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ABSTRACT: Recent studies implicate mitochondria playing a key
role in the cellular response to copper depletion therapy; however,
evidence has been indirect and downstream, and the initial target of
chelation remains to be defined. Here, we show, using super-
resolution voltage and structure imaging microscopy, that copper
chelation directly affects mitochondria morphology (causing
fragmentation of the filamentous network) and ultrastructure
(causing internal cristae remodeling). When triple-negative breast
cancer cells are treated with a mitochondria-targeting copper
chelator, mitochondria undergo an irreversible change in
morphology from tubular to spherical. This process can be
prevented by the addition of exogenous copper during the
treatment. We find that a tailor-designed chelating agent with positive charges to target mitochondrial electrostatics localizes
inside the mitochondrial cristae in a voltage-dependent manner. On pharmacological induction of membrane potential collapse, the
chelator is dispersed while the mitochondrial cristae structure is preserved. These results indicate that voltage-dependent
localization/targeting of the copper chelator in mitochondrial cristae plays a key role in its cytotoxicity.
KEYWORDS: copper chelation, mitochondrial morphology, mitochondrial fragmentation, superresolution microscopy

■ INTRODUCTION
Interest in the role of metals in biology has exploded over the
past decade. Copper has been implicated in a wide variety of
biological processes, such as mitochondrial respiration,1

metabolism,2 and inflammation.3 As copper is a toxic aqueous
metal ion, its tight regulation in biology has been extensively
studied.4−6 Copper regulation occurs through a poorly
understood network of protein complexes, so much so that it
is estimated that in any given cell, only one copper atom is
unbound;7 the rest are complexed with highly regulated
“copperome” proteins.

Recently, the role of copper in mediating cancer has
garnered attention.7−10 It has been noted that tumors require
higher levels of copper compared to healthy tissue.11 Since
copper is involved in both cell proliferation and cell death
pathways, the relationship between disruption of the
bioavailable and bound copper pools and cancer outcomes is
extremely complex.12 Indeed, copper chelation therapy based
on tetrathiomolybdate (TTM) has been in clinical trials for
preventing relapse of breast cancer.13,14

To improve copper chelation therapy, one of our
laboratories has designed, synthesized, and tested the down-
stream metabolic and cytotoxic/therapeutic effects of a
custom-designed small molecule chelator specifically targeted
to localize at, near, or in mitochondria: copper depleting
moiety (CDM) (Figure 1A).15 CDM has two tailor-designed

moieties fused on the cyanine dye backbone: (1) it chelates
copper (Cu) ions using moiety dipyridylamine; (2) it has a
distributed positive charge, making it both membrane
permeable and responsive to potential differences (voltages)
across the membrane. This led us to hypothesize that it would
be taken up in large quantities inside mitochondria: since the
mitochondrial membrane potential is ∼150 mV, 6 times kT,
one can anticipate an e(̂150 mV/kT) ∼500-fold increase of
CDM concentration inside the mitochondrial matrix. Some
researchers have found higher membrane potential in cancer
cells and postulated that it could enhance toxicity to cancer
relative to normal cells.16 Our initial studies found evidence of
CDM colocalization with standard confocal microscopy, but
we did not investigate the localization of CDM within the
mitochondria nor its effect on mitochondrial ultrastructure.

In our prior work,15 we studied in detail the copper chelating
effect of CDM on both mitochondrial function in cells and
survival rate in animal models. We hypothesized that
disrupting this copper source in mitochondria would be an
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effective strategy for treating diseases such as triple-negative
breast cancer (TNBC). To improve the serum stability of
CDM and enhance tumor delivery, we formulated CDM into
semiconducting polymer nanoparticles as CDM-laden nano-
particles [copper depleting nanoparticles (CDNs)]. When we
applied CDN to a mouse TNBC model, 50% of mice survived
past the end of the study (68 days), as compared to the control
group (median survival of 25 days). A similar effect has been
demonstrated in TNBC models using a different copper
chelator as well.17 Another study reports the use of a polymeric
copper chelator together with an agonist of TLR7 and TLR8 to
treat metastatic breast cancer, but there was no study of the
effect on the mitochondria copper and structure.18

The biochemical characterization of CDM in cells also
yielded insight into the mechanism. CDM inhibited
cytochrome C oxidase (COX) in mitochondria by 50% in
TNBC cells.15 This resulted in mitochondrial oxidative
phosphorylation activity decreases and a metabolic switch to
glycolysis, leading to a 50% decrease in adenosine triphosphate
(ATP) generation. Driven by compromised mitochondrial
membrane potential, decreased endogenous antioxidants, and
elevated oxidative stress, TNBC cells eventually undergo
apoptosis.

However, there remained several unanswered questions in
our initial work: does the CDM enter the mitochondria or
operate only on the surface of the cytoplasm side? What role
does the nanoparticle cargo carrier play and does it insert into
the mitochondria? What role does the membrane potential
play and does it attract and concentrate the CDM as designed
to? In this work, we set out to answer these questions,
exploiting our recent advances19 in biophysical understanding
of charged small molecule distribution in mitochondria as
voltage imaging agents with super-resolution microscopy. In
the process, we also discovered that the CDM treatment causes
mitochondrial structure changes (fragmentation), either up-
stream or concurrent with our prior measured metabolic shifts
and well upstream of apoptosis, thus clearly implicating
mitochondrial localization of copper chelation as a primary
role in its mechanism of action.

■ RESULTS

CDM Accumulates in Mitochondrial Cristae

Our prior work has shown that CDM-laden nanoparticles
CDN are taken up by various cell lines. We found CDM
colocalizes with mitochondria at the resolution of confocal
microscopy, but we did not know the fate, i.e., the final
location of the CDN in the cell or CDM with respect to the
mitochondrial ultrastructure. Here, extending our prior work
to further explore the mechanism, pathway, and final location
of CDM, we find that CDN is taken up via endocytosis,
followed by the release of CDM from the CDN matrix. We
find that CDM is taken up inside the mitochondria and
localized in the cristae at the cristae membranes. This finding is
made possible by our expertise with super-resolution imaging
of mitochondrial voltages.19 Confocal microscopy alone would
not have been able to resolve this, hence there was our lack of
knowledge of this effect in our prior work.15 The cartoon in
Figure 1 shows our current model.

We first characterized the behavior of CDM, our
mitochondrial copper chelator, in MDA-MB-231 cells (Figure
1A). Our first observation is that the ∼100 nm diameter CDN
polymer nanoparticle “carriers” are aggregated and not
colocalized with CDM. The Z-stack in Figure 1C shows the
CDM localized around the nucleus in a pattern similar to that
expected of mitochondria. Quantitatively, the localization
coefficient is 0.27, indicating that the CDM has become
dissociated from the CDN carrier. In order to investigate this
further, we next imaged more carefully mitochondria and
CDM location, as described next.

