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ABSTRACT: Mitochondrial structure and organization is integral
to maintaining mitochondrial homeostasis and an emerging
biological target in aging, inflammation, neurodegeneration, and
cancer. The study of mitochondrial structure and its functional
implications remains challenging in part because of the lack of
available tools for direct engagement, particularly in a disease setting.
Here, we report a gold-based approach to perturb mitochondrial
structure in cancer cells. Specifically, the design and synthesis of a
series of tricoordinate Au(I) complexes with systematic modifica-
tions to group 15 nonmetallic ligands establish structure−activity
relationships (SAR) to identify physiologically relevant tools for
mitochondrial perturbation. The optimized compound, AuTri-9
selectively disrupts breast cancer mitochondrial structure rapidly as
observed by transmission electron microscopy with attendant effects on fusion and fission proteins. This phenomenon triggers severe
depolarization of the mitochondrial membrane in cancer cells. The high in vivo tolerability of AuTri-9 in mice demonstrates its
preclinical utility. This work provides a basis for rational design of gold-based agents to control mitochondrial structure and
dynamics.
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Mitochondria are dynamic organelles that control ATP
production, biosynthesis of macromolecules, and signal-

ing. Often referred to as the powerhouse of the cell, the
mitochondria have a well-defined but complicated structure
with important functional implications. The outer membrane
envelops the inner-membrane energy hub, which protects a
dense protein-rich matrix.1 The large surface area of the inner
membrane is characterized by a macromolecular folding,
known as cristae. There exists an intimate relationship between
mitochondria morphology and cellular bioenergetics.2 A key
dynamic parameter of regulated mitochondria function is
fusion and fission.3 A balanced cycle of fusion and fission is
critical for physiology and the loss thereof has adverse
implications on cell function, leading to inflammation, aging,
neurodegeneration, and cancer (Figure 1).4,5 Thus, tools to
study mitochondrial structure is an unmet need and an
attractive approach for developing new therapeutics.
As part of a large research program in our laboratory to

develop mitochondrial probes and targeting approaches, we are
particularly interested in the synthetic control of mitochondrial
homeostasis. We recently reported the development of gold
agents, which have interactions with the mitochondrial
OXPHOS machinery and cellular metabolism. We and others
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Figure 1. Mitochondrial biogenesis is a key component in
maintaining cell homeostasis.
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have shown that gold compounds can be tuned for
mitochondrial localization.6 Increasing evidence suggests that
mitochondrial biological processes participate in acquired drug
resistance. Specifically, loss of the mitochondrial protein CLPB
compromises mitochondrial structural and functional integrity
leading to AML sensitization to apoptosis.7 Thus, we
envisioned that developing small-molecules to disrupt
mitochondrial structure will be of therapeutic benefit.
However, synthetic alteration of oxidation states or ligand
environment of gold compounds for direct mitochondria
interaction or targeting of distinct locales is unknown.
The development of gold-based small-molecules for bio-

logical use received a major boost following the FDA approval
of auranofin for the treatment of rheumatoid arthritis.8 Over
the past decade, several gold compounds have been
synthesized as potential therapeutic agents for a plethora of
diseases.9−13 Their unique properties have alluded to unique
behavior both in vivo and in vitro in comparison to other
transition metal-based alternatives.14−19 Despite the breadth of
gold complex libraries developed thus far, the unique geometry
of tricoordinated Au(I) complexes20−25 are uncommon and
their therapeutic potential left untapped.26−28 Bourrisou and
co-workers have demonstrated catalytic capability with
tricoordinate complexes due to their distinct reactivity.27,29−32

We sought to explore the effect of these geometrically unique
gold complexes on mitochondria morphology and functional
consequences in normal or cancerous epithelial cells.
Our approach included the diversification of compounds

using different NN-bidentate ligands to tune lipophilicity and
monodentate arsine or phosphine ancillary ligands to define a
unique degree of asymmetry for interaction with biomolecules
in a manner distinct from other transition metal complexes.
The SAR enabled the selection of a potent candidate that
rapidly perturbed the structure of mitochondria after 1 h as
observed using transmission electron microscopy. The
phenotype observed was sharply different from other agents
of known mode of action. Additionally, immunoblotting,
respirometry, and quantitative proteomics studies corroborate
the discovery of a novel gold compound with specificity for
mitochondrial structure. We explored the anticancer potential
of the compounds and found that they possess an appreciable
selectivity to kill cancer cells compared to normal ones.
Preliminary toxicity studies in mice demonstrate that AuTri-9
can be tolerated safely at 10 mg/kg, highlighting the potential
of metal-based compounds for mitochondrial biology.

