redox properties, donor-atom envi-
ronments, and intracellular metal-handling behaviour. DpC
and Dp44mT possess NNS-donor sets that possess the well-
known double-punch mechanism.** That is, after binding
the essential cellular nutrients, Fe and Cu, these complexes
redox cycle generating high ROS levels that trigger lysosomal
membrane permeabilization and oxidative cell death.*>** In
fact, their potency arises primarily from redox-driven toxicity
mediated by reactive Cu species, as reflected by the quasi-
reversible reduction potential of +15 mV vs. NHE for [Cu(Dp-
C)(OAc)], which supports facile electron transfer and catalytic
ROS production.*3>676°

In contrast, the NNO-donor framework of L10-L13 was
deliberately incorporated to suppress redox activity and operate
through a redox-independent, Fe(u)-interception pathway.
Cyclic voltammetry (Fig. 4) and solution redox assays (Fig. 7A
and B) revealed that their Cu(i) complexes undergo irreversible
reductions between —131 mV and —8 mV, indicating far lower
redox activity than the Cu(u) complexes of DpC or Dp44mT.
Moreover, the Ga(ur) complexes are redox-inert, confirming that
their biological effects do not arise from redox cycling. This
fundamental change in donor atom identity (NNOversus NNS)
redirects the mechanism from ROS-driven oxidative stress to
metal-ion trafficking disruption.

The coordination of Ga(m) by the NNO ligands, L10-L13,
further promotes their anti-proliferative efficacy through a pro-
drug-like transmetalation process. Upon cellular entry, [Ga(L),]"
dissociates to release both Ga(m) and the free ligand, which
selectively binds Fe(u) generated during endosomal Fe(m)
reduction (Fig. 5, 6 and S3-S5). The dissociation of the Ga(m)
complex leads to marked cellular accumulation of cytotoxic
Ga(m) (Fig. 3), which is well known to inhibit critical Fe-
dependent processes, including DNA synthesis."**® Further-
more, the interception of the essential nutrient, Fe(u), accounts
for the strong °°Fe mobilization and the inhibition of *°Fe
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uptake from >°Fe,-Tf observed (Fig. 8), demonstrating that the
Ga(m)-L10-L13 complexes disrupt cellular iron trafficking
without inducing marked oxidative stress.

Therefore, the comparable potency of [Ga(L10),]",
[Ga(L12),]", and [Ga(L13),]" to DpC and Dp44mT particularly in
SK-N-MC cells (Table 2), reflects a totally different mechanism
that reflects the unique chemistries of NNS versus NNO ligands.
In fact, while DpC and Dp44mT exploit the double punch
mechanism and particularly Cu-mediated redox stress, the L10-
L13 Ga(m) complexes achieve similar efficacy through Ga(m)
dissociation and accumulation and Fe(u) interception. This
latter mechanism minimizes off-target oxidative damage,
providing a distinct and possibly safer therapeutic paradigm
supported by our electrochemical, spectroscopic, and *°Fe
transport data.

Collectively, this investigation establishes that strategic
control over ligand donor identity, lipophilicity, metal ion
lability, and Fe(u) targeting defines a novel mechanism of action
for Ga(m) complexes. This paradigm transcends classical
chelation and sets a precedent for the rational development of
non-redox active, Fe(u)-intercepting anti-cancer agents that
hijack intracellular iron trafficking to exert effective anti-
proliferative activity.
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Data availability

All compounds were verified to have a purity exceeding 95%
through elemental analysis (C, H, N, S) and further confirmed
via NMR spectroscopy, MS, and single-crystal X-ray crystallog-
raphy (Tables S1 and S2). Anti-proliferative activity of
[Ga(L12),]", L12, [Ga(NO;);], and DpC in SK-N-MC and MCF-7
cells, and comparison of calculated versus experimental log P
values for ligands (L10-L13) and their Ga(m) complexes (Tables
S3 and S4).

Supplementary information (SI): details on materials,
general methods, crystallographic study methodology, crystal-
lographic refinement data and unit cell packing diagrams,
electrochemistry, transmetalation, titration studies via UV-Vis
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spectrophotometry, synthetic procedures and characterization
data for ligands, and their Cu(u), Zn(u), and Ga(m) complexes,
experimental protocols for biological assays, the reactivity of
Ga(m), Zn(u), and Cu(u) complexes in the presence of citrate or
Asc, assessed using UV-Vis spectroscopy, direct MS, and LC-MS.
UV-Vis and MS (direct and LC-MS) studies showing spectral and
reactivity changes of 112 and [Ga(L12),]" upon titration with
Fe(m)-citrate or Fe(u)-ascorbate (Fig. S3-S5). Comprehensive
transmetalation and titration experiments involving [Zn(L12)
Cl,] and [Cu(L12)(OAc)] with Cu(u), Fe(ur), and Fe(u) are pre-
sented and discussed in Fig. S6-S13. Additionally, it includes
the NMR studies as Fig. S14-S55. See DOIL: https://doi.org/
10.1039/d5sc06084b.

CCDC 1982904-1982909, 1982911 and 2424290 contain the
supplementary crystallographic data for this paper.*?2*™*
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