In Figure 2A, we show that CDM and mitochondria are
closely localized. The CDM is red natural fluorescence;
mitochondria are labeled with MitoTracker green (MTG),
which indicates the mitochondrial structure. The Pearson
factor is 0.82, indicating strong colocalization. In order to
further investigate the nature of the colocalization, we labeled

Figure 1. Colocalization of CDM in cells with mitochondria. (A)
CDM and CDN design. (B) The CDN is taken up by cells, and then
the CDM is released. Free CDM is localized in the mitochondria. (C)
Image of stained mitochondria with 3D z stack in untreated cells for
reference. MDA-MB-231 cells were treated with 1 μM CDM (orange)
encapsulated in a polymer carrier (green, ex. 488 nm, em. 450−561
nm) for 30 min. The image is a Z-stack of the field of view. The
Pearson’s correlation coefficient = 0.27. (D) Timeline of CDN uptake
and CDM mitochondria targeting.
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mitochondria with tetramethyl rhodamine ethyl ester (TMRE)
(a voltage-sensitive dye) and observed strong colocalization of
TMRE and CDM (Figure 2B,C) (Pearson value at 0.83).
Additional images of independent experiments are presented in
Figure S5. The super-resolution images clearly indicated that
CDM is closely bound to the mitochondrial inner cristae
membrane, just as the voltage dye TMRE is. When interpreted
in light of our recent detailed biophysical model of how TMRE
labels mitochondrial cristae voltages,19 we discover that the
CDM binds to the membrane. This provides strong evidence
for our hypothesis that the positive charge on the CDM targets
the mitochondria based on the mitochondria’s large membrane
potential.

CDM Localization is Dependent on the Membrane
Potential

As shown in Figure 3, to further test the hypothesis of
mitochondria targeting CDM, we next imaged the mitochon-
dria CDM and MTG fluorescence intensity when the
membrane potential was pharmacologically collapsed with
carbonyl cyanide-p-trifluoromethoxy phenylhydrazone
(FCCP), an uncoupling agent that disrupts ATP synthesis by
transporting hydrogen ions through the mitochondrial
membrane. The fluorescence intensity of the CDM signal
dropped by 88% after treatment with FCCP, while there were
no significant differences in the MTG fluorescence (Figure
3C). As MTG labels mitochondria covalently,20 the loss of
membrane potential should not impact the fluorescence of the
MTG. In the case of CDM, however, the loss of membrane
potential impacts the fluorescence of CDM. This confirms our
hypothesis that CDM is localized inside mitochondria cristae
membranes in a voltage-dependent manner, similar qualita-
tively and quantitatively to voltage dye TMRE.19

CDM Induces Irreversible Mitochondria Fragmentation

In order to further understand the toxicity of CDM, we opted
to study long-term changes in cellular health by microscopy.
While there are many metrics to assess cytotoxicity, in our
work we noticed that the earliest observable deleterious effect
of the CDN/CDM exposure regimen was mitochondrial shape
change. Further, toxic effects such as apoptosis and metabolic
shifts occurred downstream in time from this shape change.
Furthermore, the shape change was a readily apparent and
robust phenomenon.

We use sphericity, calculated as the perimeter-to-area ratio,
as an approximation of mitochondrial health. This metric has
been used to assess mitochondrial “damage” from chemical
and phototoxic effects in other contexts and is generally agreed
upon as one metric for assessing toxicity in cells.21−27 A value
close to 1 indicates a perfect circle, representing an unhealthy
mitochondrion. A value close to 0 indicates a tubular shape,
representing a healthy mitochondrion. We used an open-
source Github algorithm developed in-house21 to quantita-
tively assess mitochondrial “damage” in an operator-
independent fashion.

24 h of incubation with CDM led to mitochondrial
morphological changes, transitioning from tubular to circular
shapes (Figure 4). For cells incubated with 1 μM CDM for 24
h, the mitochondria sphericity increased to 0.7−1.0, indicating
that the majority of the mitochondria turned into circular
shapes. We note that this morphological alteration is CDM
concentration dependent. To determine if this morphological
alteration is part of the typical fission and fusion behavior of
mitochondria, we washed the cells after 24 h of CDM
incubation and refilled them with fresh medium to observe
further mitochondrial behavior. After 24 h between washing
and observation to allow equilibrium, we note that the
mitochondria do not return to tubular shapes and remain
spherical. In all of our experiments, the transition to spherical
is irreversible.
Copper Addition Prevents the Mitochondria from
Morphological Changes

Given the morphological changes observed in mitochondria,
we hypothesized that the interaction of CDM with copper is
driving these changes. If CDM indeed affects toxicity in cells
by chelating with copper in mitochondria and disrupting

Figure 2. Colocalization of CDM in mitochondrial cristate. (A)
MDA-MB-231 cells were treated with 1 μM CDM and 100 nM
MitoTracker Green for 15 min. The Pearson’s correlation coefficient,
calculated between the CDM channel (orange, ex. 641 nm, em. 642−
700 nm) and MTG channel (green, ex. 488 nm, em. 450−561 nm), is
0.87. (B) High-resolution microscopy of MDA-MB-231 treated with
100 nM of CDM (orange, ex. 641 nm, em. 642−700 nm) and 10 nM
of TMRE (red, ex. 561 nm, em. 561−700 nm) for 15 min. Pearson’s
correlation coefficient = 0.83. (C) Line profile showing colocalization
of CDM and TMRE at the mitochondrial cristae.
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oxidative phosphorylation, then exogenous copper should
impact the toxicity.

In order to test this hypothesis, we performed an experiment
in which cells were treated with 1 μM CDM for 30 min and
then treated with copious amounts of exogenous copper(II)
(10 μM) (Figure 5). This amount of copper would overwhelm
the binding sites of CDM, thus mitigating any effect of CDM
on the Cu concentration in the cell.

The cells were observed up to 2 h after copper addition. We
found that cells that had been pretreated with CDM displayed
mitochondrial fragmentation (consistent with the initial results
presented above), whereas those exposed to copper retained
their filamentary structure (Figure 5). To quantify the
observed differences in mitochondrial morphology, we
performed an image analysis that included length, width,
branching count, and sphericity measurements. Compared to
the no-copper condition, copper-treated cells had significantly
more prolonged and broader mitochondria and increased
considerably branching in the mitochondrial network. Addi-
tionally, mitochondrial sphericity was significantly reduced
after copper treatment, which indicates a shift toward more
elongated and filamentary structures. These morphological
metrics were extracted using ImageJ-based quantification (for
length, width, and branching) and the published mitoAnno-
tation algorithm (for sphericity). Statistical comparisons also
showed these significant differences and supported the
conclusion that exogenous copper improves the mitochondrial
structure after chelation-induced damage. All data and
methods used are provided in the Supporting Information
(Tables S3−S5 and Figures S16−S18).

Although we know from in vitro studies that CDM chelates
Cu, we confirmed independently in this work that CDM
chelates Cu in cells under the conditions used in this paper. In
order to confirm that CDM was indeed complexing copper, we
performed a fluorescent experiment to determine the amount
of copper bound to CDM. We pretreated cells with CDM and
then added excess copper (Figure S4) or a control solution.
When copper is complexed to CDM, the fluorescence intensity
decreases through a metal-to-ligand photoinduced electron
transfer mechanism.15 This effect was observed in the cells;
fluorescence intensity decreased by over 90% in the first 30
min after copper addition (Figure S4). These results clearly
demonstrate the copper chelation by CDM and the role of Cu
chelation in cytotoxicity, when neutralized by copious
exogenous Cu, prevents mitochondrial structure change
(fragmentation).
Toxicity Is Driven by Mitochondrial Accumulation of a
Copper Chelator

In order to elucidate and confirm the relative roles of the
mitochondrial targeting and Cu chelating moieties of our
tailor-designed CDM, we decided to compare the effects of
related compounds that have only one moiety but not the
other moiety (Table 1). CDM comprises two components, a
mitochondrial-targeting cyanine dye and a copper chelator. To
systematically understand how the two components influence
toxicity, we conducted structure−property studies in which the
cyanine dye precursor, IR780, and a nonmitochondrial
targeting copper chelator, ATN-224, were compared to
CDM using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) cell viability assay.