■ RESULTS AND DISCUSSION

Rationale, Synthesis, and Characterization of AuTri
Complexes

The quest to develop chemical tools that target distinct aspects
of the mitochondrion prompted investigations into reagents
that can perturb mitochondrial structure. Given previous
reports in the literature of cationic gold complexes directly
affecting mitochondrial damage and mitochondrial permeabi-
lization,33−40 we were intrigued to see the effect of cationic
tricoordinate complexes in mitochondrial biological systems.
Tricoordinate compounds can assume an unsymmetrical
structure with one longer metal-heteroatom bond length,
which is weak enough to act as a coordination site upon bond
breakage. This deviation from the use of leaving groups
bonded to metal centers was the motivation for our work. We
hypothesized that unsymmetrical gold compounds would

provide a distinct labile character to interact with biomolecules
(vide infra). Therefore, we designed and synthesized a class of
novel compounds to enable SAR studies. Tricoordinate
gold(I) complexes were achieved by a facile synthetic protocol
(Scheme 1). Commercially available phosphine and arsine

ligands were treated with either HAuCl4·3H2O or AuCl(tht) to
afford the neutral gold(I) precursors. These precursors were
subjected to silver transmetalation by adding to a suspension of
the gold(I) pecursor in dichloromethane, the corresponding
silver salt, and NN bidentate ligand of choice to afford a library
of cationic tricoordinate gold(I) complexes AuTri-1−10 in
good-to-excellent yields (Supporting Information). The
synthetic feasibility allows for a vast library of complexes to
be developed in a short amount of time.
X-ray Crystallography

To further elucidate the unique geometry, the structures of six
complexes were solved by X-ray diffraction techniques.
Structure of AuTri-6 (Figure 2a) demonstrates a clearly

unsymmetrical three coordinate geometry around the gold
center. The NN-bidentate ligand shows heavy distortion with
one Au−N bond length significantly longer than the other as
exemplified by compound AuTri-6 (Au1−N1 = 2.187(2) Å
and Au1−N2 = 2.374(2) Å). Consequently, the bite angle
between N1−Au−N2 (71.89°(9)) is significantly smaller than

Scheme 1. Facile Synthesis of Novel Tricoordinate Gold(I)
Complexes with SAR

Figure 2. X-ray crystal structures: (a) structure of AuTri-6 and (b)
structure of AuTri-9. Outer-sphere solvent molecules are omitted for
clarity. Thermal ellipsoids are shown at the 50% probability level.

JACS Au pubs.acs.org/jacsau Article

https://dx.doi.org/10.1021/jacsau.1c00051
JACS Au XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00051/suppl_file/au1c00051_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00051?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00051?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00051?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00051?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00051?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00051?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://dx.doi.org/10.1021/jacsau.1c00051?ref=pdf


observed in gold(III) phenanthroline complexes, which are
typically between 81 and 83°.41 Additionally, we were able to
confirm the structure of our lead compound, AuTri-9, with the
help of X-ray crystallography (Figure 2b). Again, the
symmetric distortion between Au−N bonds can be observed
with Au−N1 (2.1636(17) Å) and Au−N2 (2.5046(17) Å). All
further crystallographic parameters, as well as structures, for
complexes AuTri-4, AuTri-8, and AuTri-10 can be found in
the Supporting Information. We propose that the unique
geometry of these complexes would impart unexplored
reactivity in vivo in comparison to the typical linear d10 gold
complexes.

