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ABSTRACT: Dissolution of metal/metal oxide nanoparticles has been
widely exploited to be one of the mechanisms of inducing oxidative
stress within bacterial and mammalian cells. Elesclomol has been already
evaluated in clinical trials, and the reports have demonstrated a greater
therapeutic activity with a prolonged progression-free time for survival
of patients. Computational modeling (density functional theory and
classical molecular dynamics) and UV−vis spectroscopy analysis
showed that the dissolved Cu (II) ions from CuO nanoparticles
preferentially bind to Elesclomol in cell culture media. CuO nano-
particles (50−200 ng/mL) when co-delivered with 50 ng/mL
Elesclomol drug significantly reduced the cell viability of A549 cells
compared to their respective standalone exposure. A time-dependent
study showed a reduced cell viability (up to 80%) and enhanced reactive oxygen species generation (up to three folds), which was
explained by the dissolution profile of CuO nanoparticles. Stable isotope tracing confirmed the intracellular accumulation of copper
inside A549 cells to increase by up to four times when 1000 ng/mL 65CuO nanoparticles were exposed in the presence of 50 ng/mL
Elesclomol. The cytotoxicity was rapid, with 70% of the cell death occurring within the span of 12 h through apoptosis pathways
with a very minimal drug concentration. In our work, we exploited the ability of CuO nanoparticles to act as a reservoir with slow
and sustained release of Cu (II) ions to bind with Elesclomol, which helped in enhanced generation of intracellular oxidative stress
and can be used as a promising approach for Elesclomol-based anticancer therapy.
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1. INTRODUCTION

Cancer is known to be one of the primary causes of death and
has become one of the major health concerns worldwide.
Currently, there are several treatment options available for
cancer such as surgery, chemotherapy, radiotherapy, and so on,
yet the use of such an intervention in general becomes
unaffordable and causes side effects that leads to reduction in
the use of cancer treatment options. Due to these limitations,
there is a requirement of effective, inexpensive, and
biocompatible intervention that can be affordable and of
high efficacy in the treatment. One such approach is reactive
oxygen species (ROS)-mediated oxidative therapy.
Metal oxide nanoparticles such as CuO, ZnO, and so on

have been reported to induce cell death via inducing oxidative
stress inside the cells. These metal oxide nanoparticles induce
cancer cell death through the mechanism such as “Trojan
Horse” and “Fenton reaction.”1 The oxidative stress is
facilitated by an enhanced release of metal ions in biological
milieu and interfering with the electron transport chain within
mitochondria to generate dissolved ionic species.2 The

alternation of ATP production pathways results in the
enhanced production of ROS inside mitochondria. Cancer
cells adapt to such high ROS production and get resistant to
the majority of chemotherapeutic drugs. However, uncon-
trolled ROS production beyond threshold in a cancer cell can
be a potential target for oxidative therapy.3

Elesclomol (1-N′,3-N′-bis (benzenecarbonothioyl)-1-N′,3-
N′-dimethylpropanedihydrazide) triggers the anticancer activ-
ities by increasing the production of ROS and subsequently
activating the apoptotic pathway.Clinical trials of Elesclomol
have demonstrated a greater therapeutic activity with a
prolonged progression-free time for the survival of the patient.4

The functioning of the Elesclomol drug is elicited by its high
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binding affinity to Cu (II) ions and selectively transports Cu
(II) ions to mitochondria and creates an alteration in the
electron transport chain.5 Elesclomol binds with Cu (II) ions
and forms a neutral complex. According to the X-ray structure
reported by Yadav et al. (2013), the bivalent Cu binds to
Elesclomol through the loss of two protons from the N1 and
N2 atoms of Elesclomol molecules and forms a neutral
complex. The Elesclomol drug has a significantly high affinity
toward copper (II) ions with a binding affinity value of 1024 ×
1 M−1. The bonding of Cu (II) is very strong with Elesclomol,
and it is expected to have a slow dissociation of Cu (II) from
the complex. Research results have reported that Cu−
Elesclomol complexes are 1040 folds and 34 folds more
potent than Pt−Elesclomol complex and Ni−Elesclomol
complex, respectively, in reducing the cell viability of K562
cells.6 As shown in Figure 1, the free Elesclomol drug makes a
stable complex with Cu (II) ions by donating four lone pairs
and that makes the complex more hydrophobic in nature. Such
enhancement in hydrophobicity increases the uptake of the
Cu−Elesclomol complex by the cells; hence, more amount of
Cu (II) enters the mitochondria to enhance the ROS
production.5 Nagai et al.5 demonstrated the efficacy of the
Elesclomol drug to chelate free Cu (II) ions and selectively
transfer Cu ions to mitochondria and induce oxidative stress in
cancer cells. The dissociation of Cu (II) ions from Elesclomol
occurs because of a highly reducing environment of
mitochondria. As shown in Figure 1, the reducing groups
like ascorbic acid plays a major role in reducing Cu (II) to Cu
(I). Since Elesclomol can only form complexes with Cu (II),
the reduced Cu (I) immediately disassociates with the complex
and that makes Elesclomol available freely to complex with the

other available free Cu (II) ions. The previously reported work
mainly discussed the delivery of the Cu (II)−Elesclomol
complex to the cells at a certain concentration to induce
oxidative stress. It was identified that the bioavailability of Cu
(II) ions acts as a limiting factor because once the Elesclomol
delivers the Cu (II) ions inside the cells, the drug molecules
efflux out from the cells to form complexes with other available
free Cu ions. However, the free Cu ions are not readily
available in the extracellular matrix because they form organic/
inorganic complexes.
In addition to experimental methods, computer simulations

are widely used as a tool to model drug-metal ion binding and
spectral elucidation.7,8 While molecular dynamics (MD)-based
simulations are performed to understand atomic scale
interactions in the condensed phase of the drug-ion binding,
a detailed and more accurate information about the energetics
and spectra can be extracted from quantum mechanics-based
density functional theory (DFT) calculations.9,10 In case of the
metal ion-drug environment, competitive interactions of the
metal ion with the drug versus the constituents of medium
affect the binding affinity. Since dissolution media like
Dulbecco’s modified Eagle’s medium (DMEM) contains
various amino acids, their cooperative effects on drug-ion
binding dictate the extent of binding. The relative affinity of
metal ion for amino acids versus drug or among amino acids
can be modeled using DFT calculations. In our study, we are
using CuO nanoparticles as the reservoir to maintain a
sustained release of Cu (II) ions until the nanoparticles are
completely dissolved in the biological media. The slow and
sustained release of Cu (II) ions will provide a time lag to
Elesclomol molecules to capture other free Cu (II) ions and

Figure 1. Schematic showing dissolved Cu(II) binding to free Elesclomol and forming the Cu(II)−Elesclomol complex and the mechanism of ROS
generation once Elesclomol delivers Cu(II) ions inside mitochondria.
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deliver it inside mitochondria. The process helps reducing the
dosage requirement of Elesclomol and CuO nanoparticles
because of their synergistic effect in inducing oxidative stress
and can be a promising approach toward enhanced oxidative
stress-based anticancer therapy.