Figure 3. CDM labels mitochondria in a voltage-dependent manner. (A) Schematic of mitochondria staining by CDM and MitoTracker Green
before and after FCCP depolarization. (B) MDA-MB-231 cells were treated with 100 nM MitoTracker Green for 15 min and then incubated with 1
μM CDM for 30 min. The cells were then depolarized by 10 μM FCCP addition. Cells were imaged 5 min after FCCP treatment. Scale bar = 10
μm. (C) Quantification of the fluorescence intensities by ImageJ. Fluorescence intensity of FCCP-treated cells dropped by over 88% in the CDM
channel. *** = p < 0.05.
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IR780 has virtually the same structure as CDM but lacks the
Cu-chelating dipyridyl amine groups; it is charged, and the
charge is distributed, making it likely a mitochondria-targeting
small molecule. In comparison, ATN-224 has no such
mitochondria-targeting apparatus and yet operates as a Cu
chelator. In Figure 6, we find that the inhibitory concentration
at 50% (IC50) of CDM is the lowest of all three small
molecules, with CDM being the most potent cytotoxin among
the three species.

The fact that IR780 was also toxic is not a surprise. In
general, it is well-known that, at relatively high concentrations,
lipophilic cations can have cytotoxic effects unrelated to the Cu
chelation we found in CDM. This is consistent with other
cytotoxic effects28 well-known from lipophilic cations and
presumably due to the lower membrane potential caused by
the cations. At high enough concentrations, the accumulation
of lipophilic cations creates a short circuit through the
membranes of cells and mitochondria and therefore partially

Figure 4. Mitochondrial morphological changes induced by CDM. MDA-MB-231 cells were incubated with various concentrations of CDM for 24
h and imaged in the CDM channel (ex. 641 nm, em. 642−700 nm). Representative images at 50 (A) and 200 nM (B) show mitochondrial
fragmentation. Scale bar = 10 μm. (C) Sphericity vs CDM concentration after 24 h of incubation. (D) Sphericity vs time at 1 μM CDM, showing
sphericity does not recover after exposure and subsequent removal from the media.

Figure 5. Addition of copper blocks phenotype alteration. (A,B)
MDA-MB-231 cells were incubated with 1 μM CDM for 30 min,
washed, then treated without (A) or with (B, control) 10 μM copper
for 2 h. The cells were imaged on the CDM channel (ex. 641 nm, em.
642−700 nm). Scale bar = 10 μm.
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dissipates the membrane potential.29,30 Even the dye TMRE is
known to have cytotoxic effects, which is why it is used at low
concentrations, typically 10 nM.31,32 However, CDM has
cytotoxic effects that occur at much lower concentrations than
other cationic species such as TMRE and IR780, and it can be
prevented via Cu addition, as we have shown above. ATN-224
cytotoxicity has a much larger IC50. This indicates that
mitochondrial targeting and Cu chelation combine to make
CDM the most cytotoxic of the three molecules.

In order to further elucidate the mechanism of toxicity, we
confirmed that both ATN-224 and IR780 also cause
mitochondrial fragmentation and sphericity at doses above
IC50 (see Supporting Information Figure S11). Furthermore,
we assayed the mitochondrial membrane potential with TMRE
for both ATN-224 and IR780. The fluorescence signal of
TMRE remained the same between time points, suggesting the
membrane potential is not impacted by ATN-224 treatment.
In contrast, for IR780, there was a substantial drop in
membrane potential. This indicates that the mechanism of
ATN-224 is not related to membrane potential, but the
mechanism of IR780 is related. This is consistent with the
hypothesis that lipophilic cations cause toxicity in part through
the reduction in membrane potential. Taken together, these
observations support the model that the mechanism of toxicity
is Cu chelation in a mitochondria-targeted way.

Mitochondrial Morphology Change is Not Attributable to
Phototoxicity
In recent years, the observations of phototoxicity have clearly
shown that excess optical pumping can cause mitochondria to
convert from the tubular form to the spherical form. The term
“sphericity” has been developed as a surrogate for mitochon-
drial damage caused by phototoxicity. To ensure that the
illumination energy dose during imaging did not cause
phototoxic effects, we estimated the energy dose for each
imaging condition based on laser power, pixel dwell time, scan
area, and total number of pixels, assuming uniform illumination
across the scanned region (see Supporting Information Table
S2).

A phototoxicity threshold of approximately 2 J/cm2 has been
reported for MitoTracker Red (CMXRos) in confocal
imaging.33 Subsequent studies,21 emphasized that photo-
toxicity does not have a uniform threshold but depends on
dye chemistry, excitation wavelength, light intensity, and
exposure duration. These findings are consistent with previous
reports,33 which directly compared multiple mitochondrial
dyes and showed that MitoTracker Green (MTG) and TMRE
exhibit significantly lower phototoxicity than CMXRos under
the same light conditions. More recent studies21 independently
confirmed the low phototoxic response of MTG and TMRE
under long-term imaging conditions.

We therefore compared our calculated energy doses to those
used in the previous study21 and found that all measured values
in our study were significantly below those associated with
phototoxic responses. We conclude that the observed changes
in mitochondrial morphology are solely due to the chemical
effect of CDM treatment and are not attributable to
phototoxicity induced by imaging.

■ DISCUSSION

Mitochondrial Sphericity as an Assay for Mitochondrial
Damage
Mitochondrial ultrastructure has been known to change in
response to the metabolic needs of a cell ever since
Hackenbrock first studied transmission electron microscopy
(TEM) images of liver mitochondria under various conditions
in the 1960s.34,35 The general consensus is that increased
cristae density provides a larger surface for the electron
transport chain to synthesize the increased ATP demands of a
cell. Such a cristae growth/shrinkage is considered a natural,
healthy process of call adaptation and occurs through

Table 1. Chemicals Studied in This Work and Their IC50 Values in MBA-MD-231 Cells

Figure 6. Cell viabilities of MBA-MD-231 cells treated with ATN-
224, IR780, or CDM. IC50 of ATN-224 > 100 μM; IC50 of CDM =
4.8 ± 0.2 μM; and IC50 of IR780 = 12.8 ± 0.7 μM.
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upregulation and/or downregulation of lipid and other
synthesis processes and therefore is a multihour process.
Recently, with the advent of super-resolution microscopy and
other techniques, there has been a resurgence of interest in
mitochondrial ultrastructure,36−42 culminating in our recent
work showing superresolution imaging of cristae of vital-
isolated mitochondria in response to different chemical
environments.19 However, these studies generally are not in
response to stress, toxicity, or other insults.