In Vitro Cell Viability

Once we had established a library of the tricoordinate gold(I)
complexes, we then explored their anticancer efficacy in vitro
by initially testing the complexes in a cisplatin resistant breast
cancer cell line, MDA-MB-231 (Table 1). Over 50% of cancer
patients worldwide receive some type of platinum based
drug.42

These drugs have been used to treat testicular, ovarian,
cervical, and non-small-cell lung cancers effectively. However,
the success of these drugs are limited by resistance from long
exposure times to the drugs.43 Moreover, platinum-based drugs
have been used in breast cancer cell lines such as BRCA-1
deficient and triple negative breast cancer (TNBC) cell lines;
however, their efficacy is short-lived due to resistance from
alteration to multiple cellular pathways.44,45 With this in mind,
our initial screening of the tricoordinate complexes in MDA-
MB-231 proved to be a crucial first step in evaluating the
cellular toxicity. All the compounds were more cytotoxic in
MDA-MB-231 cells in comparison to cisplatin (IC50 = 34.56 ±
0.783 μM, Table 1). Next, we evaluated cellular selectivity by
testing the ten complexes in MRC5, a normal lung fibroblast
cell line (Figure 3a). Interestingly, these complexes all
exhibited IC50 values over 50 μM. This selectivity is key, as

toxicity to healthy cells is a main source of harmful side effects
with regards to traditional platinum based chemotherapeutics.
Overall, complexes bearing the Sphos ancillary ligand (i.e.,
AuTri-7−10) were more effective than PPh3 and AsPh3. To
establish that the observed cytotoxicity was due to the gold(I)
complex itself and not the bidentate framework, all four
bidentate ligands were evaluated in MDA-MB-231. The
cytotoxicity of the ligands were ≥7 μM (Table 1), indicating
that the observed cytotoxicity of the AuTri complexes is not
attributed solely to the bidentate backbone. We, then,
evaluated the effect of the SbF6

− counterion. Common
counterions used in biologically relevant transition metal
complexes are BF4

− and the most common being PF6
−. We

used NaSbF6 as the source of the counterion, and to our
delight, there was no cytotoxicity observed (IC50 > 50 μM,
Table 1). Furthermore, SAR considering the different
bidentate ligands revealed that the derivatives of bath-
ophenanthroline (bphen) were more toxic than their counter-
parts (Figure 3b). This is attributed to improved stability and
lipophilic character of the bphen ligand. The combined SAR
gave us our lead compound, AuTri-9, as the most promising
candidate moving forward, with an IC50 value of 0.501 ± 0.03
μM (Table 1). To evaluate the efficacy of our lead compound
further, we compared it to known FDA approved drug,
auranofin. Given the observed IC50 value of auranofin (1.31 ±
0.15 μM, Table 1), AuTri-9 proved to be a potent candidate
for extensive biological characterization. We then explored the
efficacy of AuTri-9 in an array of cell lines in an attempt to
validate the effect across a broad range of cell lines (Figure 3c).
AuTri-9 demonstrated competitive cellular toxicity across a
panel of cell lines. Additionally, a comparison of the free ligand
(Sphos) and gold(I) precursor (ClAuSphos), reveal that the
observed cellular toxicity is a result of the unified AuTri
complexes and not the ligands (Figure 3d).

Solution Stability and Reactivity

Solution stability of metal complexes is a critical factor in the
development of effective transition metal based therapeutics.
The longevity of the complex in biological systems determines
important parameters including but not limited to cytotoxicity,
maximum tolerated doses, and pharmacokinetics. To assess the
stability of these gold complexes, we initially subjected them to
time dependent stability studies in the biologically relevant
media Dubellco modified essential medium (DMEM, see
Figure 4a for AuTri-9). We monitored changes in the
absorption spectra of AuTri-1−10 over the course of a 24-h
time period, incubating the solutions at 37 °C (figures for all
complexes AuTri-1−8,10 can be found in the Supporting
Information). We observed that the PPh3 derivatives were
relatively stable over the 24-h period, with the exception of the
bpy analogue (AuTri-3). The extra electronics of the more
conjugated phen and bphen derivatives provide enhanced
stability to the gold metal center. Not surprisingly, the AsPh3
analogues were not stable, rapidly reducing to elemental gold
after the 12-h mark. The increased bond length observed
between Au−As in complexes AuTri-4−6 confirms the lability
of those compounds and may explain their relatively rapid
reduction. Complexes AuTri-7−10 proved to be very stable
over the 24-h period due to the stronger Au−P bonds. Our
lead compound AuTri-9, was exceptionally stable over the 24-
h time period (Figure 4a) with no alterations to the UV−vis
spectra. We further evaluated the solubility and stability of
AuTri-9 in DMSO (Figure 4b) and PBS (Figure 4c) using