2. MATERIALS AND METHODS
2.1. Materials. All the chemicals used were of analytical grade.

CuCl2·2H2O, NaOH, and acetic acid were procured from Himedia
Ltd, India. 65CuCl2 was obtained from Trace Sciences International,
USA. The biological assays, that is, MTT, Annexin V, DCFDA,
mitochondrial membrane potential assay kit, and ROS assay kit were
obtained from Sigma-Aldrich, USA. The inductively coupled plasma-
mass spectroscopy (ICP−MS) standards were procured from
PerkinElmer Ltd, USA.
2.2. Synthesis and Characterization of CuO and 65CuO

Nanoparticles. CuO nanoparticles were synthesized using a co−
precipitation reaction in a water reflux system.12 0.511 g of CuCl2·
2H2O was added to 150 mL of deionized water under stirring
conditions followed by addition of 500 μL of glacial acetic acid. The
solution was heated to 100 °C, and under vigorous stirring, 0.65 g of
NaOH was added and left for 10 min. The black precipitate was
washed multiple times with deionized water to obtain a phase pure
CuO nanoparticles. Isotopically enriched 65CuO nanoparticles were
prepared using the abovementioned protocol. The isotopic precursors
used to synthesize were 99% enriched and procured from Trace
Sciences (USA). The concentration of synthesized CuO nanoparticles
was measured using inductively coupled plasma-optical emission
spectroscopy (Avio 200, PerkinElmer, USA) and found to be 4619
mg/L. The morphology of CuO nanoparticles was investigated with
the help of transmission electron microscopy (TEM, FEI 200 KV).
The identification of the compound along with its phase purity was
made by X-ray Diffractometer analysis (Bruker D8, Cu Kα, 40 kV, 30
mA, 2θ = 20−80°). Hydrodynamic size and time-dependent
suspension stability studies of CuO nanoparticles in DMEM media
were performed using dynamic light scattering (Nano ZS, Malvern
Instruments, UK) at a concentration of 25 mg/L and at 37 °C (pH =
7.4).
2.3. CuO Nanoparticle Dissolution-Mediated Elesclomol

Binding Studies. Dissolution-mediated Cu (II) binding to
Elesclomol experiments were conducted by taking 25 mg/L CuO
nanoparticles in a dialysis bag (MWCO: 3.5 kDa, Snakeskin, Thermo
Fisher) for 24 h in DMEM (Gibco, Invitrogen). Outside the dialysis
bag was 50 mL of phenol red-free DMEM and 10 μg/mL Elesclomol
(Enzo Life sciences, USA) at 37 °C. By incubating CuO nanoparticles
inside the dialysis membrane and suspending the membrane in phenol
red-free DMEM media, we allowed the passage of copper ions
through the dialysis membrane. The changes in the spectral pattern of
Elesclomol due to its binding with Cu (II) was recorded with time
using UV−vis measurements (PerkinElmer UV vis Lambda 365).
Similarly, temporal release of dissolved Cu ions from CuO
nanoparticles was measured using ICP−MS analysis (Nexion 2000,
PerkinElmer, USA). The fate of dissolved Cu (II) ions in biological
media was assessed by geochemical modeling using MINTEQ (Visual
MINTEQ 3.1).
2.4. DFT and MD Studies. The Cu (II)−Elesclomol interactions

and binding are modeled using classical MD simulations (GROMACS
5.0.7 software) and DFT calculations (Gaussian 09 software). To
model binding in the condensed phase, aqueous solutions of
Elesclomol with amino acids were modeled with Cu (II) ions. 50
Elesclomol molecules (doubly deprotonated), 50 each of six amino
acids (Cys, Ser, Thr, Tyr, Asp−, and Glu−), 50 Cu (II) ions, variable
numbers of Na+ and Cl− ions, and ∼10000 water molecules were used
for the initial input construction. In the classical MD framework,
OPLS-AA force−field parameters13 for bonded and non-bonded
interactions were used, except for the atomic partial charges for
Coulombic interactions, which were derived from the electrostatic
potential using DFT calculations. The details for MD simulations,
DFT calculations, and modified set of the atomic partial charges are

provided in the Supporting Information. All classical MD simulations
were performed using GROMACS-5.0.7 software package.17

For the calculation of charge transfer and theoretical UV−vis
spectra, calculations were performed with Gaussian 09, Revision E.01
package.18 The geometry of Elesclomol and Cu (II)−Elesclomol
complexes optimized using PBE functional19 with LanL2DZ effective
core potential20 was used for Cu (II) ions, and Pople’s 6-31+G(d,p)
basis was used for other atoms. In case of the Cu (II)−Elesclomol
complex, deprotonated geometry was used. The details of DFT and
time-dependent-density functional theory (TD-DFT) calculations are
provided in the Supporting Information.

2.5. Cell Viability. MTT assay was performed to evaluate the
mitochondrial activity of A549 cells.21 96-well plates were seeded with
5 × 103 cells/well, and after 24 h of incubation, the cells were treated
with (a) Elesclomol (1−1000 ng/mL), (b) Cu ions (1−20000 ng/
mL), (c) Cu ions (1−1000 ng/mL) and Elesclomol (50−500 ng/
mL), (d) CuO nanoparticles (10−20,000 ng/mL), and (e) CuO
nanoparticles (10−500 ng/mL) and Elesclomol (50 ng/mL). CuCl2·
2H2O was used as the source of Cu (II) ions. 2% H2O2 was used as a
positive control, and phosphate buffer saline (PBS) was used as a
negative control. Total and time-dependent cell viability was
quantified by measuring the absorbance of the dissolved formazan
product at 590 nm (Biotek, Synergy HT spectrophotometer), and
simultaneously cell morphology was assessed using a phase-contrast
microscope for a period of 24 h. The formula used for calculating the
cell viability was

−
−

×
Abs sample Abs medium
Abs control Abs medium

100590 590

590 590 (1)

2.6. ROS Assay. In a time-dependent experiment, the cells
(seeding density of 1.2 × 105 cells) were exposed to two
concentrations of drugs (10 and 50 ng/mL), along with three
concentrations of CuO nanoparticles and Cu ions (50, 100, and 200
ng/mL). Post-treatment, the fluorescence intensity was measured
using a multimode plate reader spectrophotometer (Biotek, Synergy
HT spectrophotometer). For intracellular ROS imaging, 5.0 × 104

cells were grown on pretreated glass coverslips for 24 h at 37 °C and
exposed to 50 ng/mL Elesclomol, CuO nanoparticles (100 and 200
ng/mL), and a combination of both for 3 h. The cells were rinsed
with 1× PBS, treated with 300 μL of DCFDA dye (concentration =
20 μM), and incubated for 30 min at 37 °C. The cells were washed
with 1× PBS, and the cover slips were mounted on a clean glass slide
with the prolong gold antifade mounting agent (Thermofisher
Scientific) with DAPI and imaged using a confocal microscope
(Leica) and phase-contrast microscope (Nikon).

