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ABSTRACT
Strategies for rationally designing gold-based chemotherapeutics remain limited by an incomplete understanding of how

ligand electronics shape structure and biological function. Here, we establish a direct link between σ-donor strength, geometric

distortion, and anticancer activity across a series of carbon-stabilized Au(III) bisphosphine macrocycles derived from

N,N 0-(1,2-phenylene)bis(2-(diphenylphosphino)benzamide) (dppbH2) and electronically tuned cyclometalated [C^N] templates.

Systematic installation of substituents that modulate σ-donation to Au(III) produces predictable shifts in Au—C and Au—P bond

lengths, trans bite angles, and square planar deformation. σ-donor character of complexes influences geometric distortion, aque-

ous stability, and up to an order-of-magnitude higher cytotoxicity in triple-negative breast cancer and estrogen receptor–positive

models compared to cisplatin. Mechanism of action studies supports acute mitochondrial uncoupling and mtROS production,

leading to cell death by this class of compounds. This electronic–structural–biological correlation provides a rare, experimentally

validated design principle for Au(III) scaffolds and positions electronically tuned macrocycles as a chemically tractable platform

for targeting intracellular pathways.

1 | Introduction

Macrocyclization is a well-established strategy in medicinal chem-
istry for improving the stability, selectivity, and cellular permeabil-
ity of bioactive molecules [1–4]. Although biology routinely
employs metal-containing macrocycles such as heme and cobala-
mins, the intentional use of metal-based macrocycles in therapeu-
tic or probe development remains comparatively underexplored.
Organometallic macrocycles, particularly those containing direct
metal–carbon bonds, offer the ability to tune redox properties,
geometry, and physicochemical behavior in ways that are inacces-
sible to purely organic scaffolds. Expanding such architectures is
an attractive route toward designing metallodrugs with controlla-
ble reactivity and target selectivity.

Gold(III) complexes have gained increasing attention as potential
anticancer agents due to their high reduction potential, relativistic

stabilization, and square planar d8 configuration, which is isoelec-
tronic with the Pt(II) center of cisplatin [5–10]. However, despite
their promise, most Au(III) complexes do not progress beyond pre-
clinical evaluation, largely because of insufficient stability under
biological conditions or an incomplete understanding of their
mechanisms of action [7, 11]. Incorporation of bisphosphine
ligands provides an effective strategy to address these challenges,
as strong σ-donating phosphines enhance Au–P covalency, rein-
force square planar geometry, and increase resistance to reduction
and ligand exchange under physiological conditions. Moreover,
bidentate phosphines introduce defined bite angles [12] and elec-
tronic tunability, allowing systematic modulation of themetal cen-
ter while maintaining structural rigidity [13]. We recently reported
a family of carbon-stabilized gold(III) bisphosphine macrocycles
that exhibit robust activity in breast cancer cell models and engage
defined intracellular targets [14], motivating the need for a rational
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design framework linking structure, electronic properties, and bio-
logical function.

In this work, we establish such a structure–activity relationship
by systematically modifying the aryl ligand embedded within
the macrocyclic scaffold. Substituent-based tuning of σ-donor
strength provides a direct means to influence metal–ligand bond
metrics, trans bite angle, and square planar distortion, which is
an effect rooted in the well-described trans influence of d8 metal
complexes [15–20]. However, in Au(III) macrocycles, this phe-
nomenon is amplified by the strongly σ-donating carbon anchor
of the (CN) unit, which raises the energy of the 5dx2–y2 orbital and
increases the susceptibility of the metal center to additional
donor perturbation [21, 22]. As a result, electronic effects extend
beyond a single metal–ligand axis, altering covalency, macrocy-
clic rigidity, and ultimately redox stability and biological activity.
Both strong σ-donor ligands and macrocyclic constraint have
independently been shown to stabilize the Au(III) oxidation state
[23–25], suggesting a synergistic design space not yet fully
explored.

Here, we show that electronically diverse substituents on the
arylligand enable predictive control over geometry, solution
stability, and cytotoxic potency in triple-negative and estrogen
receptor–positive breast cancer cell lines. This study establishes
an electronic–structural–biological correlation for organogold(III)
macrocycles and highlights σ-donor modulation as a generalizable
strategy for advancing nonplatinum metallotherapeutics.