Table 1. Cell Viability of All Ten Complexes in TNBC Cell
Line MDA-MB-231 Using MTT Assaya

MDA-MB-231

compound IC50 value (μM)

AuTri-1 8.65 ± 0.122
AuTri-2 2.51 ± 0.151
AuTri-3 6.56 ± 0.354
AuTri-4 3.98 ± 0.359
AuTri-5 0.825 ± 0.065
AuTri-6 11.75 ± 0.492
AuTri-7 5.41 ± 0.245
AuTri-8 1.12 ± 0.095
AuTri-9 0.501 ± 0.03
AuTri-10 4.65 ± 0.423
1,10-phenantrholine 7.21 ± 1.68
4,7-dimethylphenanthroline 14.08 ± 2.58
bathophenanthroline 7.48 ± 1.64
bipyridine 17.54 ± 0.354
cisplatin 34.56 ± 0.783
auranofin 1.31 ± 0.15
NaSbF6 >50

aCells were incubated with the compounds for 72 h. All compounds
were added from stock solutions at a DMSO concentration <1%. Data
are represented as the mean ± s.e.m., n = 3.
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UV−vis spectroscopy. All complexes are readily soluble in both
DMSO and MeCN, however; we wanted to evaluate the
stability of AuTri-9 in DMSO and PBS solutions over an
extended time period. When evaluated over a 24 h time period,
the complex exhibits minimal changes in its absorption profile,
indicative of suitable stability and solubility of the compound
in solution. Further, we explored the reactivity of AuTri-9 with
common thiol reductants including N-acetyl cysteine (NAC)

and L-glutathione (GSH). We monitored the reaction by UV−
vis spectroscopy. We incubated a PBS solution of AuTri-9 with
both NAC (Figure 4d) or L-GSH (Figure 4e) at varying
equivalents over 1 h. The reaction involving NAC did not
impact the absorption band of AuTri-9, suggestive of no
reaction with NAC. Conversely, when AuTri-9 was exposed to
L-GSH, a decrease in the absorbance spectrum was observed,
indicating reactivity with this nucleophile. Given that intra-

Figure 3. Cell proliferation assays. (a) Cell viability of all 10 complexes in MRC5 over 72 h. (b) Cell viability of Sphos derivatives in MDA-MB-231
over 72 h. (c) Cell viability of AuTri-9 in a panel of cell lines over 72 h. (d) SAR of Sphos-based derivatives in MDA-MB-231 over 72 h. Control or
compounds were treated to ensure a final concentration <1% DMSO. All data are plotted as the mean ± s.e.m., n = 3.

Figure 4. UV−vis assessment of AuTri-9 stability and reactivity: (a) UV−vis stability of AuTri-9 (50 μM) in DMEM at 37 °C over 24 h, (b) UV−
vis stability of AuTri-9 (50 μM) in DMSO at 37 °C over 24 h, (c) UV−vis stability of AuTri-9 (50 μM) in PBS at 37 °C over 24 h, (d) reactivity
of AuTri-9 (50 μM) with NAC at 37 °C over 1 h, and (e) reactivity of AuTri-9 (50 μM) with GSH at 37 °C over 1 h.
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cellular thiols are common binding targets of gold(I)
complexes, this interaction is not surprising. Of note, there
was no reduction to elemental gold.

Compound AuTri-9 Directly Affects Mitochondrial
Morphology and Structure

To examine the direct effect of the geometrically distinct gold
agents on mitochondria, we selected our lead compound,
AuTri-9. Morphological changes to mitochondria are
associated with different cell phenotypes or cell death
mechanisms. Targeting mitochondrial processes is a fruitful
arena for metallodrug discovery.36,37,46−48 We employed the
use of transmission electron microscopy (TEM) to look at the
exact morphological changes in mitochondria of cells exposed
to AuTri-9. We treated MDA-MB-231 with AuTri-9,
staurosporine (STS) an apoptosis inducer (e.g., chromatin
condensation and margination); hydrogen peroxide, which