2.7. Annexin V Apoptosis Assay. Apoptotic/necrotic cell
population can be recognized by staining cells with fluorescein
isothiocyanate conjugated (FITC)-Annexin V and propidium iodide
(PI) dye as per the manufacturer’s protocol (BioVision, Milipitas, CA,
USA). Briefly, 12-well plates were used to seed 1.5 × 105 cells and
incubated for 24 h. Cells were then treated with various combinations
of Elesclomol and CuO nanoparticles for 6 and 10 h. Afterward, cells
were harvested and washed with PBS, re-suspended in 0.4 mL of
binding buffer containing 5 μL of FITC-Annexin and 5 μL of PI, and
incubated for 10 min in the dark at room temperature. Cells were
analyzed using a flow cytometer (BD FACS Calibur, BD Biosciences,
CA).

2.8. Mitochondrial Membrane Potential Assay. The effect of
CuO nanoparticles with and without Elesclomol on the mitochondrial
membrane potential (MMP; Δψ) of A549 cells was assessed utilizing
cationic dye JC-1 as per the manufacturer’s protocol (Cayman
Chemicals, Ann Arbor, Michigan, USA). Briefly, black clear bottom
96-well plates were used to seed 1 × 104 cells and were incubated
until it reaches 80% confluency at 37 °C, 5% CO2. After the
incubation, the cells were treated with various combinations of
Elesclomol and CuO nanoparticles for 3 and 6 h. Cells were incubated
with 10 μL of JC-1 dye (dye was diluted in the 1:10 ratio in culture
medium) for 20 min at 37 °C in the dark, 5% CO2. The plate was
centrifuged for 5 min at 400 × g, and the supernatant was discarded.
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Cells were washed twice with assay buffer. Afterward, 100 μL of assay
buffer was added to each well. The mitochondrial membrane potential
was represented as the ratio of red:green fluorescence and estimated
using a multiwell plate reader (BioTek Synergy HT).
2.9. Live Cell Imaging. Live cell imaging was performed to

investigate the time-dependent ROS generation and changes in the
cellular behavior on exposure to standalone Elesclomol (50 ng/mL),
CuO nanoparticles (200 ng/mL), and the codelivery of both as
compared to the control. 20 × 103 cells were seeded in the glass
bottom plates (Nunc, Thermo fisher Scientific) and incubated for 24
h in 37 °C, 5% CO2. After incubation, the cells were stained with
Hoechst and 10 μM DCFDA dye in serum-free DMEM and were
incubated for 30 min. After incubation, the cells were washed with 1×
PBS and were exposed to various combination of Elesclomol and
CuO nanoparticles and transferred to live cell imaging setup in
confocal microscopy (Leica). Time-dependent images were captured
for 12 h to observe the ROS generation and changes in the cell
morphology.
2.10. Intracellular Trafficking of Cu. To test the efficacy of the

Elesclomol drug in transporting Cu (II) ions into the cells,
intracellular 65Cu concentration was measured. In this experiment,
1000 ng/mL 65Cu ions (65CuCl2 was used as the source of Cu (II)
ions) and equivalent 65CuO were exposed to the cells (8.0 × 105

cells) with and without Elesclomol (50 ng/mL). After incubating for 4
h, the cells were washed with 1× PBS and treated with trypsin for
harvesting the cells. The harvested cells were pelletized, freeze-dried,
and digested using a wet ashing procedure. The ratio of HNO3/H2O2

was 3:1, wherein 4.5 mL of HNO3 was mixed with 1.5 mL of H2O2 to
digest the sample under heating conditions. The calibration curve in
the concentration range of 0.00001−1 μg/mL using 65Cu ionic
standard (99%, 10 μg/mL, Inorganic ventures, USA) was prepared
and measured using ICP−MS (Nexion 2000, PerkinElmer, USA).
The measurements were carried out in the Helium KED mode.22

2.11. Statistical Analysis. Biological experiments were carried
out in triplicate (n = 3), and the data are presented as mean ±
standard deviation. Student’s t test was performed to obtain the p-
value of the independent experimental variable (CuO, Cu ions, and
Elesclomol groups) compared to the control. The differences were
statistically significant at values of *p < 0.05, **p < 0.01, and ***p <
0.001.

3. RESULTS AND DISCUSSION
3.1. Characterization of CuO Nanoparticles. TEM

micrographs of CuO nanoparticles are shown in Figure 2A,
and the average size for CuO nanoparticles was 7 ± 1.15 nm.
XRD analysis demonstrates CuO nanoparticles to be phase
pure with an average crystallite size of 6.49 nm and having a
monoclinic lattice structure (ICDD-PDF 01-073-6023)
(Figure 2B). The miller indices (hkl) of the respective XRD
peaks are shown in Figure 2B. 65CuO nanoparticles synthesized
in this study were used only for quantifying intracellular
accumulation of Cu upon treatment with Elesclomol. For the
rest of the studies, non-isotopically enriched CuO nano-

Figure 2. Characterization and stability studies of CuO nanoparticles. (A) TEM image and size distribution of CuO nanoparticles (number of
particles = 100), (B) X-ray diffractogram of CuO nanoparticles, and (C) suspension stability of CuO nanoparticles in DMEM media and in
deionized water.
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Figure 3. (A) Dissolution profile of CuO nanoparticles in DMEM media. (B) CuO dissolution-mediated Elesclomol−copper ion complex
formation at different time points. (C) Theoretical UV−vis spectra from DFT calculations showing a λmax of 275 nm for Elesclomol and λmax of 380
nm for the Cu(II)−Elesclomol complex.