Mitochondrial “sphericity” is one parameter of mitochon-
drial damage that has been associated with aging, apoptosis,
and chemical insults. Progressive sphericity has been observed
using a variety of imaging systems, including stimulated
emission depletion (STED) microscopy and structured
illumination microscopy (SIM), in association with photo-
bleaching and phototoxicity. The transformation of mitochon-
dria from tubular to spherical was irreversible.33,43,44 Thus, the
general consensus from these studies is that mitochondrial
sphericity is indicative of some sort of damage, but the exact
downstream consequences are unknown.

Contrast that with our recent findings that mitochondria
isolated from cells via mechanical lysis and differential
centrifugation for study in suspensions, long a mainstay
research program, results in spherical mitochondria which,
apparently, are completely normal and healthy, in that they
respond to substrates and inhibitors of the electron transport
chain, respire, and produce ATP.45 This may be a very

abnormal situation since the mitochondria are removed from
the cytosol, which does not occur naturally and removes the
cytosolic biochemical and mechanical environment.

Finally, stem cell mitochondria, which are metabolically
dormant until differentiation, tend to have a very loose cristae
structure, as well as a spherical morphology.22,46,47 These
change into cristae-dense, tubular mitochondria on differ-
entiation; therefore, the spherical morphology is reversible and
not indicative of malady or poor “health” of the mitochondria.

One very interesting question in the context of this work is
the role of mitochondrial sphericity in apoptosis. In the
apoptosis pathway, it is generally believed that the release of
cytochrome C (CytC), which resides inside the cristae of
mitochondria,48−52 is the point of no return in the cell death
pathway, and hence is highly regulated and a clear target for
pharmacological manipulation53 with promising success in the
clinic and dozens of current clinical trials.54,55 However, the
exact mechanism by which CytC escapes the tight cristae,
stapled together by optic atrophy protein 1 (OPA1), is
unknown.56 In fact, controversy about the size of the
constriction through which CytC must escape persists to this
day. We have shown it corresponds also to proton efflux (pH
change) and occurs commensurate with and may be caused by
membrane potential decline.57,58

Figure 7. Top panel: pre-2020 understanding of the balance between fission and fusion. It was also known that reduced mitochondrial membrane
potential caused degradation of OPA1. Next panel: JHU in 202063 showed that transient flickering of the mitochondrial membrane potential
helped maintain the balance between fission and fusion. JHU in 202461 showed that Cu+ is required for this process, and Cu+ deficient
mitochondria (caused by knockout of the Cu+ importer SLC25A3) had less flickering and were hyperfused and spherical in morphology, and
resulted in lower ATP production, apoptosis, and ultimately cell death. Bottom panel: proposed mechanism for the findings of this work, where
CDM Cu+ chelation also causes sphericity (as observed here) and ultimately cell death.
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Role of Copper in Mitochondrial Morphology and
Function

In this work, we use sphericity as a stand-in for mitochondrial
health. Compromising mitochondrial health is one of the early
indicators of apoptosis, and we quantify the sphericity after
different treatments to understand how cellular health is
impacted. We observed the adverse effects of CDM on
mitochondrial morphology, which worsened with time and
concentration and could be prevented with copper addition. If
CDM interacts with one of the Cu nuclei in cytochrome C
oxidase (COX), this could lead to the disruption of the
electron transport chain in mitochondria. Indeed, a 24 h
treatment of MDA-MB-231 cells with CDM resulted in the
downregulation of mRNA for cytochrome C oxidase subunits
(COX15, COX4I1, COX5A, COX5B, COX7C) and cochaper-
one proteins (COX17, SCO2) that deliver copper to the
mitochondria.13 These microscopy images cannot prove if the
CDM is simply interacting with the copper center in
cytochrome C oxidase or if it is sequestering the copper
away from the enzyme to prevent redox cycling. Still, the
damage of a copper chelator concentrated in mitochondria
paves the way for a therapeutic modality, especially in TNBC
cell lines.

What causes the mitochondrial structure to change, and how
is this related to copper depletion and (ultimately) cell death?
Mitochondrial fission and fusion are regulated by a family of
proteins. Mitochondria are severed by dynamin-related protein
1 (Drp1), while mitochondria are fused by mitofusins 1 and 2
(Mfn1 and 2) at the outer membrane and by OPA1 at the
inner membrane. OPA1 is regulated by the mitochondrial
membrane potential, as follows. Humans have eight different
isoforms of OPA1, including long and short forms (L-OPA1
and S-OPA1). These are present in nearly equimolar forms
under basal conditions.59 The L form can be cleaved to the S
form by the mitochondrial zinc metalloprotease OMA1
(overlapping with the m-AAA protease 1) when the
mitochondrial membrane potential is low.60 OMA1 is normally
degraded by proteolysis, but in low membrane potential
situations, OMA1 is stabilized and survives long enough to
cleave L-OPA1 to S-OPA1. Thus, OPA pools are determined
by the bioenergetic parameter ΔΨm (mitochondrial membrane
potential), the mitochondrial membrane potential: lower
membrane potential causes a decrease in OPA1 concen-
trations, suppressing fusion.

Recently, Sesaki et al.61 found membrane potential flickering
(temporary, transient lowering of mitochondria membrane
potential62) in hyperfused mitochondria would serve to keep
fusion limited by transiently degrading OPA1.63 Copper is
required for the transient membrane potential flickering.61

Two copper-containing mitochondrial enzymes, superoxide
dismutase 1 and cytochrome c oxidase, regulate flickering:
superoxide dismutase 1 (SOD1) suppresses flickering, whereas
cytochrome c oxidase promotes it. Knockout of the copper
import protein SLC25A3 (Solute Carrier Family 25 Member
3)64 resulted in the loss of copper in the mitochondrial matrix,
and thus COX activity. In the absence of flickering, OPA1 is
not degraded, and so the balance is toward fusion under
metabolic stress conditions (e.g., “due to the genetic loss of
Drp1 or its receptor or due to metabolic stress caused by
depleting methionine and choline in mice”60). We postulate
that, in our experiments, the CDM in the matrix chelates and
thus depletes the bioavailable copper concentration in the
matrix, which would result in suppression of transient

flickering, leading to hyperfused and spherical mitochondria,
which is exactly what we observe. This model is shown
schematically in Figure 7.

The fission/fusion balance in mitochondria involves both
the inner and outer membranes. Due to technology limitations,
most studies to date only characterize the outer membrane
shape, with the inner membrane cristae being beyond the
spatial resolution limits of conventional confocal microscopy.
TEM imaging by Sesaki et al. found a lack of Cu in the
mitochondrial matrix due to the knockout of SLC25A3 protein
caused the inner cristae structures to go away,61 even in cases
where the outer ultrastructure was not changed to a spherical
morphology. This is similar to what we observed in our
experiments with copper chelators. Our work demonstrates
that super-resolution imaging of live cells has an important role
to play in future studies of mitochondria ultrastructure in
electrophysiology at the microscopic level and cancer and the
organism level. Put simply, there is an entire unexplored
frontier of the internal cristae structure and its role in disease
and health, made possible by recent advances in live-cell
imaging using super-resolution microscopy.