induces necrosis (e.g., cytoplasmic and organelle swelling,
plasma membrane rupture); rapamycin for cellular induced
autophagy (e.g., formation of double-membrane enclosed
vesicles) and erastin, a known ferroptosis inducer (Figure
5a).49 When comparing AuTri-9 with our vehicle control, clear
rupture of mitochondrial membranes can be observed along
with fragmented cristae (green arrow). Healthy mitochondria
(yellow arrow) show distinct intact outer membrane and
cristae, thus we suspect that our compound is directly effecting
the structure of mitochondria. Comparing AuTri-9 treatment
with H2O2, the distinct cytoplasmic swelling and membrane
rupture (white star) is observed; however, the mitochondrial
structure remains intact. Comparison to erastin showed
opposite effects, AuTri-9 demonstrated fragmentation and
destruction of mitochondria structure, whereas erastin showed
mitochondrial shrinkage (orange arrow). Furthermore, com-
parison of mitochondrial features with both rapamycin and

Figure 5. (a) Transmission electron microscopy of known cell death inducers, vehicle control, and AuTri-9 in MDA-MB-231, 1% DMSO was
added to the control wells. Depicted in the panels as follows: healthy mitochondria (yellow arrows), fragmented cristae (green arrow), cytosolic
swelling (white star), shrunken mitochondria (orange arrow and orange box), double membrane vesicle (purple arrow). (b) Maximal cristae width.
Data are representative of 10 cells chosen at random n = 10, where mitochondria were also chosen at random, and a maximum of 3 cristae
measured per individual mitochondrion. Total number of cristae measured per each cell, n = 100, data are then plotted as mean ± s.e.m. (c)
Immunoblots of OPA1, MFF, MFN1, and TOM20. Full blots can be seen in the Supporting Information. (d−f) Representative quantitative protein
content of OPA1, MFN1, and TOM20, respectively. n = 5, *p < 0.05, and ***p < 0.001.
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staurosporine revealed dissimilar morphological changes. Both
rapamycin (yellow arrow) and staurosporine (pink arrow)
showed no distinct morphological changes to mitochondria.
Mitochondrial cristae play a pivotal role in overall cell health.
Under normal biological conditions, mitochondria undergo
fusion/fission and cristae form junctions throughout the
mitochondria. This allows for the redistribution of cytochrome
C from the cristae lumen to the intermembrane space.50 As
earlier noted, mitochondrial bioenergetics and normal
mitochondrial structure are crucial to maintaining MMP, the
driving force of ATP production. Using Velox digital
micrograph software, we measured the cristae width within
each treatment condition to quantify and compare the
morphological change (Figure 5b). We found that treatment
with AuTri-9 resulted in significantly increased maximal cristae
width in comparison to the vehicle control, implicating
dysfunctional cristae and decrease in mitochondrial biogenesis.
This phenomenon may be exploited to develop therapeutics
and study mitochondrial dynamics. Overall, a distinct profile to
mitochondrial structure disruption can be achieved in a rapid
manner using AuTri-9.
To investigate the consequence of mitochondrial structure

perturbation, we performed immunoblotting of critical
proteins involved in maintaining mitochondrial structure
homeostasis. We examined TOM20, a protein located on the
outer membrane as a component of the import receptor
complex, MFN1, a key protein responsible for mitochondria
fission, MFF, a protein primarily responsible for mitochondrial
division, and OPA1, a critical protein involved in maintaining
mitochondrial structure (Figure 5c).51−55 Immunoblotting in
MDA-MB-231 as well as our normal cell model, RPE, revealed
a decrease in protein content of all four structure proteins in
MDA-MB-231. Notably, there was no change in protein levels
in the healthy cell model. Normalized protein levels confirmed
the noted changes (Figures 5d−f). It is worth noting that rapid
protein changes were observed within 30 min of treatment.
The downregulation of OPA1 by immunoblotting and
quantitative proteomics, suggests that this protein is a potential
direct target of AuTri-9. Recently, a study demonstrated that
in HeLa cells, loss of OPA1 leads to fragmentation of the
mitochondrial network in conjunction with loss of mitochon-
drial membrane potential thus causing fragmentation and
disorganization of mitochondrial cristae, which resulted in
caspase-dependent apoptotic death. With this knowledge, we
can state that disruption of mitochondrial structure is just as
pertinent to cell homeostasis as any other biological system.