Figure 4. Optimized geometries (A) GM1 and (B) GM2 of the Cu (II)−Elesclomol complex obtained from PBE/LanL2DZ&6-31+G(d,p) DFT
calculations; (C) GM1 and (D) GM2 show the electrostatic potential mapped on the electron density obtained from DFT calculations. Snapshots
from classical MD simulation under NVT ensemble conditions at (E) t = 20 ns, (F) t = 30 ns.: orange (balls)Cu(II), white (balls)Na+, cyan,
transparent (sticks)water, blue (sticks)Elesclomol (red, pink, magenta, yellow, and green) (sticks)amino acids. (G) Radial distribution and
(H) coordination number of various Elesclomol and amino acid-binding sites around Cu (II) from t = 10 ns to t = 30 ns from the production run
under NVT conditions.
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particles were used. Characterization of 65CuO nanoparticles is
shown in Supporting Information (Figure S1, size: 8.5 ± 1.65
nm). Suspension stability of CuO nanoparticles was measured
by conducting a time-dependent hydrodynamic size measure-
ment of CuO nanoparticles in DMEM and deionized water.
Analysis showed that the average hydrodynamic size of CuO
nanoparticles in deionized water at time t = 0.5 h was 180 nm
and reduced to 152 nm after 10 h (Figure 2C). The reduction
of hydrodynamic size of CuO nanoparticles is because of
sedimentation of bigger particles in deionized water.12,23,24 In
the case of DMEM [10% fetal bovine serum (FBS)], at time t
= 10 h, the average hydrodynamic size was reduced to 112 nm.
Possible reasons for the size reduction are interactions of CuO
nanoparticles with ionic species dispersed in DMEM media
leading to dissolution.12 The presence of amino acid, such as
folic acid acting as a weak oxidizing agent in the media,
facilitates enhanced dissolution of CuO nanoparticles.23

3.2. Dissolution of CuO Nanoparticles and Elesclo-
mol−Cu (II) Complexation. Based on the CuO dissolution
experiment in DMEM media (Figure 3A), 19.2 ± 1 wt % (4.8
± 0.25 mg/L) of CuO nanoparticles dissolved within 1 h of
incubation. The modified first-order rate equation was used to
perform the best fit of the dissolution profile at different time
points and to calculate the rate of dissolution.11 The
dissolution rate (k = 1.39 h−1) was high with almost 82.6 ±
1 wt % (20.5 ± 0.50 mg/L) of the nanoparticles dissolving in
the first 4 h and saturating to 85.2 ± 3.6 wt % (21.3 ± 0.9 mg/
L) by 24 h of incubation. UV−vis spectroscopy analysis was
performed in order to demonstrate Elesclomol binding with
copper ions. The Elesclomol suspended in the DMEM was
available for complexation with the dissolved and released Cu
(II) ions. Figure 3B shows the UV−vis spectrum of the
Elesclomol drug as a control (10 μg/mL), with the maximum
absorbance at 279 nm. After 1 h of dissolution of CuO
nanoparticles, there was a significant decrease in the peak
intensity at 279 nm, indicating the binding of Elesclomol with
copper ions (Figure 3B). On increasing the time, there was a
gradual change in the main peak of Elesclomol at 279 nm and a
concomitant emergence of an absorption peak at 360 nm (due
to the spontaneous formation of Cu−Elesclomol complexes).
However, there is a significant generation of Cu ions from the
CuO nanoparticles, and the Cu (II) ions bind to the
Elesclomol molecule at 1:1 M ratio and start to precipitate.6

It is the reason why the characteristic peak of Elesclomol starts
shifting and becomes flattened later when all Elesclomol
molecules formed complex with free Cu (II) ions. The
formation of the Cu−Elesclomol complex can be observed
from its characteristic peak at 365 nm. Although the medium is
aqueous and the complex is electrophoretically neutral, the Cu
(II)−Elesclomol complex precipitates, and the peak at 365 nm
is not observed after 4 h. However, this complex formation and
precipitation did not show any impact in the bioavailability of
Cu (II)−Elesclomol complex to A549 cells, as demonstrated
through ROS assay and cell viability assay. It is because, once
the free Elesclomol molecule forms complex with Cu (II) ions,
the structure of the Elesclomol molecules changes from
distorted to planar (Figure 4A,B), which facilitates active
uptake of the Elesclomol−Cu (II) complex inside the cells.6

The Elesclomol in DMEM (10 μg/mL) was found to be stable
for a period of 4 h (Figure S2). A slight reduction in the peak
intensity of Elesclomol can be because of unwanted complex-
ation of Elesclomol with other divalent metal ions present in
media.

3.3. Validation of Elesclomol−Cu (II) Binding Using
MD and DFT Studies. To investigate the extent of free Cu
(II) ions available to bind with Elesclomol, geochemical
modeling using MINTEQ software was performed for copper
salt in biologically relevant media (viz. simulated body fluid
and artificial lysosomal fluid). The modeling data showed that
in more complex biological media, the availability of free Cu
(II) ions reduced significantly as it readily forms complexes
with the various organic/inorganic molecules. For example, in
artificial lysosomal fluid, 98% of Cu (II) ions are present in
Cu−organic complexes with <1% Cu (II) ions existing in the
free state. Similarly, in case of the simulated body fluid,
MINTEQ analysis showed that 36% of Cu (II) ions are
present in Cu−organic complexes, 54% Cu−inorganic
complexes, and remaining 10% as Cu (I) and Cu (II) ions.12

Therefore, the condensed phase model was simulated using
classical OPLS-AA force field13 to understand the competitive
behavior of Cu (II) ions binding with Elesclomol/amino acids
present in the biological fluids. 50 molecules of each amino
acid in water (1:100 molecular ratios) were simulated first to
prepare and benchmark individual amino acid solutions. 50
molecules of each amino acid along with 50 Elesclomol
molecules were equilibrated in a box of the side of 10 nm. 50
Cu (II), Na+, and Cl− ions and ∼10000 water molecules were
used to solvate the mixture thoroughly. After equilibration at T
= 350 K under isothermal−isobaric ensemble, the system was
cooled to T = 300 K for the final production run (Figure
4E,F). Radial distribution of more negatively charged atoms
carboxylate groups of Asp− and Glu−, and CS, CO, N− of
deprotonated Elesclomol molecules around Cu (II) ionswas
calculated (Figure 4G). The computed radial distribution
function (RDF) suggests CO (Elesclomol) to be the most
strongly interacting site with Cu (II) ions. While Asp− has a
slightly higher coordination with Cu (II) ions, the presence of
three types of sites (CO, CS, N−, total six on each
Elesclomol molecule) suggests Elesclomol to be the preferred
host for Cu (II) ions (Figure 4H).
The results from classical simulation also led to the

examination of local geometries. In addition to already
known tetradentate N−, N−, S, and S coordinated geometry,
GM1, proposed by Wu et al.14 (Figure 4A), another geometry
was also discovered during various potential energy scans of
Cu (II) with doubly deprotonated Elesclomol (Figure 4B).
The new geometry (N−, O, S, and S coordinated), GM2, is
slightly higher in energy than the other. This geometry could
be the initial key configuration which is formed first and later
transforms to the more stable configuration (Figure 4A). In
addition to the geometrical information, Figure S3 also shows
the distribution of atomic partial charges in the local
geometries calculated using the CHELPG method.15 It
suggests a net charge transfer from Cu (II) to Elesclomol2−