2 | Results and Discussion

2.1 | Rationale, Synthesis, and Characterization of
Gold(III) Macrocycles

To investigate how ligand σ-donor strength governs the struc-
tural and biological properties of carbon-stabilized Au(III) mac-
rocycles, we designed a modular synthetic route that enables
systematic variation of the cyclometalated (CN) fragment while
maintaining a constant bisphosphine macrocyclic framework.
Utilization of the bisphosphine ligand—dppbH2 was inspired
by groups who have used the ligand to form macrocyclic com-
plexes with other transition metals such as Pd(II) [26], Pt(II)
[26], Ru(II) [27], Ni(II) [28], and Rh(I) [29]. The dppbH2 was pre-
pared through an amide coupling reaction between o-phenylene-
diamine and 2-diphenylphosphinobenzoic acid (DPPBA). Use of

HOBt as an activating additive minimized competitive
O-acylation and afforded the desired diamide. The corresponding
cyclometalated Au(III) precursors were synthesized by direct
C–H activation of substituted phenylpyridine scaffolds with
HAuCl4·3H2O in water under in a pressure tube at
120°C–130°C. Notably, the reaction rate of the cyclometalation
correlated with the bridging heteroatom (X=NH, O, CH2,
None) within the arylpyridine framework shown in Scheme 1.
Specifically, the formation [CN] Au(III)Cl2 was influenced by
the donor character of the bridging atom(s). The reaction for
the formation of NH-derived [CN] Au(III)Cl2 was 1 h, whereas
the O-bridging required 4–5 h and the methylene- and no-bridge
cyclometalated complexes required 24 h. This trend correlates
with the increasing σ-donor ability of the bridge atom
(NH>O>CH2 ≥None), which facilitates metalation by enhanc-
ing electron density at the cyclometalating carbon and lowering
the activation barrier for Au–C bond formation. These data rein-
force the notion that donor-modulated CN cyclometalation is
kinetically, not just thermodynamically, controlled which is an
effect consistent with the increased trans influence exerted by
stronger σ-donors in d8 Au(III) systems.

Further, we pursued reactions of the [CN] Au(III)Cl2 with the
phenylene-supported bisphosphine ligand with a wide bite angle
to generate organogold(III) macrocycles with trans phosphine
ligation (Scheme 1). Purification was by silica gel flash column
chromatography and compounds were fully characterized by
spectroscopy and structural elucidation by X-ray. Full spectro-
scopic (1H, 31P NMR), HRMS, and single-crystal X-ray analysis
confirmed macrocyclization and the expected square planar
Au(III) coordination geometry. Comparative structural metrics
are discussed in the following section.

2.2 | Structural Analysis

Detailed structural and geometric analysis of Au(III) macrocycles
remain heavily underexplored. Here, we employed X-ray
crystallography and density functional theory (DFT) calculations
to elucidate information pertaining to macrocyclic bonding,
structure, and geometry. First, single crystals suitable for X-ray
diffraction were grown by slow diffusion of diethyl ether into sat-
urated solutions of 1:1 (v/v) CHCl3/MeOH (Figure 1).

Structural analysis of the macrocycles (Table 1) revealed clear
electronic trends in metal–ligand bonding as a function of

SCHEME 1 | Synthetic scheme for the synthesis of benzene-supported bisphosphine gold(III) macrocycles. 1. Synthesis of Au(III) cyclometalated

complexes. 2. Synthesis of benzene-supported bisphosphine gold(III) macrocycles (AuBz1–AuBz4).
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arylligand donor strength. Experimentally, the Au—C bond
length decreases in the order AuBz3 > AuBz4 > AuBz2 >
AuBz1, showing that more electron-donating bridge atoms
(NH—AuBz1 and O—AuBz2) strengthen and contract the aryl
C–Au linkage. This is consistent with increased electron
donation into the aryl ring, which enhances covalency at the
metal–carbon bond. Although these measurements derive from
solid-state structures, it is important to note that metal–ligand
distances in solution may be modulated by additional factors
including solvent coordination, hydrogen bonding, conforma-
tional dynamics, and ion pairing, which collectively tune the
effective electronic environment of Au(III) complexes.
Interestingly, despite classical expectations that stronger
σ-donors exert a larger trans influence and lengthen the trans

Au—Cl bond, we observed the opposite behavior. AuBz1 and
AuBz2 exhibit shorter Au–Cl distances relative to AuBz3 and
AuBz4. A similar contraction is seen for the average Au—P
bond lengths, which are shortest for the most electron-rich
complexes.