Compound AuTri-9 Generates Intracellular ROS

Given the recent reports of gold-based chemotherapeutics
inducing apoptosis as a result of ROS generation, we
investigated the ability of AuTri-9 to generate intracellular
ROS.36,56−60 Using 2′,7′-dichlorofluorescin diacetate (DCF-
DA) a fluorogenic dye, which has its fluorescence activated
upon oxidation by ROS species, MDA-MB-231 cells were
stained and subjected to AuTri-9 treatment at 5 μM. ROS
levels were measured using flow cytometry (ex. FITC channel)
at different time points (15 min, 30 min, and 1 h) (Figure 6).
tert-Butyl hydroperoxide was used as a positive control (50
μM, 1 h). After a 15 min treatment time with AuTri-9,
significant increase in ROS levels was observed in comparison
to the untreated control group. However, after 30 min and
furthermore at 1 h, there was no difference in the ROS increase
observed earlier for the 15 min treatment. We attribute the

phenomenon to initial oxidative stress on the cells upon
exposure to AuTri-9. However, since ROS levels do not
drastically increase over exposure time, we posit that ROS may
not be a major contributor to cell cytotoxicity.
Quantitative Proteomics

Considering previous effects of gold molecules on intracellular
thiols, we sought to use quantitative proteomics to deepen our
understanding of the potential targets or pathways impacted by
AuTri-9. We subjected AuTri-9-treated MDA-MB-231 cells to
TMT-labeled quantitative proteomics and analyzed for differ-
ential protein changes compared to vehicle-treated MDA-MB-
231 cells. The raw MS files were analyzed and searched against
HUMAN protein database based on the species of the samples
using Maxquant. Only high confident identified peptides were
chosen for downstream protein identification analysis. A
quantitative ratio over 1.5 was considered upregulation while
quantitative ratio less than 1/1.5 was considered as down-
regulation. The data revealed significant down regulation of
RAS family proteins, specifically GTPases and RAB proteins.
More specifically, AuTri-9 downregulated mitochondria
structural proteins (e.g., OPA1, MFN1, and TOM20) without
affecting protein content of the OXPHOS machinery and cell
metabolism based proteins (including SOD1, SOD2, and
NRF2) (Figure 7). Other proteins of interest were also found

to be downregulated, such as TXLN-1 (Figure 7), a sulfur
containing thioredoxin like protein. Unsurprisingly, down-
regulation of these proteins is common given the affinity of a
soft polarizable metal like gold and the softer nature of sulfur
atoms. However, after compilation of significant protein
concentration changes, our findings indicated that these
compounds could potentially be attacking mitochondria
structure rather than cell metabolism. Together, protein

Figure 6. Intracellular ROS accumulation in MDA-MB-231
monitored by DCF-DA fluorescence using FACS. AuTri-9 was used
at a concentration of 5 μM for the designated time points. TBHP was
used as a positive control. 1% DMSO was used as the vehicle control.
Data are plotted as the mean ± s.d., n = 3, n.s. = not significant, and *
p < 0.01.

Figure 7. Quantitative proteomics in MDA-MB-231 upon treatment
with AuTri-9 (1 μM, for 12 h).
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studies corroborate the rapid disruption of mitochondrial
structure induced by AuTri-9.

Cellular Metabolism Remains Unaffected Upon Treatment
with AuTri-9

To fully understand the mechanism of action, knowing that
mitochondrial based proteins were modulated, we sought to
analyze the effect of AuTri-9 treatment on metabolism.
Compounds that disrupt the electron transport chain (ETC)
are potent inhibitors of cell metastasis as cancer cells hijack
OXPHOS machinery to support growth.61 First, we treated
cells with AuTri-9 via pneumatic injection in a mitostress assay
using Seahorse XF96 and analyzed the changes in OCR
(oxygen consumption rate) over time. Next, known OXPHOS
inhibitors were injected: oligomycin, a complex V inhibitor, to
view the basal OCR; FCCP, an uncoupler used to observe the
maximum OCR, and rotenone/antimycin A, a complex I/III
inhibitor to completely shut down the ETC (Figure 8a). To
our surprise, at concentrations 6 times the IC50 of AuTri-9, no
significant change in OCR was observed after the 90 min
experimental protocol. Often, pneumatic injection is preferred
over pretreating cells with the agent under investigation to
better recapitulate direct metabolic effects instead of cell-death
associated events. For example, Gboxin, a known small
molecule inhibitor of OXPHOS, induces rapid and irreversible
inhibition of overall OCR to demonstrate specificity for
mitochondrial respiration.62 Further evaluation of key