to be 1.365 e− for GM1 and 1.240 e− for GM2. The
electrostatic potential is mapped on the surface of electron
density to exhibit the charge distribution in the geometries
(Figure 4C,D). To validate the hypothesis that the decrease in
a 279 nm peak and emergence of a 360 nm plateau could be a
signature of Cu (II)−Elesclomol binding, TD-DFT calcu-
lations were performed using the PBE/LanL2DZ & 6-
31+G(d,p) method (details are provided in the Supporting
Information) to calculate theoretical UV−vis spectra for
Elesclomol and Cu (II)−Elesclomol complex (GM1 geome-
try). The calculated spectra (Figure 3C) suggests that for
Elesclomol, the highest intensity peak appears at 275 nm, and
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for Cu (II)−Elesclomol complex, the peak appears at 380 nm.
Thus, the calculated spectra from TD-DFT not only produce a
close agreement with experimental values (Figure 3B) but also
validate the hypothesis of the plateau at 360 nm in the
experimental spectra to be a peak corresponding to the Cu
(II)−Elesclomol complex.
3.4. Co-delivery of CuO Nanoparticles and Elesclo-

mol: Cell Viability. Cell viability of A549 (pulmonary
adenocarcinoma) cells was studied after the exposure of (i)
Elesclomol, (ii) CuO nanoparticles, (iii) Cu (II) ions, (iv)

Elesclomol and Cu (II) ions, and (v) Elesclomol and CuO
nanoparticles (Figure 5A−C). Elesclomol alone showed a
negligible impact on viability of A549 cells, wherein 90% of the
cells were viable at 50 ng/mL Elesclomol after 24 h (Figure
5A). The positive control (2% H2O2) showed >95% reduction
in the cell viability after 24 h exposure. The cell viability
decreased to ∼30 and ∼40% at 100 and 1000 ng/mL
Elesclomol exposure, respectively. Figure 5A shows that the
exposure of lower concentrations of CuO nanoparticles (10−
500 ng/mL) leads to >80% of A549 cell viability. However, the

Figure 5. Cytotoxicity study in A549 cells after 24 h of incubation with (A) varying concentrations of Elesclomol, Cu ions, and CuO nanoparticles.
(B) Cu ions in a range of concentration with Elesclomol. (C) Cu ions, CuO nanoparticles, Cu ions + Elesclomol, and CuO nanoparticles +
Elesclomol. (D) Time-dependent cell viability measurement of A549 cells upon exposure to Elesclomol (50 ng/mL), CuO nanoparticles (500 ng/
mL), and CuO nanoparticles (500 ng/mL) + Elesclomol (50 ng/mL). (E) Morphology of A549 cells is shown at selected time point after the
exposure to CuO nanoparticles (500 ng/mL) + Elesclomol (50 ng/mL). Data represented as mean ± standard deviation (n = 3). *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001. The absorbance was recorded at 590 nm, and the viability of untreated control cells was considered as
100%. Statistical analysis was performed compared to control.
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cell viability was found to be reduced to 22 and 40% at 1000
ng/mL and 10μg/mL CuO nanoparticle exposure (Figure S8).
In the case of Cu ions, the cell viability was reduced by 15 and
35% when exposed to 1 and 20 μg/mL Cu ions, respectively
(Figure S8). In cancer nanomedicine, the dosage or exposure
concentration of nanoparticles is a critical component. The
CuO nanoparticles are toxic to mammalian cells at a higher
exposure concentration. Ahamed et al. (2010) reported that
the standalone CuO nanoparticles are toxic to A549 cells in a
dose-dependent manner by induction of lipid peroxidation,
glutathione depletion, induction of superoxide dismutase, and
so on. The cytotoxicity assay showed that at the exposure
concentration of 10, 25, and 50 μg/mL of CuO nanoparticles,
the reduction in cell viability was observed to be 25, 34, and
52%, respectively.28 However, at lower concentration, that is,
<10 μg/mL, the CuO nanoparticles are not significantly toxic
to the mammalian cells and are in agreement with the
cytotoxicity data reported in Figure S8. The exposure
concentration of CuO nanoparticles used in our study was
<0.5 μg/mL, and at such a low exposure concentration, it is
unlikely to have any harmful impact on the mammalian cells.

In a separate experiment, the Elesclomol drug (10−500 ng/
mL) was exposed to A549 cells in the presence of Cu ions (1
to 5000 ng/mL) (Figure 5B). After 24 h of incubation, there
was a significant (***p < 0.001) decrease in cell viability after
the exposure of increased Cu (II) ion concentration. We
selected the Elesclomol concentration of 50 ng/mL for all our
further experiments because (i) Elesclomol has a high affinity
to bind with Cu (II) ions even at lower concentrations, (ii) of
significant reduction in the cellular viability at 50 ng/mL
Elesclomol concentration, and (iii) of reduction in the
Elesclomol quantity and hence making it cost effective. Figure
5C shows a comparison of A549 cell viability on exposure to
Cu ions, CuO nanoparticles, Elesclomol + Cu ions, and
Elesclomol + CuO nanoparticles. After 24 h of exposure of
CuO nanoparticles and Elesclomol, an exposure of 50 ng/mL
nanoparticles and 50 ng/mL Elesclomol was enough to reduce
the viability of A549 cells by 50%. Similarly, at a high exposure
concentration of 250 and 500 ng/mL CuO nanoparticles,
almost 90% of the cells were found to be dead. Interestingly,
when CuO nanoparticles and 50 ng/mL Elesclomol were
exposed together to A549 cells, there was a significant (***p <