Second, DFT calculations performed at the ωB97XD/LANL2DZ
(CPCM ε = water) level of theory generally reproduce the exper-
imentally observed trend toward shorter Au—ligand bond
lengths with increasing donor strength. However, while the cal-
culations capture the overall magnitude and directionality of
bond contraction, discrepancies arise in the relative ordering
of bond lengths across the series, particularly for the Au–C
and averaged Au–P distances. These deviations indicate that sub-
tle intercomplex structural trends are sensitive to solid-state and

FIGURE 1 | X-ray single crystals of the gold(III) bisphosphine macrocycles. (A) AuBz1; (B) AuBz2, (C) AuBz3, and (D) AuBz4. Thermal ellipsoids

are shown at the 50% probability level. Hydrogenmolecules are omitted for clarity. Only one representative molecule from the asymmetric unit is shown.

TABLE 1 | Macrocycle bond lengths (Å) of Au–C, Au–Cl, Au–P, and average Au–P as derived from X-ray crystallography and DFT calculations (in

parenthesis).

Bond length (Å)

Bond AuBz1 AuBz2 AuBz3 AuBz4

Au1—C45 2.0344 ± 0.0017 (2.043) 2.037 ± 0.002 (2.036) 2.0432 ± 0.0017 (2.051) 2.0382 ± 0.0019 (2.054)

Au1—Cl1 2.3706 ± 0.0004 (2.503) 2.3667 ± 0.0006 (2.500) 2.3753 ± 0.0004 (2.511) 2.3727 ± 0.0005 (2.515)

Au1—P1 2.3740 ± 0.0004 (2.460) 2.3772 ± 0.0006 (2.472) 2.3976 ± 0.0004 (2.473) 2.3870 ±0.0005 (2.467)

Au1—P2 2.3927 ± 0.0004 (2.470) 2.3711 ± 0.0006 (2.460) 2.3744 ± 0.0004 (2.462) 2.3922 ± 0.0005 (2.462)

Avg. P—Au 2.3833 (2.465) 2.3741 (2.466) 2.3860 (2.467) 2.3896 (2.464)
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environmental effects not fully accounted for in the computa-
tional model.

To gain further insight into the origins of the Au—L bonding
trends, frontier molecular orbital (FMO) analyses were carried
out on the DFT-optimized structures (Table 2). FMO analyses
show that the highest occupied molecular orbitals (HOMOs)
of AuBz1 (−7.74 eV) and AuBz2 (−8.63 eV) are distributed across
the π orbitals of both aryl rings of the cycometalated ligand
(Figure 2). A different picture emerges, however, for AuBz3
(−8.66 eV) and AuBz4 (−8.63 eV), as both systems present the
HOMO spread across the π system of the arylligand and the phos-
phine ligands; notably, the portion of the HOMO on aryl ligand of
AuBz4 is delocalized across the π system while that on the aryl
ligand of AuBz3 is localized on the phenyl ring, enabling electron
density to be directly pulled to the Au(III) via the C—Au σ-bond
and preventing any redistribution to the pyridine ring. This is
consistent with calculated Mulliken charges on the Au(III),
where Au of AuBz4 has the least electron density of the series,
whereas for AuBz3 it has the most (Table S5). The macrocyle
LUMOs, on the other hand, exhibit similar behavior across all
four systems, with minor variation in the LUMO energies.
Taken together, these data indicate that increasing electron
donor strength of the aryl ligand induces a global contraction
of all four Au—L bonds in these macrocycles. This behavior is

distinct from traditional trans influence patterns suggesting a
cooperative electronic effect unique to this bisphosphine macro-
cyclic framework, where enhanced ligand donation stabilizes the
d8 Au(III) center through increased covalency rather than bond
liability.