■ CONCLUSIONS
In this work, we have shown that the drug delivery mechanism
within the cell involves the dissociation of small-molecule
CDM from the CDN nanoparticle in the cytoplasm, followed
by localization of the CDM in the cristae of the mitochondria.
This work shows that the localization of the small-molecule
CDM is dependent on the membrane potential of the
mitochondria, demonstrating its “drug targeting” mechanism
is due to the charged nature of CDM and the mitochondrial
electric fields. The mechanism of cytotoxic action involves
irreversible structural change (which we interpret as “damage”)
to mitochondrial morphology, including fragmentation of the
filamentous network into spherical mitochondria and internal
cristae remodeling. This is the first (in time) observable
cytotoxic effect of copper chelation, which is followed
downstream by reduced energy production and respiration
and ultimately by cell death. We have proven this is due to the
copper chelation, and not some alternative mechanism of the
CDM, by (1) control studies with abundant exogenous copper
which prevents cytotoxic mitochondria morphology change
and (2) careful comparison to other copper chelation
pharmacological agents to confirm the mechanism. We have
presented a plausible model of the microscopic mechanism
based on membrane potential flickering recently observed by
others61 and its relationship to copper in mitochondrial
electron transport chain enzyme complexes.

■ METHODS

Statistical Analysis
To calculate the voltage-dependent manner of CDM-labeling
mitochondria, the mean CDM fluorescence intensity of individual
cells was recorded before and after the cells were treated with 10 μM
FCCP, and a paired t-test was conducted to compare the mean
fluorescence intensity of CDM in cells before and after treatment with
FCCP. The p-value was less than 0.05, indicating that the observed
difference in mean fluorescence intensity before and after treatment
with FCCP is statistically significant. To calculate cell viability, raw
absorbance values were divided by medium-treated wells to obtain
normalized absorbance. Triplicate inputs as normalized absorbance
were analyzed by nonlinear four-parameter variable slope regression
on GraphPad Prism 10.2.2. Standard errors are reported by the
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regression function. Cell viabilities are reported as the inhibitory
concentration at 50%, and corresponding errors are the standard error
of the means.

Cell Culture
MDA-MB-231 cells used in this research were purchased from ATCC.
All the cells were cultured for 2−3 days in 75 cm2 tissue flasks at 37
°C and 5% CO2 before experimentation.

CDM and CDN Synthesis and Characterization
CDM was synthesized according to the published procedure.15

Briefly, IR780 (32.5 mg, 0.051 mmol), N1,N1-bis(pyridine-2-
ylmethyl)ethane-1,2-diamine (37 mg, 0.15 mmol), and anhydrous
K2CO3 (7 mg, 51 μmol) were dissolved in anhydrous DMF. The
solution was heated to 80 °C and stirred for 5 h. The solvent was
removed, and the mixture was washed with water and brine three
times. The crude product was extracted with dichloromethane and
purified by silica column chromatography (17 mg). CDN was
formulated with a nanoemulsion method. Briefly, 1 mL tetrahy-
drofuran (THF) solution of semiconducting polymer (Supporting
Information Figure S1) (0.125 mg), DPPE-PEG2000 (2.5 mg), and
CDM (2.5 μg) was rapidly injected into distilled deionized water (9
mL) under continuous sonication for 2 min. THF was removed, and
the aqueous solution was filtered through a 0.22 μm filter. Then, the
solution was washed with HEPES buffer and centrifuged to afford the
final CDM solution. The size in diameter and zeta potential were
measured to be 93 nm and 6.69 mV, respectively, by dynamic light
scattering (Malvern ZetaSizer Nano S).

Live Cell Fluorescent Microscopy of Mitochondrial
Dynamics
Cells were seeded in CELLview four-compartment glass-bottom
tissue culture dishes (Greiner Bio-Ones, 627870), PS, 35/10 mm, 24
h before imaging. The live cell experiments were performed in the
Zeiss LSM900 microscope under ambient condition. Imaging of cells
was performed using an Airyscan alpha Plan-Apochromat 63×/1.4 Oil
DIC M27 objective. Laser lines of 488, 561, and 641 nm were used.
The laser powers were adjusted between approximately 0.3% and 2%,
and the master gain was between 750 and 900. We started continuous
scanning at a maximum speed at a zoom factor of 1, in order to obtain
a relatively strong signal-to-noise ratio for imaging. Later, we brought
the field of mitochondria of interest into view and stopped scanning.
The pixel dwell time was set between 0.85 and 1.04 μs, respectively, to
avoid overtime exposure of mitochondria to the laser. MTG
(excitation at 488 nm, emission at 450−561 nm) was used for
structural imaging, and TMRE (excitation at 561 nm, emission at
561−700 nm) was used for voltage imaging. CDM was observed at
642−700 nm (excitation at 641 nm).

Mitochondrial Morphology Rescued by Copper Addition
Additional copper ions were added after CDM incubation to verify
the rescue effects for the mitochondrial morphology. The MDA-MB-
231 cells were seeded into the test and control groups. Both groups
were first incubated with 1 μM CDM for 30 min, then washed with
phosphate-buffered saline (PBS) 3 times to remove excessive CDM.
Later, the MDA-MB-231 cells were incubated with Hanks’ balanced
salt solution (HBSS) buffer for 30 min to eliminate the chance of
copper binding to substances such as GSH, BSA, and various amino
acids. The MDA-MB-231 cells were then washed again with PBS 3
times and incubated with Roswell Park Memorial Institute (RPMI)
medium for long-term observation. Once the dish was set up on the
microscope, 10 μM copper ions were added to the test group and
imaging was started at 0.5, 1, and 2 h to compare mitochondrial
morphology with the control group.

Cell Viability of MDA-MB-231 Cells with CDM, IR780, and
ATN-224 Treatments
To a 96-well plate, 10,000 cells were seeded per well, in triplicate per
treatment condition. Cells were first counted by the Trypan Blue
exclusion method and then diluted into DMEM supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells

were cultured at 37 °C with 5% CO2 atmosphere. The compounds
were prepared in a 10 mM solution in dimethyl sulfoxide (DMSO),
ensuring full solubility by gentle heating up to 37 °C. Then, the
DMSO solution was serially diluted in the media to obtain
concentrations ranging from 100 nM to 100 μM. A no-treatment,
media-only condition was used to normalize the cell viability data.

After being seeded, the cells were incubated at 37 °C overnight so
that they would adhere to the bottom of the well. The next morning,
the old medium was removed from the wells, and the fresh medium
containing the compounds was added to the cells in 100 μL. Each
compound and concentration had at least three triplicates. The cells
were incubated at 37 °C for 24 h with the compound. The next day,
the medium containing the compounds was removed. Then, 100 μL
of media containing 10% of MTT reagent (Sigma-Aldrich cat. no.
M5655) was added to each well. The plate was allowed to develop
formazan at 37 °C in the dark for over 3 h, and then the absorbance at
590 nm was read from each well. IC50 values were obtained from
GraphPad Prism version 10.2.2. Graph was generated in Microsoft
Excel.