Figure 6. ROS generation on A549 cells exposed to different concentrations of Cu ions, CuO nanoparticles, drugs followed by DCFDA exposure
for 30 min. (A) ROS generation on exposure to Cu ions and Elesclomol (10 ng/mL) combinations. (B) ROS generation on exposure to CuO
nanoparticles and Elesclomol (10 ng/mL) combinations. (C) ROS generation on exposure to Cu ions and Elesclomol (50 ng/mL) combinations.
(D) ROS generation on exposure to CuO nanoparticles and Elesclomol (50 ng/mL) combinations. The ROS generation was measured using a
fluorescence spectrophotometer, and data represented in fold change compared with control. Data represented as mean ± standard deviation (n =
3). *p < 0.05, **p < 0.01, and ***p < 0.001. NomenclatureD1: 10 ng/mL Elesclomol, D2: 50 ng/mL Elesclomol, Cu1: 50 ng/mL, Cu2: 100 ng/
mL, Cu3: 200 ng/mL, CuO1: 50 ng/mL, CuO2: 100 ng/mL, and CuO3: 200 ng/mL.
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0.001) reduction in the cell viability compared to all other
combinations, for example, 85 ± 4% of cell viability when
exposed to 50 ng/mL Elesclomol, 83 ± 5% viability when
exposed to 50 ng/mL CuO nanoparticles, and 52 ± 8%
viability when exposed to 50 ng/mL Elesclomol and 50 ng/mL
CuO nanoparticles. Figure 5D represents a time-dependent
(up to 24 h) A549 cell toxicity profile of A549 cells when
exposed to (a) 50 ng/mL Elesclomol, (b) 500 ng/mL CuO
nanoparticles, and (c) co-delivery of 500 ng/mL CuO
nanoparticles and 50 ng/mL Elesclomol. Only Elesclomol

did not have any significant toxicity to the A549 cells (Figure
5D). For CuO nanoparticles, the cell viability was 78 ± 3% at
the end of 24 h. However, in case of co-delivery of CuO
nanoparticles with Elesclomol, the cell viability was reduced to
8.5 ± 2% after 24 h. In case of CuO nanoparticles and
Elesclomol co-delivery, the cell viability reduced rapidly within
1 h of exposure, that is, 86 ± 2% in 0.25 h, 74 ± 3% in 0.5 h,
and 71 ± 4% in 1 h. Microscopic imaging performed at 6 h
showed the A549 cells to become spherical-shaped, which
could be due to the loss of cell membrane integrity and

Figure 7. Pictomicrograph showing the time-dependent ROS production by A549 cells at 50 ng/mL Elesclomol and two different concentrations
of CuO nanoparticles (100 and 200 ng/mL) (A) time = 1 h, (B) time = 2 h, and (C) time = 3 h (blue dye represents DAPI, and green dye
represents DCFDA). (D) Live cell imaging snapshots collected from live cell video (SI video files) showing the A549 cells undergoing apoptosis
after the end of 8 h of exposure to Elesclomol (50 ng/mL) + CuO nanoparticles (200 ng/mL) (blue dye represents Hoechst, and green dye
represents DCFDA). Black arrow indicators represent A549 cells undergone apoptosis, and white arrow indicators represents healthy A549 cells.
Legend nomenclaturea: Control, b: 50 ng/mL Elesclomol, c: 100 ng/mL CuO nanoparticles, d: 200 ng/mL CuO nanoparticles, e: 50 ng/mL
Elesclomol + 100 ng/mL CuO nanoparticles, and f: 50 ng/mL Elesclomol + 200 ng/mL CuO nanoparticles.
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approaching to apoptosis (Figures 5E and S4). At 8 and 12 h,
majority of the cells underwent apoptosis, which is also in
accordance with the time-dependent cytotoxic profile of A549
cells. Microscopic analysis showed that co-delivery of
Elesclomol and CuO nanoparticles for 4 h could induce a
significant impact on the cell morphology compared to the
exposure of Elesclomol and CuO nanoparticles individually
(Figure S5). On increasing the Elesclomol concentration from
10−100 ng/mL, more cells were found approaching apoptosis.
3.5. Co-delivery of Elesclomol and CuO Nano-

particles: Enhanced Oxidative Stress. Results from Figure
5D demonstrates that the cell viability starts reducing rapidly
after the end of 3 h of CuO nanoparticles and Elesclomol
exposure. Therefore, ROS production in A549 cells on
exposure to 10 ng/mL Elesclomol with three different
concentration of copper ions and CuO nanoparticles (50,
100, and 200 ng/mL) was followed from 1 to 4 h (Figure
6A,B). The reason of selecting 10 ng/mL Elesclomol was to
demonstrate whether the drug is still efficient to generate ROS
at concentration lesser than 50 ng/mL. The fold change in
ROS generation was not significant when the cells were
exposed to copper ions or Elesclomol, alone. For a
combination of 10 ng/mL Elesclomol and 200 ng/mL Cu
ions, exposed for 4 h, there was a 1.1-fold increase in ROS
production. In contrast, there was a significant increase in
ROS, such as 1.83-fold (10 ng/mL Elesclomol + 50 ng/mL
CuO nanoparticles), 2.3-fold (10 ng/mL Elesclomol + 100 ng/
mL CuO nanoparticles), and 2.5-fold (10 ng/mL Elesclomol+
200 ng/mL CuO nanoparticles). ROS production did not
necessarily increase by increasing the Cu (II) concentration or
the Elesclomol concentration. However, in case of Elesclomol
+ CuO nanoparticles exposure, there was a ∼180% increase for
50 ng/mL Elesclomol + 50 ng/mL CuO nanoparticles, ∼190%
increase for 50 ng/mL Elesclomol + 100 ng/mL CuO
nanoparticles, and ∼330% increase for 50 ng/mL Elesclomol
+ 200 ng/mL CuO nanoparticles.
Figure 7A−C shows the confocal laser scanning microscopy

(CLSM) images representing the time-dependent ROS
production by A549 cells. At 1 h, the untreated control cell
showed a minimal ROS production and some dead cells. As

compared to standalone treatment of CuO (100 ng/mL)
nanoparticles and Elesclomol (50 ng/mL), very high ROS
production was recorded when Elesclomol and CuO nano-
particles were co-delivered at equivalent concentrations.
Similarly, the ROS production significantly increased after 2
h of exposure as compared to the control cells. 50 ng/mL
Elesclomol co-delivered with 100 and 200 ng/mL CuO
nanoparticles showed a very high ROS production after the
exposure time of 2 h (Figure 7B). However, the fluorescent
intensity of DCFDA dye was reduced significantly after the end
of 3 h, and there was an increase in blue emission, suggesting
the uptake of DAPI by dead cells (Figures 7C and S6). To
appropriately quantify or image ROS production, the cells are
required to be attached to the surface of the plate, and
therefore, all our ROS quantifications were performed for the
first 4 h. However, co-delivery of 10 ng/mL Elesclomol drug +
CuO nanoparticles was not showing a significant impact on the
cell morphology (Figure S4), ROS measurements (Figure 6B)
demonstrated 10 ng/mL Elesclomol exposure to have
substantial ROS generation after the end of 4 h.
Live cell imaging experiments were also performed to

validate the intracellular ROS-mediated cellular death. For
untreated cells used as control, the cells were healthy until the
end of the experiment (12 h) with no significant abnormality
observed. In case of standalone exposure of Elesclomol (50 ng/
mL) and CuO nanoparticles (200 ng/mL), majority of the
cells were healthy, but there were few cell deaths observed after
the end of 8 h. However, the co-delivery of Elesclomol (50 ng/
mL) and CuO nanoparticles (200 ng/mL) demonstrated a
high ROS generation, which can be observed through the
development of green fluorescence from the cells. The initial
ROS generation (up to 3 h) goes in agreement with the ROS
assay findings from flow cytometry and fluorescent spectros-
copy analysis. It was also observed that most of the cells are
undergoing apoptosis after the end of 8 h of the experiment.
The live cell videos are attached in the Supplementary
information file (Supplementary video files control.mp4,
Elesclomol + CuO.mp4, only CuO treated.mp4, only
Elesclomol treated.mp4). A time-dependent production of
ROS and changes in the cell morphology in live cell imaging