To quantify the extent of deviation from an ideal square planar
geometry, the two trans angles (C45–Au–Cl and P1–Au–P2)
and the distribution of cis angles were examined for each macro-
cycle, and the square planarity index was calculated (Table 3,
Equation (1)). Experimentally, the average deviation of the trans
angles from 180°, as well as the square planarity index (T4 closer to
0=more square planar), follows a similar trend: AuBz4<AuBz2<
AuBz3 <AuBz1. The DFT-derived geometries reflect the same cor-
relation between trans angle deviation and square planarity, but
with a slight alteration in ordering: AuBz4 < AuBz3 < AuBz1 <
AuBz2. In each case, AuBz4 is the most square planar and the
complexes with the most electron-donating cyclometated
ligands (experimental—AuBz1 and DFT—AuBz2) are the least
square planar. This indicates that both electronic donation and
geometric strain govern the final coordination geometry.
Consistent with this, the cis angle range decreases as the
P–Au–P trans angle becomes more distorted, suggesting that as
the trans angle is forced away from 180°, the cis angles may com-
pensate by collapsing toward a uniform, constrained bite.

FIGURE 2 | Pictorial representations of the respective HOMO and LUMO of the macrocyclic complexes as determined at the ωB97X-D/LANL2DZ
(CPCM water) level of theory (isovalue= 0.04).

TABLE 2 | DFT-derived HOMO and LUMO energies (eV) and HOMO–LUMO energy gaps (eV) of the four macrocyclic complexes.

Compound HOMO energy, eV LUMO energy, eV HOMO-LUMO Energy gap, eV

AuBz1 −7.74 −1.60 6.13

AuBz2 −8.63 −1.62 7.01

AuBz3 −8.66 −1.56 7.10

AuBz4 −8.63 −1.53 7.10
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Although it appears that an excess of electron donation to the
Au(III) center leads to distortion and overall, less square planar-
ity, sufficient electron density must be delivered to the metal to
strengthen the Au—C bond and stabilize the complex. Further
supporting this, AuBz2 has a short Au—C bond (Table 1), the
second lowest trans angle deviation, and second-most square pla-
narity (for the experimental structure). Thus, there is a fine bal-
ance between enough electron donation to strengthen the Au—C
bond, and an excess which distorts the complexes square planar
geometry, both of which have implications in complex stability.
(Table 3)

τ4 =
360°− α+ βð Þ

141°
(1)

Geometry index equation used to calculate the degree of square
planarity. Adopted from Yang et al., 2007 [30].

To further characterize electronic effects of the novel complexes,
we examined the chemical shifts of the δ(31P) NMR. All

complexes were prepared in CDCl3 and run at 64 scans on a
Bruker NEO Advance 400MHz spectrometer. Downfield shifts
are observed in the 31P NMR spectra in the following order:
AuBz2 >AuBz4 >AuBz3 >AuBz1 (Figure 3). The trend suggests
chemical shifts increase (deshielding) as gold becomes less able
to back-donate electron density to the phosphines. AuBz2 and
AuBz4 have Au centers with the least electron density, leading
to the least shielding (highest ppm). In support of this claim, we
determined the Mulliken charges of crucial atoms within individ-
ual complexes (Table S5). Specifically, AuBz2 has the least elec-
tron-rich Au (charge�0). This implies the weakest Au→ P
π-back-donation suggestive of weaker back-donation, leading
to a smaller excitation energy (ΔE) for P-centered orbital excita-
tions. A smaller ΔE dramatically increases the deshielding para-
magnetic term (σp), resulting in the highest observed chemical
shift (34.97 ppm). AuBz1 and AuBz3 have more negative Au,
indicating stronger back-donation, a larger ΔE, more shielding,
and thus lower chemical shifts (�32.7 ppm). Furthermore, there
is a significant line narrowing of AuBz1 which may be a result of

TABLE 3 | Select geometric parameters, correlated to macrocycle stability, as derived from X-ray crystallography and DFT calculations (in

parentheses).