Sphericity Calculations
We used an algorithm called “mitoAnnotation” to calculate the
sphericity of mitochondria, which is publicly available (https://github.
com/shiown026/mitoAnnotation). We have previously explained this
method in the previous study.21 Sphericity is a unitless number
calculated using the formula: sphericity = 4π × (area/perimeter2)
where a value of 1.0 indicates a perfect circle. As the value approaches
0.0, it means an increasingly elongated polygon (tubular).65

Source fluorescence images were first subjected to background
subtraction to ensure accurate mitochondrial segmentation using a
rolling ball algorithm. Then, Otsu’s method66 was applied to
determine the optimal intensity threshold for binarization, effectively
separating mitochondrial signal from background fluorescence.67 The
resulting binary masks were further processed by using morphological
operations (e.g., hole filling and edge smoothing) to isolate individual
mitochondrial structures. After that, we replaced each isolated
mitochondrion on the original image and manually inspected it to
ensure that it was isolated correctly, especially in areas where the
image was crowded or had low contrast. The area and perimeter of
each mitochondrion were measured, and the sphericity value was
calculated accordingly. In some data sets, to make the image more
transparent and reduce background variability, we also used other
methods, such as K-means and top-hat filtering, which have been
previously proposed in previous studies.68

This method helps us to measure the shape of mitochondria
accurately and reproducibly under different experimental conditions.
Additional quantitative data, including individual area, perimeter, and
sphericity values for each sample, are given in Table S1.
Corresponding binary mask and detected contour images are shown
in Figures S10 and S12, and box plot visualizations of sphericity
distributions are displayed under each condition (S13−S15).

Image Analysis and Quantification
We used binarized images to obtain mitochondrial length, width, and
branching count and performed these measurements with ImageJ
software. The Mann−Whitney U test was used in GraphPad Prism
version 10.2.2 for statistical comparisons between the groups. Full
details of the analysis steps are provided in the Supporting
Information.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00035.
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Figure S1.  Chemical structures of molecules and nanostructures used in this study, including 
CDM, IR780 iodide, ATN-224, FCCP, MitoTracker Green, TMRE, and semiconducting polymer 
(SP) structure.  
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Figure S2. Dose-dependence study of IR780. MBA-MD-231 cells were treated with 10 nM 
TMRE for 15 min, then with 0, 10 μM, 50 μM, or 100 μM of IR780 for 5 min, then imaged (ex. 
561 nm, em. 550-700 nm). Scale bar = 10 μm. 
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Figure S3. Time course study of ATN-224 
MDA-MB-231 cells were treated with 10 nM TMRE and 10 nM of MTG, then treated with 5 
μM ATN-224 for 180 min. The cells were imaged under two channels (MTG, ex. 488 nm; 
TMRE, ex. 561 nm) 
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Figure S4. Copper is chelated by CDM in cells in this study. (A) MDA-MB-231 cells were 
incubated with 1 μM CDM for 30 min, washed with HBSS for 30 min, then treated with media 
with or without 10 μM CuCl2 for 20 min. When copper is complexed to CDM, the fluorescence 
intensity decreases, proving the copper is complexed to CDM in the cells in this experimental 
situation. Scale bar = 20 μm. 
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Figure S5. MTG/TMRE overlap. MDA-MB-231 cells cultured for 48 hours with MTG and 
TMRE staining, demonstrating TMRE and MTG both label the cristae. (Objective x63, pixel 
size: 43 x 43 nm). Scale bar = 1 μm. 
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Additional images showing cristae binding of CDM (colocalized with TMRE) are shown in 
various experiments presented in Fig. S6-S9. 

Method for Figs. S6-S9:  

1. Stain MB231 cells with 10 nM TMRE and 100 nM CDM (pre-mixed) for 15 min before imaging. 
2. Dye (ex/em, intensity, pixel dwell time)  

TMRE (561/560-630, 1.0 %, 0.89 µs); CDM (640/640-700, 1.0 %, 0.89 µs) 

The following image shows CDM and TMRE staining at t = 0 min (5:49 pm). At this time 
stamp, mitochondria in cell stay tubular shape. The Pearson’s correlation coefficient R value = 
0.74. (Objective x20, pixel size = 86 nm2)  
 

 
 
Figure S6. CDM/TMRE overlap. t = 0 min. At this time stamp, mitochondria in the cell are 
still tubular in shape. The Pearson’s correlation coefficient R value = 0.74. (Objective x20, pixel 
size = 86 nm2).  
 
 

 
 
Figure S7. CDM/TMRE overlap. x63 objective used to monitor in detail localization of CDM 
and TMRE. The Pearson’s correlation coefficient R value = 0.79.
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Figure S8. Line profiles of CDM and TMRE images showing colocalization of CDM and 
TMRE at the mitochondrial cristae.  
 
 
 
 

 
 
Figure S9. CDM/TMRE overlap images and their line profiles in a separate, independent 
experiment showing colocalization of CDM and TMRE at the mitochondrial cristae. 
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Figure S10. Source, binary mask, and detected contour images used for mitochondrial 
sphericity titration. MDA-MB-231 cells were incubated with varying concentrations of CDM 
and imaged after 24 hrs in the CDM channel. Scale bar = 20 μm. 
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Figure S11. Both IR780 and ATN-224 cause sphericity about IC50. (A) MDA-MB-231 cells 
were treated with 10 nM TMRE, 10 nM MTG, and then 1 μM IR780 for 15 minutes. (B) MDA-
MB-231 cells were treated with 10 nM TMRE, 10 nM MTG, and then 1 μM ATN-224 for 45 
minutes. Images were obtained in the TMRE (ex. 561 nm, em. 561-700 nm) and MTG (ex. 488 
nm, em. 450-561 nm) channels. Each fluorescence image is shown alongside its corresponding 
binary mask and detected contour representation. Scale bar = 10 μm. 
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Figure S11 shows MDA-MB-231 cells stained with 10 nM TMRE and 100 nM MTG to track 
voltage and morphology, respectively, and incubated with 1 μM IR780 for 15 min. A significant 
morphology transformation from tubular to spherical was observed, quantified on average from 
0.4 to 0.9. The TMRE fluorescence also decreased from roughly 2000 to 60 arbitrary emission 
units, indicating a drop in mitochondrial membrane potential.  

Another set of cells was incubated with 1 μM ATN224 for 45 min. During this period, some 
mitochondria turned into circular shapes with an increase in mitochondrial sphericity from 0.3 to 
0.7. The fluorescence signal of TMRE remained the same between time points, suggesting the 
membrane potential is not impacted by ATN-224 treatment. This trend is supported by cell 
viability measurements, in which IR780 exhibits a much more potent inhibitory concentration 
than ATN-224 (12.8 vs >100 μM, Fig. 6). 
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Figure S12. Mitochondrial morphology changes are specific to CDM and irreversible; a 
control experiment with low concentration TMRE shows no morphology change. (A)  
MDA-MB-231 cells incubated with 100 nM CDM for 24 hrs demonstrate the same sphericity as 
cells stained with 10 nM TMRE for 24 hrs. (B) MDA-MB-231 cells incubated with 1 μM CDM 
for 24 hrs demonstrate a significant change in sphericity compared to 10 nM TMRE. (C) MDA-
MB-231 cells were incubated with 1 μM CDM for 24 hrs, then washed and refilled with fresh 
medium for another 24 hrs. Cells stained with 10 nM TMRE for 48 hrs are used as a control 
group. Each pair of fluorescence images is accompanied by its corresponding binary mask and 
detected contour representations. Orange = CDM (ex. 641 nm, em. 642-700 nm). Red = TMRE 
(ex. 561 nm, em. 561-700 nm). Scale bar = 20 μm. 