Figure 8. (A) Mitochondrial membrane potential assay showing decreased fold change in the red-to-green fluorescence ratio on exposure to CuO
nanoparticles + Elesclomol. (B) Accumulation of 65Cu in A549 cells on exposure to 1000 ng/mL 65Cu ions and 65CuO nanoparticles with or
without 50 ng/mL Elesclomol for 3 h. Data represented as mean ± standard deviation (n = 3).
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have been shown in Figures 7D and Figure S7. In Figure 7D,
the 8th h image marked with black arrow shows that the cells
are undergoing apoptosis in case of co-delivery of Elesclomol
(50 ng/mL) and CuO nanoparticles (200 ng/mL) due to
enhanced ROS production, as demonstrated in initial time
points.
3.6. Mitochondrial Membrane Depolarization. Loss in

mitochondrial membrane potential is a key indicator for
apoptosis and can be utilized to discriminate between healthy
and apoptotic cells. We estimated the fold change in the red-
to-green fluorescence ratio with respect to control untreated
cells. The red:green fluorescence ratio of JC-1 dye decreases
with elevation in mitochondrial depolarization. As evident,
from Figure 8A that Elesclomol and 100 ng/mL CuO
nanoparticles show negligible changes in the red-to-green
fluorescence ratio as compared to control, suggesting that it
did not remarkably alter mitochondrial function. However, the
increasing concentration of CuO nanoparticles (200 ng/mL)
displayed a gradient decrease in red-to-green fluorescence ratio
after 6 h treatment and was less than ∼0.7 fold, suggesting
mitochondrial depolarization. Interestingly, Elesclomol co-
delivered with CuO nanoparticles (100 ng/mL) caused
∼0.65-fold change in the red-to-green fluorescence ratio after
3 and 6 h treatments. Furthermore, 6 h treatment of
Elesclomol co-delivered with 200 ng/mL CuO nanoparticles
showed more pronounce effect causing ∼0.5-fold decrease in
red-to-green fluorescence. Overall, the results suggested that 6
h exposure of Elesclomol co-delivered with CuO nanoparticles
enhances the depolarization of mitochondrial membrane
potential. The mitochondrial membrane depolarization
initiates a cascade of events leading to the cellular apoptosis.
3.7. Elesclomol Facilitating High Intracellular Cu

Trafficking. To establish that CuO nanoparticles acts as a
reservoir for the slow and sustained release of copper ions to
be ferried into the cell to be true, we quantified the intracellular
total copper for A549 cells after exposure to stable isotope-
enriched 65CuO nanoparticles and Elesclomol treatment. The

stable isotope-labeled nanoparticles tracing takes place against
the natural background and majorly reliant on measuring the
isotopic changes in the biological cells that result from the
exposure of nanoparticles synthesized using enriched isotopic
constituent. 100% 65Cu-enriched 65CuO nanoparticles were
synthesized, with similar physicochemical properties to non-
isotopically labeled CuO nanoparticles. The background
concentration of 65Cu was measured to be 19.37 ± 3.2 ng/
mL in A549 cells. The A549 cells were exposed with 1000 ng/
mL 65Cu ions and 1000 ng/mL 65CuO nanoparticles with and
without 50 ng/mL Elesclomol. After 3 h of incubation without
Elesclomol (Figure 8B), the total cellular concentration of
65Cu was found to be 120.5 ± 4.8 ng/mL when the ionic tracer
was used (i.e., 65Cu ions), whereas for 65CuO nanoparticles, the
accumulation of 65Cu inside the cells was measured as 184.05
± 7.6 ng/mL. The reason of increase in the cellular
concentration of 65Cu ions from 65CuO nanoparticles exposure
can be because of internalization and accumulation of 65CuO
nanoparticles itself into the cells. In the presence of 50 ng/mL
Elesclomol, the concentration of 65Cu increased in the cells
increased significantly for both 65Cu ions and 65CuO
nanoparticles. The measured concentration of 65Cu was 544
± 10.4 and 847 ± 11 ng/mL for 65Cu ionic exposure and
65CuO nanoparticulate exposure. According to the dissolution
profile of CuO in DMEM (10% FBS) media, 71.4 ± 2 wt % of
CuO gets dissolved within 3 h of its exposure to media. It
signifies that more extracellular copper ions were available to
Elesclomol molecules from dissolution of 65CuO nanoparticles
to transport inside the cells as compared to the standalone
exposure of 65Cu ions. On investigating the amount of 65Cu
ions remaining in the media, it was found that 390 ± 4 ng/mL
from only 65Cu ion samples and 133.4 ± 6 ng/mL from 65CuO
samples were still present in the samples either in the form of
65Cu complexes or undissolved 65CuO nanoparticles.

3.8. Cancer Cells Undergoing Apoptosis on Exposure
to CuO and Elesclomol. An important hallmark for

Figure 9. Time-dependent apoptosis/necrosis in A549 cells exposed to Elesclomol, CuO nanoparticles, and CuO nanoparticles co-delivered with
Elesclomol. Dot plot analysis of apoptotic cells by the annexin-V/PI staining after 6 h and 10 h treatment. Data represented as mean ± standard
error calculated from two individual experiments (n = 2).
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apoptosis is externalization of phosphatidylserine to the outer
leaflet of the cell membrane, which can be experimentally
quantified by the annexin V binding. Annexin V/PI double
positive cells signify the apoptotic cell population. Likewise, 6
h exposure of Elesclomol (50 ng/mL) co-delivered with CuO
nanoparticles (500 ng/mL) demonstrated the increase in the
apoptotic cell population by ∼11.45% with most of the cells in
late apoptotic stage (Annexin-V/PI double positive, Figure 9).
However, 10 h treatment showed a drastic increase in
apoptotic cell population by ∼22.80% for Elesclomol (50
ng/mL) co-delivered with CuO nanoparticles (200 ng/mL)
and by ∼69.90% Elesclomol (50 ng/mL) co-delivered with
CuO nanoparticles (500 ng/mL). The data are in agreement
with the live cell imaging (Figure 7D) and cytotoxicity assays
(Figure 5) that show there was an enhanced ROS production
until 3−4 h of the CuO and Elesclomol exposure, and later, the
cells are undergoing apoptosis after 6−8 h.
3.9. Proposed Mechanism for Enhanced Oxidative