metabolic parameters including basal OCR, maximal OCR,
spare respiratory capacity, and nonmitochondrial dependent
oxygen consumption remain unaltered (Figure 8b). Although
OXPHOS is critical for cancer cell proliferation and survival, it
is clear that other cell pathways involving mitochondria can be
a target for cell death. Next, we treated MDA-MB-231 cells
with AuTri-9 to analyze the mitochondrial membrane
polarization (MMP), using a known uncoupler carbonyl
cyanide m-chlorophenyl hydrazine (CCCP) as a positive
control (Figure 8c). The mitochondrial specific dye JC-1 was
used, where green fluorescence represents J-monomers and red
fluorescence represents J-aggregates.63 Interestingly, a stark
change in MMP was observed upon treatment in 1 h. This
drastic change in MMP suggests that the structural changes
observed contribute to depolarization. We then performed
immunoblotting of key proteins involved in the OXPHOS
machinery. These included SOD1, SOD2, NRF2, and
cytochrome C (Figure 8d). These proteins were chosen
because SOD1/SOD2 reduces intracellular ROS and their
inhibition induces cell death by oxidative stress. Increased
NRF2 activity provides defense against mitochondrial toxins.
Furthermore, down regulation of NRF2 is found in several
mitochondrial based diseases, such as Parkinson’s disease.64

Finally, we evaluated cytochrome C levels as it is released into
the cell when a cell receives apoptotic stimuli. Given the key
roles, these proteins play in maintaining redox homeostasis,

Figure 8. (a) Mitostress test performed in MDA-MB-231 with AuTri-9 (injected pneumatically). Data are plotted as mean ± s.d. n = 8. (b)
Metabolic parameters derived from the Mitostress test. Data are plotted as mean ± s.d. n = 8. (c) JC-1 fluorimetric determination of MMP in
MDA-MB-231 using AuTri-9. Images are representative of 3 separate replicates. (d) Immunoblotting of SOD1, SOD2, NRF2, and cytochrome C.
Full blots can be found in the Supporting Information. (e−h) Representative quantitative protein content of SOD1, SOD2, NRF2, and cytochrome
C respectively, n = 5.
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immunoblotting provides concrete evidence of protein level
upon treatment. In contrast, upon treatment of both RPE cells
and MDA-MB-231 cells, no change in protein levels could be
observed. Measurements of integrated density of protein bands
was performed using Image Studio Software (version 5.2.5),
with background correction calculated using a signal ratio error
model. To quantify the protein content (Figure 8e−h), the
bands were analyzed with LI-COR and normalized by β-actin
levels. Calculations of relative signal were normalized to
untreated sample for each set, as indicated. Analysis of the
immunoblots showed no significant changes in the proteins
examined, suggesting that AuTri-9 does not interact directly
with OXPHOS machinery or key cytosolic proteins that
maintain cell redox homeostasis.
Cellular Uptake of AuTri-9 and Mechanism

We, then, sought to understand the uptake mechanism of
AuTri-9 in cells. Understanding the target and uptake pathway
is crucial when developing new therapeutic agents or probes.
Subcellular localization of therapeutic agents to better
understand specific target binding and the affinity a therapeutic
has toward certain parts of the cell. This insight helps further
elucidate the mechanism of action of therapeutic agents as one
can pinpoint the specific binding target. We analyzed gold
content in specific cellular fractions including, nucleus,
cytoplasm, membranes, and mitochondria. This data revealed
that localization of AuTri-9 was found to occur in the
cytoplasm of the cell (Figure 9a). This can be attributed to the