Compound Avg. Trans angle deviation, ° Cis angle range, ° Cis angle range Δ T4

AuBz1 7.13 (5.52) 89.04 - 91.50 (88.42−91.46) 2.46 (3.04) 0.101 (0.078)

AuBz2 4.31 (7.49) 88.68 - 91.20 (88.36–91.41) 2.52 (3.05) 0.061 (0.106)

AuBz3 5.86 (5.24) 89.51 - 91.04 (88.35–92.72) 1.53 (4.37) 0.083 (0.074)

AuBz4 2.34 (4.98) 88.83 - 92.76 (87.93–92.72) 3.93 (4.79) 0.033 (0.071)

FIGURE 3 | A-31P NMR shifts of AuBz2, AuBz4, AuBz3, and AuBz1 in CDCl3.
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a solution state intra/intermolecular H-bonding interactions and
could potentially be related to the compounds distinct properties
such as instability. AuBz4 sits in the middle, consistent with its
slightly positive Au charge but other structural factors modulat-
ing the effect. Overall, we demonstrate using X-ray crystallogra-
phy, DFT, and NMR spectroscopy the electronic impact of aryl
donor ligands on structure, geometry, and bonding in tuning
organogold(III) macrocycles.

2.3 | Stability and Solution Chemistry

Utilizing high-performance liquid chromatography coupled with
mass spectrometry (LC/MS) the stability of the macrocycles was
assessed. The HPLC method remained similar for all complexes
with a mobile phase of 0–1min. 100% H2O+ 0.1% TFA,
1–15 min. 100% ACN+ 0.1 FA, and 15–25 min. 100%
H2O+ 0.1% TFA, and the flow rate set to 1 mL/min. The mass
spectrometer was operated in positive ESI mode under low-tem-
perature, low-fragmentation conditions. AuBz1 appears to
degrade under LC/MS conditions (Figure S21), whereas the
others remain intact (Figure S22–S24). A stability study of
AuBz2 and AuBz3 was then performed in DMEM, which con-
tains several biologically relevant nucleophiles and reducing
agents (e.g., amino acids). The 31P NMR shift trend correlates
well with compound stability, where the AuBz2 starts to degrade
at around 2–3 hr with a single degradation peak corresponding to
one of the P—Au bonds breaking observed on the LC/MS
(Figures 4A and S38–S39). However, AuBz3 starts to degrade
immediately upon mixing with DMEM, forming two degradation
peaks corresponding to both a single P—Au bond breaking,
as well as both P—Au bonds breaking (Figures 4B and S29).
In the mobile phase comprised of H2O+ 0.1% TFA
and ACN+ 0.1 FA, AuBz1, AuBz3, and AuBz4 ionize on the
LC/MS to form the [M]+, [M]+/2, [M-Cl]/2, and [M-Cl+TFA]+

species (Figure S26, S29, and S30), whereas for AuBz2, only
the [M]+ species is observed (Figure S27). Furthermore, the most
stable compound, AuBz2, demonstrated optimal stability in
aqueous solution (Figure S40) and in the presence of L-GSH
(5 equiv.) (Figure S41). The other macrocycles were not subjected
to these stability conditions. These data further support the
notion that electron-donating character of the bridge atom is
essential for compound stability, but an excess leads to distortion
and instability.

We evaluated the photophysical properties of the four
macrocycles by assessing their absorption profile via UV–Vis
spectroscopy in DMSO (Figure 5). A stock solution of each com-
plex was prepared and diluted to a final concentration of 25 μM.
The samples were then scanned from 600 to 190 nm. The absor-
bance profile for all complexes remained similar, with low energy
transitions at 320–325 nm and higher energy transitions at
260–265 nm. The higher energy absorbances correspond to intra-
ligand transitions of the aryl–Au(III) complexes, and the lower
energy absorbances likely correspond to metal-to-ligand or
ligand-to-metal transitions [21]. The low energy transitions pres-
ent a subtle but notable difference in wavelength absorbance
maxima, with the more electron rich aryl ligands shifted to lon-
ger wavelengths (AuBz1= 322 nm and AuBz2 = 325 nm) com-
pared to the less electron rich ligands (AuBz3= 320 nm,
AuBz4= 321.5 nm). This redshifted absorbance is expected, as
substituents with a greater +Mmesomeric effect shift compound
absorbance to longer wavelengths [31]. The intensity of transi-
tions is also dependent on the electron-donating capability of
the bridge atom with the AuBz1 being the most intense, followed
by the AuBz2, AuBz3, and AuBz4, respectively. However, the
relationship between absorbance maxima and electronics should
be interpreted with caution, as the difference in absorbance is too
little to confidently establish a direct correlation.