 

To verify the CDM concentration threshold for mitochondrial morphological change, we used 10 
nM tetramethyl rhodamine ethyl ester (TMRE) as a control stain. Rhodamines are a well-
characterized voltage-sensitive dye for mitochondria (17). In this figure, we only use TMRE as a 
structure change to observe CDM effect on sphericity. We incubated the MDA-MB-231 cells 
with 10 to 200 nM CDM for 24 hours and checked the mitochondrial sphericity of each group of 
cells. The 10 nM, 50 nM, and 100 nM groups demonstrated a sphericity range between 0.2 and 
0.5, while the 200 nM group showed a sphericity between 0.8 and 1.0. The concentration 
threshold for this morphological alteration is around 100 nM to 200 nM 
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This table summarizes each individual mitochondrion's calculated Area, Perimeter, and Sphericity 
values corresponding to Figures S10 to S12. We used Binary Segmentation Masks generated with 
our proprietary algorithm called "mitoAnnotation" (based on the Python programming language) 
to obtain these measurements. Each segmented image was compared to the original image to 
ensure its accuracy, and numerical values were obtained using the Analyze Particles tool in ImageJ 
software. These data are the basis for quantifying representative images and box plots presented 
in the subsequent figures. 

 

Figure Treatment Area (µm²) Perimeter (µm) Sphericity 

S10 10 nM CDM-24 hrs 0.13 µm² 2.56 µm 0.25 

S10 50 nM CDM-24 hrs 0.21 µm² 2.97 µm 0.3 

S10 100 nM CDM-24 hrs 0.2 µm² 2.59 µm 0.37 

S10 200 nM CDM-24 hrs 0.48 µm² 2.62 µm 0.88 

S11-A IR780-0 min 0.0062 µm² 0.44 µm 0.4 

S11-A IR780-15 min 0.011 µm² 0.38 µm 0.9 

S11-B ATN224-0 min 0.012 µm² 0.67 µm 0.33 

S11-B ATN224-45 min 0.015 µm² 0.54 µm 0.65 

S12-A 100 nM CDM-24 hrs 1.41 µm² 7.77 µm 0.3 

S12-A Control (10 nM TMRE-24 hrs) 2.51 µm² 9.05 µm 0.38 

S12-B 1 µM CDM-24hrs 0.23 µm² 1.91 µm 0.8 

S12-B Control (10 nM TMRE-24 hrs) 5.27 µm² 12.17 µm 0.42 

S12-C 1 µM CDM-48hrs 0.54 µm² 2.86 µm 0.8 

S12-C Control (10 nM TMRE-48 hrs) 3.03 µm² 9.68 µm 0.42 

Table S1. Mitochondrial area, perimeter, and sphericity measured under different treatment 
conditions. 
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Figure S13. Box plot comparison of mitochondrial sphericity based on Figure S10 segmentations. 
 
 
 

 

Figure S14. Box plot comparison of mitochondrial sphericity based on Figure S11 segmentations. 
(A) MDA-MB-231 cells were treated with 1 μM IR780 for 15 minutes . (B) MDA-MB-231 cells 
were treated with 1 μM ATN-224 for 45 minutes. 
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Figure S15. Each condition corresponds to the image sets shown in Figure S12. Data represent 
the distribution of mitochondrial sphericity for each treatment group.  Box plot comparison of 
mitochondrial sphericity between (A) 100 nM CDM and 10 nM TMRE treatments for 24 hrs, (B) 
1 μM CDM and 10 nM TMRE treatments for 24 hrs, (C) 1 μM CDM and 10 nM TMRE for 48 
hrs. 
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Table S2. Calculation of illumination energy doses for imaging experiments in the current 
study compared to previously established phototoxicity thresholds (21,33). All values were 
computed based on acquisition parameters and are reported in J/cm². The results confirm 
that all imaging was performed below the levels known to cause phototoxic effects. 

Figure Laser Power 
(mW) 

Pixel Dwell 
Time (µs) 

Total Pixels Number of 
Frames 

Scan Area 
(cm²) 

Energy Dose 
(J/cm²) 

Phototoxicity 

2A 0.01 0.58 1019 × 1025 1 1.93 × 10⁻⁵ 0.31 No 
2B 0.005 0.84 201 × 195 1 9.4 × 10⁻⁵ 0.16 No 
4A 0.01 0.84 1237 × 623 1 7.4 × 10⁻⁵ 0.088 No 
4B 0.01 0.84 1242 × 721 1 8.6 × 10⁻⁵ 0.087 No 

S2-Control 0.005 0.85 488 × 488 1 5.5 × 10⁻⁵ 0.018 No 

S2-10 µM 0.005 0.66 1326× 1452 1 4.62 × 10⁻⁵ 0.14 No 
S2-50 µM 0.005 0.85 488 × 488 1 5.5 × 10⁻⁵ 0.18 No 

S2-100 µM 0.005 0.85 488 × 488 1 5.5 × 10⁻⁵ 0.18 No 

S3-0 min 0.01 1.28 3246× 1688 1 3 × 10⁻⁴ 0.23 No 
S3-60 min 0.01 1.28 3246× 1688 1 3 × 10⁻⁴ 0.23 No 

S3-120 min 0.01 1.28 3245× 1660 1 2.95 × 10⁻⁴ 0.23 No 

S3-180 minp 0.01 1.28 3278× 1678 1 3.01 × 10⁻⁴ 0.23 No 

S5 0.01 1.15 159 × 157 1 5.99 × 10⁻⁷ 0.48 No 
S10-10 nM 0.01 0.84 1247 × 1267 1 1.52 × 10⁻⁴ 0.09 No 

S10-50 nM 0.01 0.84 1261 × 1269 1 1.54 × 10⁻⁴ 0.09 No 

S10-100 nM 0.01 0.84 1250 × 1220 1 1.46 × 10⁻⁴ 0.09 No 
S10- 200 nM 0.01 0.84 1263 × 1232 1 1.49 × 10⁻⁴ 0.09 No 

S11-A 0.01 1.15 1810 × 1810 1 6.06 × 10⁻⁵ 0.62 No 

S11-B- 0 min 0.01 1.15 1023 × 982 1 1.86 × 10⁻⁵ 0.62 No 

S11-B-45 min 0.01 1.15 962 × 976 1 1.74 × 10⁻⁵ 0.62 No 
S12-A-CDM 0.03 0.84 830 × 817 1 6.51 × 10⁻⁵ 0.26 No 
S12-A-TMRE 0.01 1.47 960 × 930 1 6.6 × 10⁻⁵ 0.2 No 
S12-B-CDM 0.03 0.84 850 × 852 1 6.96 × 10⁻⁵ 0.26 No 

S12-B-TMRE 0.01 1.47 957 × 961 1 6.8 × 10⁻⁵ 0.2 No 

S12-C-CDM 0.03 0.84 852 × 829 1 6.78 × 10⁻⁵ 0.26 No 

S12-C-TMRE 0.01 1.47 952 × 961 1 6.77 × 10⁻⁵ 0.2 No 

2-0S (Lee et al., 
2024) 