lipophilicity associated with AuTri-9. We observed relatively
lower gold uptake in both the nucleus and cellular membranes.
The gold compound localized within the mitochondria at >2
pmol/million cells. To determine the potential mechanism of
cellular uptake, we first treated MDA-MB-231 with AuTri-9 to
determine the whole cell uptake. Next, we pretreated cells with
known uptake inhibitors: sodium azide (NaN3), which is
known to inhibit mitochondrial oxidative phosphorylation and
was used as a general inhibitor of energy (ATP)-dependent
(active) uptake; chlorpromazine (CL) was utilized as an
inhibitor of clathrindependent endocytosis (CDE); b-cyclo-
dextrin (Me-β-CD) and genestein (Gen) were used as
inhibitors of clathrin-independent endocytosis (CIE); and
wortmannin (Wort) was employed as a known inhibitor of
micropinocytosis (Figure 9b). The high cellular uptake of Au
with respect to our control when pretreated with NaN3 shows
that OXPHOS is not a key factor in uptake of the compound.
This further confirms our hypothesis that these compounds do
not directly affect OXPHOS machinery in cancer cells. Other
inhibitors collectively show a reduction in Au uptake,
indicative of a broad uptake mechanism. Overall, this study
illustrates a new way of targeting mitochondria via structural

perturbation, rather than direct interaction of OXPHOS
machinery.
Preliminary In Vivo Studies of AuTri-9

To determine preliminary in vivo tolerance, we treated female
athymic Nu/nude mice with AuTri-9 at a dose of 10 mg/kg
based on gold (every other day, three-times per week, 7×).
With known gold agents having a MTD (maximum tolerated
dose from 3 to 10 mg/kg and auranofin (12 mg/kg based on
gold), 10 mg/kg provided us with a more accurate estimation
of overall in vivo toxicity.65−68 We compared our treatment
group to a separate control group of mice that were
administered with 85% Kolliphor, 1% DMSO, and 4% PBS
(n = 2 mice per group) (Figure 10). We monitored the weight

and behavior of the mice every 2 days for signs of toxicity.
After a 14-day treatment time, all mice were recorded with no
significant change in body weight. This preliminary data
suggests that the compound is tolerable in mice, a critical
component in further drug/probe development.

■ CONCLUSION
All together, we have taken advantage of a facile synthetic
strategy to access a small library of unique tricoordinate
gold(I) complexes. We have demonstrated that this geometry
seems to play a critical role in cellular toxicity due to the
increase in toxicity over traditional linear gold(I) complexes.
These complexes exhibit high in vitro cytotoxicity with a clear
improvement based on SAR. Furthermore, the compounds
display a >35 times selectivity toward TNBC’s over normal
lung fibroblasts. Our best candidate displayed promising
cytotoxicity in multiple cell lines. With the use of quantitative
proteomics, we were able to gather critical information which
signaled a mitochondrial driven mechanism. Combined
bioenergetics studies revealed no significant effect on
bioenergetics; however, a direct change in overall MMP,
which suggests a change in mitochondrial dynamics
independent from OXPHOS. Electron microscopy revealed
significant morphological changes, which are different from
traditional cell death pathways, which was further confirmed by
immunoblotting of mitochondrial structure proteins. Cellular
uptake was then quantified and revealed that AuTri-9 was
taken up into the cell via a broad mechanism and gold content
found to be localized in mitochondria. Finally, preliminary in
vivo studies suggest that these compounds are potential
candidates for further evaluation as AuTri-9 was tolerated in
mice at 10 mg/kg over a two-week period. All of these factors
illustrate for the first time, biological utility of tricoordinate

Figure 9. Cellular uptake of AuTri-9 using GF-AAS in MDA-MB-
231. (a) Subcellular uptake of AuTri-9 in MDA-MB-231 at 1 μM for
6 h. Data are plotted as the mean ± s.d., n = 3. (b) Uptake inhibition
using known inhibitors 1 h prior to treatment with AuTri-9 (1 μM, 6
h). Data are plotted as the mean ± s.d., n = 3.

Figure 10. In vivo toxicity as determined by mouse body weight.
Female athymic Nu/Nude mice were treated with AuTri-9 or vehicle
control at 10 mg/kg twice a week via intraperitoneal injection. n = 2.
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gold(I) complexes as mitochondrial probes and anticancer
agents.
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