2.4 | MTT Cell Viability Assay

The cytotoxicity of the macrocycles was assessed via the MTT
cell viability assay across three triple-negative breast cancer cell

0 10 20 30
0

500

1000

1500

2000

TIme (min)

A
bs
or
ba
nc
e
(m
A
U
) DMEM Blank

0 h
1 h
2 h
3 h
6 h
12 h
24 h
48 h0 10 20 30

0

500

1000

1500

2000

2500

Time (min)

A
bs
or
ba
nc
e
(m
A
U
)

A B

FIGURE 4 | Solution stability of (A) - AuBz2 and (B) – AuBz3 in DMEM for 48 h. Absorbance: λ = 260 nm.

FIGURE 5 | UV–Vis spectra of the four macrocyclic complexes at a

concentration of 25 μM in DMSO.

6 of 11 ChemBioChem, 2026



lines SUM159 (RRID:CVCL_5423), MDA-MB-231 (RRID:
CVCL_0062), and MDA-MB-468 (RRID:CVCL_0419) as well
as MCF-7 (RRID:CVCL_B5 PF), an estrogen receptor–positive
breast cancer line. The cells were treated for 72 h, at which point
IC50 (half-maximal inhibitory concentration) values were deter-
mined (Table 4). The data demonstrate a clear correlation
between the degree of square planarity, stability, and potency
for the macrocycles. Among the series, the AuBz2 macrocycle
showed the most favorable balance of geometry, stability, and
solubility, and was therefore the most potent compound across
all four cell lines. The AuBz3 displayed intermediate activity,
reflecting its moderate planarity and stability, whereas both
the AuBz1 and AuBz4 analogs were markedly less potent.
The reduced activity of the AuBz1 aligns with its substantial
geometric distortion and lower solution stability, likely a result
of excess electron donation from nitrogen. However, the dimin-
ished activity of the AuBz4 complex is consistent with its com-
paratively poor solubility and reduced electronic reinforcement
at the Au(III) center. To ensure cytotoxicity is not coming from
the dppbH2 ligand, the IC50 of the ligand was determined in
MDA-MB 468, where it displayed very minimal activity
(Table 4).

All four macrocycles demonstrated greater potency than cisplatin
under identical conditions, strongly suggesting that their biolog-
ical activity may be differentiated from cisplatin. Published work
on the few gold(III) macrocyclic compounds developed as
anticancer agents display different mechanisms of action such
as perturbing redox homeostasis [32], initiating apoptosis
[33, 34], or other cytotoxic mechanisms [35], highlighting the
therapeutic potential of this class of compounds.

2.5 | AuBz2 Induces Mammosphere Inhibition
and Mitochondrial Dysfunction in Cancer Cells

Given the macrocycles have demonstrated cytotoxicity in rele-
vant breast cancer cell lines in a monolayer cell viability assay,
we further tested the cytotoxicity of the lead compound—AuBz4
in a mammosphere formation assay to get a more representative
view of how the compound effects cancer cells forming 3D sphe-
roids. MDA-MB 468 cells were plated in a six-welled plate in
mammocult media at a density of 4,000 cells/well. The following
day the cells were treated with AuBz2 at 2 μM and another group
was left untreated as a control. The cells were incubated at 37°C
(with supplemental CO2) for 6 days (144 h). Images of the sphe-
roids were taken at 3 days and 6 days posttreatment (Figure 6A)

and the area was calculated using ImageJ processing software
then plotted as %area relative to control with GraphPad Prism
10.2.3 (Figure 6B,C). At both the 72 hr and 144 h mark, a statis-
tically significant decrease in spheroid area was observed for the
2 μM group compared to the control with an increase in area of
control and decrease in area of the treated group as time pro-
ceeds. Thus, AuBz2 is cytotoxic at both the monolayer level
and the 3D level, where it inhibits mammosphere formation
at low concentrations. AuBz2 was also evaluated in noncancer-
ous HEK293 cells using a 3D spheroid assay. Treatment with
2 μM AuBz2 reduced spheroid formation relative to untreated
controls, confirming that the compound retains biological activ-
ity in nontransformed cells. Although AuBz2 exhibited activity in
HEK293 cells, differences in proteostasis demand, redox state,
biodistribution, and stress adaptation between malignant and
nonmalignant cells may influence therapeutic response
in vivo. Further studies will be required to define the selectivity
profile under physiologically relevant conditions.