0.003 3.55 126 × 126 1 2.8 × 10⁻⁷ 0.6 No 

2-180S (Lee et al., 
2024) 

0.003 3.55 126 × 126 37 2.8 × 10⁻⁷ 223.39 Yes 

4-1S (Lee et al., 
2024) 

0.005 1.43 96 × 96 1 1.63 × 10⁻⁷ 0.4 No 

4-10S (Lee et al., 
2024) 

0.005 1.43 96 × 96 10 1.63 × 10⁻⁷ 4.05 Yes 
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Energy doses were estimated using the following formula (assuming uniform illumination 
across the scanned region): 

Energy	Dose	(J/cm²) 	= 	 (𝐿𝑎𝑠𝑒𝑟	𝑃𝑜𝑤𝑒𝑟	(𝑊) × 	𝑃𝑖𝑥𝑒𝑙	𝐷𝑤𝑒𝑙𝑙	𝑇𝑖𝑚𝑒	(𝑠) ×
	𝑇𝑜𝑡𝑎𝑙	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑃𝑖𝑥𝑒𝑙𝑠	 × 	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐹𝑟𝑎𝑚𝑒𝑠) ⁄ 𝑆𝑐𝑎𝑛	𝑎𝑟𝑒𝑎	(𝑐𝑚)^2  

Phototoxic thresholds vary depending on the fluorophore and imaging conditions. A value 
of ~2 J/cm² has been reported for MitoTracker Red (CMXRos) (33), while more recent 
studies (21) confirmed that dyes such as MitoTracker Green (MTG) and TMRE show 
significantly lower phototoxicity and remain stable even under prolonged imaging.  

Table S2, shows that the light conditions we used in our experiments are well below this 
threshold. This confirms that the changes in mitochondrial shape we observed are due to the 
chemical effect of CDM and not to phototoxicity caused by imaging. 
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Detailed Image Analysis and Quantification Procedures for Figure 5 
 
 

1. Length, Width, and Branching Count Analysis 
 
Mitochondrial length, width, and branching count were measured using ImageJ 
software. Briefly, fluorescence images were first converted to a binarized state by 
automatic thresholding (Otsu method (66)). Then, the particle analysis tool measured 
mitochondrial sizes (length and width). We used the skeletonization method to obtain 
the branching count and then calculated it using the Analyze Skeleton plugin in 
ImageJ. Binary mask, detected contour, and skeletonized images used for these 
analyses are presented in Figure S16. The numerical values of length, width, and 
branching count in each experimental condition are summarized in Table S3. Cells 
treated with copper had a greater mean mitochondrial length (5.76 px vs. 4.93 px), 
greater width (4.32 px vs. 3.89 px), and significantly greater number of branches (210 
vs. 90) than the No copper group. These results indicate that exogenous copper 
increases the length and remodels mitochondrial networks, ending the fragmented 
state caused by copper depletion. 
 

 
Figure S16. Representative image processing steps used mitochondrial morphology 
analysis for No copper and Copper-treated groups. 
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Figure Mean Length (px) Mean Width (px) Branching Count 

No Copper 4.930 3.890 90 

Copper treated 5.760 4.320 210 

 
Table S3. Quantitative image analysis. 
 
 

2. Sphericity Calculation 
 
The measured values of mitochondrial area, perimeter, and sphericity for each 
experimental condition are given in Table S4. Compared to the No copper group, 
which had a mean sphericity of 0.75, copper-treated cells showed a significant 
decrease in sphericity (0.16). This decrease indicates that mitochondria have changed 
shape towards more elongated and filamentary structures. This change is consistent 
with the restoration of healthy mitochondrial morphology after copper replacement. 
 

Figure Area (µm²) Perimeter (µm) Sphericity 

No Copper 0.3 µm² 2.29 µm 0.75 

Copper treated 6. 29 µm² 22.24 µm 0.16 

 
Table S4. Morphological shape descriptors. 
 
 

3. Statistical Analysis 
 
Statistical comparisons between the No-copper and Copper-treated groups were 
performed using the nonparametric Mann-Whitney U test in GraphPad Prism version 
10.2.2. This test was chosen because the mitochondrial morphology data were not 
normally distributed. Box plots were also drawn for length, width, branching count, 
and sphericity using the same software (Figure S17 and Figure S18). These analyses 
considered statistical significance when the p-value was less than 0.05. 

The p-values obtained are summarized in Table S5 and show that there was a 
statistically significant difference in mitochondrial length (p = 0.022), a borderline 
difference in width (p = 0.049), and a highly significant difference in branching (p = 
1.59 × 10⁻⁵) between the two groups. 
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Condition Compared Metric p-Value (Mann-Whitney U) 
No Copper vs. Copper 
Treated 

Length 0.022 

No Copper vs. Copper 
Treated 

Width 0.049 

No Copper vs. Copper 
Treated 

Branching Count 1.59 × 10⁻⁵ 

No Copper vs. Copper 
Treated 

Sphericity 1.77 × 10⁻⁴ 

 
Table S5. Statistical comparison of morphology. 

 
Figure S17 shows box plots comparing mitochondrial morphology features, including 
A) length, B) width, and C) branching count. These plots show that all three features 
increased after copper treatment; this increase is consistent with the expected 
restoration of mitochondrial structure after treatment. 
 
 

 
Figure S17. Box plot comparison of mitochondrial morphology features. 
(A) Length, (B) Width, (C) Branching count for No copper and Copper-treated 
conditions. 
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Figure S18 shows a box plot comparison of mitochondrial sphericity between the No-
copper and Copper-treated conditions. In the Copper-treated group, the sphericity 
value was significantly reduced. This reduction indicates that mitochondria have 
changed from round and fragmented to elongated and filamentous structures. This 
change is consistent with the morphological recovery of mitochondria. 
 

 
Figure S18. Box plot comparison of mitochondrial sphericity between No copper and 
Copper-treated conditions. 
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Figure S19 shows the kinetics of CDM's release rate and efficiency from CDN. CDN in buffers 
with different pH values at 37 °C. At the indicated time, CDN was collected using a centrifuge 
filter and redispersed in 50 mM HEPES buffer for fluorescent measurement. The loss of 
fluorescent signals is due to the release of CDM. In an acidic condition with a pH of 4.5, which 
is close to the environment in lysosomes, CDM was rapidly released from CDN, with a half-life 
of around 10 min. The fast release of CDM in acidic conditions contributed to the migration of 
CDM from lysosomes and further accumulation in the mitochondria. At a higher pH level of 5.5, 
the release rate was vastly reduced with a half-life of about 22 min. At neutral pH, there was a 
35% loss in the fluorescent signal after 1 h. It was also noted that at lower temperatures, the 
releasing rate of CDM from CDN was also reduced, with a half-life of 30 min and 55 min at 25 
°C and 4 °C, respectively.  
 
 

 
Figure S19. (a) The relative fluorescent signals of CDN in different pH conditions at 37 °C, and 
(b) the relative fluorescent signals to varying temperatures in a buffer with a pH of 4.5. The 
concentration of CDM is 1 μM.  
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