Stress Generation. The Elesclomol drug is known to
preferentially bind with copper ions and acts as a shuttle to
transport Cu ions inside the cells and more specifically to
mitochondria.5 The proposed mechanism of enhanced ROS
generation is shown in Figure 1. Briefly, once inside the cell,
the major cause of cellular toxicity of Cu (II) ions is due to the
generation of ROS. The shuttling of Cu (II) ions by
Elesclomol is a spontaneous process wherein once the Cu
(II) ions are delivered inside the mitochondria by the drug
molecule; due to a reducing environment in mitochondria, the
Cu (II) in the Cu (II)−Elesclomol complex gains one electron
and reduces to Cu (I). Once the reduction happens, the Cu (I)
gets out of the complex and creates an alteration in the
electron transport chain and generates ROS by the Fenton-like
reaction. The free Elesclomol gets effluxes out of the cells to
complex with other free Cu (II) ions present outside the cell
and repeat the entire shuttling process.5 The presence of Cu
(I) ions becomes the source of generation of hydroxyl radicals
(OH·) due to the Fenton reaction.26 As shown in Figure 1,
cuprous ions react with mitochondrial hydrogen peroxide and
build up high concentration of hydroxyl radicals inside the
cells. The excess buildup of ROS (OH·) inside the cells can
induce damages to lipids, proteins, nucleic acids, and
organelles and further lead to apoptosis through the activation
of caspase pathways.27

Therefore, the observations from Figure 5B suggest that it is
important that free Cu (II) ions must be available at
extracellular milieu so that the drug can make an active
complex with Cu (II) ions. However, in a complex cell culture
media such as DMEM, there are various other Cu complex-
forming agents such as ascorbate, glutamic acid, folic acid, and
so on that can quickly form complex with Cu (II) and reduce
the number of free available Cu (II) ions to form complex with
Elesclomol causing lower amount of Cu (II) ions to be
transported inside the cells and generate oxidative stress. The
MD- and DFT-based studies suggested that even in the
presence of Cu-complex forming agents like amino acids,
dissolved Cu (II) ions generated from dissolution of CuO
nanoparticles preferentially bind to Elesclomol. This will help
in increased Elesclomol-mediated transportation of Cu (II)
through redox chemistry and induce lethal oxidative stress.
This enhanced toxicity toward A549 cells could be explained
by the dissolution profile of CuO nanoparticles (Figure 3A).
85.2 ± 3.6 wt % of CuO nanoparticles dissolves after 24 h. It
also demonstrated that significant amount of dissolved Cu (II)

ions are already available for Elesclomol to be transported
inside the mitochondria and generate enhanced oxidative
stress. The CuO nanoparticles act as a reservoir from which a
gradual release of copper ions happens, thus allowing
Elesclomol to bind and shuttle Cu (II) inside the cell. In
comparison, Cu (II) ions easily form complexes as soon as it is
exposed to cell culture media, which reduces the Cu (II)−
Elesclomol complexation and its intracellular trafficking. Due
to the shuttling mechanism of the Elesclomol, the free Cu (II)
ions availability becomes the limiting factor because the
majority of Cu (II) ions form complexes with various complex-
forming agents. However, in case of CuO nanoparticles, the
slow and sustained release of Cu ions allows a time lag for free
Elesclomol molecules to complex with available free Cu (II)
and transports it inside the mitochondria. The dissolution of
CuO nanoparticles, therefore, provides a constant supply of Cu
(II) ions for a longer duration to Elesclomol and hence makes
it a better candidate for inducing prolonged oxidative stress.
According to Du et al. (2020),25 there is a positive correlation
between the ROS production with that of dissociation constant
(pKa) of an organic compound. The reported theoretically
calculated pKa value of 11.41 for the Elesclomol−Cu(II)
complex is considered to be higher in the reducing
environment like mitochondria. We expect a significant
difference in the antitumor activity in vivo because of various
other underlying reasons [e.g., enhanced permeation and
retention (EPR) effect and rapid angiogenesis].16 The
parameters like the EPR effect and rapid angiogenesis are
not present in normal cells. However, the tumor cells have
elevated ROS levels as compared to normal cells, the enhanced
oxidative stress increases the ROS level and exhausts the
antioxidant capacity of the tumor, resulting in apoptotic
pathways. The cancer cells operate with higher ROS level with
reduced anti-oxidant capacity than normal cells. These unique
features make cancer cells more vulnerable to Elesclomol−Cu
(II) complexes that enhance the oxidative stress.

4. CONCLUSIONS
In our study, CuO nanoparticles were found to act as a
reservoir of copper ions, facilitating slow and controlled
dissolution in the cell culture media offering a sustained and
steady supply of copper ions for Elesclomol to bind.
Cytotoxicity and ROS experiments demonstrated that the
percentage of cell death and ROS generation were very high
during the initial time and was sustained after that. The
generated dissolved species allowed the Elesclomol molecules
to shuttle these dissolved Cu ions inside the mitochondria to
produce ROS-mediated cell death. The activity of the Cu−
Elesclomol complex was rapid, with approximately 80% of the
cell death occurring within 12 h. The dissolved ions from CuO
nanoparticles readily formed a complex with the Elesclomol
drug and were transported to mitochondria to generate
intracellular ROS. The theoretical values provide support to
the correct assignment of a 360 nm plateau region observed in
the experimental spectra, due to the formation of the Cu
(II)−Elesclomol complex. 50 ng/mL Elesclomol when co-
delivered with 50−100 ng/mL of CuO nanoparticles was
enough to reduce the cell viability by >50%. As demonstrated
through ROS quantification and live cell imaging, the ROS
production in A549 cells are at its peak at 3−4 h after the
exposure of 50 ng/mL Elesclomol and 100 ng/mL CuO
nanoparticles. Through live cell imaging and ROS quantifica-
tion, it was observed that the cells were generating high ROS
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up to 3−4 h, loss of membrane integrity at 4−6 h, and
undergoing apoptosis after 6 h. The stable isotope labeling
approach helped demonstrating a high amount of Cu ions
being trafficked inside the cells. It also demonstrated that only
extracellular Cu ions being trafficked inside the cells through
the shuttling mechanism of Elesclomol drug. The co-delivery
approach minimized the Elesclomol dosage requirement (50
ng/mL) compared to some of the other anticancer drugs
commonly used as anticancer agents. The nanoparticle enabled
co-delivery route showed a promising approach toward the
toxicity of cancer cells through CuO nanoparticle dissolution-
mediated oxidative stress-based anticancer therapy.
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