To understand what may be influencing cell death among this
class of compounds, we first measured the production of mito-
chondrial ROS. The experiment was performed in MDA-MB
468 cells following the treatment of AuBz2 for 2 h at 10 μM.
To quantify ROS generation, the cells were stained with the
MitoSox Red dye posttreatment and fluorescence was measured
using fluorescence-assisted cells sorting (FACS) (Figure 6D,E).
We observed a significant increase of ROS production following
a 10 μM treatment compared to the control (DMSO). In a rescue
experiment, we tested the ROS production of AuBz2 at 5 μMwith
and without a pretreatment (1 h) of Mito-TEMPO (10 μM), a rad-
ical scavenger (Figure 6F,G). The pretreatment of Mito-TEMPO
led to a significant decrease of ROS production of AuBz2 at 5 μM,
demonstrating a rescue.

Next, we investigated the effect of AuBz2 on mitochondrial mem-
brane potential (MMP), as gold(III) complexes are known to dis-
rupt mitochondrial polarization. To do so, we employed the
lipophilic cationic dye tetramethylrhodamine ethyl ester
(TMRE), which selectively accumulates within polarized mito-
chondria due to the negative membrane potential across the
inner mitochondrial membrane. MDA-MB-468 cells were treated
with increasing concentrations of AuBz2 (5 and 10 μM) for 2 h,
followed by TMRE staining and flow cytometric analysis. As
shown in Figure 6E–F, AuBz2 induced a dose-dependent
decrease in TMRE mean fluorescence intensity (MFI) relative
to control cells, indicating progressive depolarization of the
mitochondrial membrane. At 10 μM, TMRE fluorescence was

TABLE 4 | IC50 values of macrocycles and cisplatin in breast cancer cell lines.

Compound

IC50 ± Std Dev., μM

SUM 159 MDA-MB 231 MDA-MB 468 MCF7

AuBz1 2.05 ± 0.10 3.23 ± 0.04 3.95 ± 0.14 2.56 ± 0.02

AuBz2 1.23 ± 0.07 1.85± 0.05 1.64 ± 0.04 1.11 ± 0.08

AuBz3 1.29 ± 0.07 2.58 ± 0.04 3.12 ± 0.05 1.43 ± 0.05

AuBz4 2.63 ± 0.03 3.89 ± 0.02 3.15 ± 0.05 2.10 ± 0.02

Cisplatin 6.24 ± 0.22 32.98 ± 0.02 6.62 ± 0.06 N/Aa

dppbH2 N/Aa N/Aa >100 N/Aa

aN/A: Data not available.

ChemBioChem, 2026 7 of 11



significantly reduced and approached levels observed with the
positive control CCCP, confirming substantial loss of ΔΨm.
These findings demonstrate that AuBz2 disrupts mitochondrial
polarization in a concentration-dependent manner, which
accompanies ROS production and supports the case for a mito-
chondrial dysfunction-based mechanism.

2.6 | Impact of AuBz2 on Mitochondrial
Bioenergetics

To gain further insight into the mitochondrial effects induced by
AuBZ2, we performed a mitochondrial bioenergetics study using

the Seahorse XF96 MitoStress assay. The assay consisted of grow-
ing MDA-MB 468 cells overnight and then pneumatically inject-
ing AuBz2 at concentrations of 1, 5, and 10 μM prior to analysis.
Compound injection was followed by a complex V inhibitor—oli-
gomycin (1.5 μM), an OxPhos uncoupling protonophore—FCCP
(0.6 μM), and complex I/III inhibitors rotenone/antimycin A
(0.5 μM). All concentrations of AuBz2 produced a significant
acute response by increasing oxygen consumption rate (OCR)
compared to control, with the 10 μM concentration being the
most prominent, increasing more than 450% prior to oligomycin
injection (Figure 7B). Postoligomycin injection, the OCR
decreased for a few minutes for the control, 1 μM, and 5 μM then

FIGURE 6 | In MDA-MB-468 cells, AuBz2 inhibits mammosphere formation at 2 μM (A–C), induces mitochondrial ROS production with rescue by

Mito-TEMPO (D–G), and causes a dose-dependent depolarization of the MMP (H and I). (A) Pictures of mammospheres at 40x magnification 6 days

posttreatment with AuBz2 at 2 μM and control (no treatment). (B) Mammosphere area (μm2) plotted as % area relative to control at 72 h posttreatment

and (C) 144 h posttreatment with AuBz2. (D) Quantification of MitoSOX Red MFI 2 h after AuBz2 treatment (10 μM) relative to control.

(E) Representative flow cytometry histograms corresponding to control and 10 μM AuBz2, with dashed line indicating population median of control.

(F) MFI quantification showing mitochondrial ROS following AuBz2 treatment (5 μM) and significant attenuation upon 1 h Mito-TEMPO pretreatment,

indicating a rescue effect. (G) Representative histograms for 5 μMAuBz2 with and without Mito-TEMPO pretreatment. (H) MFI quantification showing

a dose dependent depolarization of MMP, and (I) representative flow cytometry histograms corresponding to control (no treatment, blue), CCCP (posi-

tive control, red), and 10 μM (orange) and 5 μM (green) AuBz2 treatments, with the dashed line indicating populationmedian of control. For B, C, D, and

F unpaired t-test, *p< 0.05 **p< 0.01, ***p< 0.001, ****p< 0.0001. For H ordinary one-way ANOVA,*p< 0.05 **p< 0.01, ***p< 0.001, ****p< 0.0001.

MFI = Mean fluorescence intensity; MMP = mitochondrial membrane potential.
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steadily increased. However, the 10 μM concentration never
decreased in OCR, continuing to rise up to FCCP injection.
The increase in OCR following ATP synthase inhibition is a clas-
sical signature of OxPhos uncoupling. The uncoupling is further
supported by the dose-dependent increase in maximal respiration
(Figure 7C) and proton leak (Figure 7E), and decrease in ATP
production (Figure 7D). Furthermore, this uncoupling pheno-
type is consistent with the parallel increase in mitochondrial
superoxide and loss of membrane potential observed in

MitoSOX and TMRE assays. AuBz2 significantly elevated mito-
chondrial ROS, which was attenuated by Mito-TEMPO, and
induced a dose-dependent collapse of ΔΨm. Together, these find-
ings indicate that AuBz2 disrupts mitochondrial bioenergetics
through oxidative stress–associated membrane depolarization
and impaired coupling efficiency.

3 | Conclusion

This work demonstrates a correlation between the electronics
and geometry of gold(III) bisphosphine macrocycles and their
potency against triple-negative and estrogen receptor–positive
breast cancers. We show that sufficient electron donation to
the gold center via the arylbridge atom is necessary for optimiz-
ing square planar geometry, enhancing Au–P covalency, stability,
and biological activity of the macrocycles, as seen for AuBz2
(O-bridge). Whereas too much electron flow to the metal center,
as in the case of AuBz1 (NH-bridge), there is distortion, destabi-
lization, and loss of activity. Furthermore, we demonstrate that
square planarity alone does not increase stability or biological
activity, as evidenced by AuBz4 (No-bridge).

DFT calculations support the role electronics play on stability
and activity, as complexes with greater electron-donating bridg-
ing atoms (AuBz1 and AuBz2) display HOMO energies higher
than the other derivatives, and are localized on the aryl ligand.
The slightly raised HOMO of AuBz2 seems to enhance its stabil-
ity, whereas the significantly raised HOMO of AuBz1 seems to
have a detrimental effect on its stability.

Mechanistic investigations of the lead compound AuBz4 revealed
that its anticancer activity is associated with mitochondrial dys-
function, characterized by increased mitochondrial superoxide
production, loss of MMP, elevated oxygen consumption,
increased proton leak, and reduced ATP-linked respiration.
These findings indicate that AuBz4 induces oxidative mitochon-
drial stress and impairs oxidative phosphorylation coupling in
breast cancer cells.

Taken together, these results demonstrate that subtle differences
in ligand electronics dictate complex geometry and alter the
physicochemical properties, impacting the biological activity of
Au(III) bisphosphine macrocycles. This work expands on the
rationale design of gold(III) bisphosphine macrocycles by identi-
fying “electronic tuning” of the aryl ligand as a key design feature
to promote square planar character and stability of the complex,
which governs biological activity. These guiding principles pro-
vide valuable insight for the development of next-generation
bisphosphine gold(III) macrocycles as anticancer agents.
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