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ABSTRACT

Triple-negative breast cancer (TNBC) is a heterogeneous and one of the most common cancers characterized by diverse histological
subtypes, molecular profiles, and clinical outcomes, especially in women. In this investigation, the development of copper(Cu)-
tris((1H-benzo[d]imidazol-2-yl)methyl)amine (NTB) or [Cu(NTB)(OH,)](ClO,), complex was initiated and further characterized
by UV-visible spectroscopy, IR, and "H NMR spectroscopy to understand the physicochemical properties of the Cu-NTB complex.
The Cu-NTB complex was further explored to determine the anti-cancer effectiveness against MDA-MB-231 TNBC cells and
showed an ICs, value of 5.60 ug/mL when compared with cisplatin (i.e., 6.95 ug/mL). In addition, the investigation further explored
4 and 8 pg/mL concentrations of Cu-NTB complex treatment in cancer cells to understand the DNA damage and apoptosis via
TUNEL assay, Hoechst and PI staining, LysoTracker, and MitoTracker assays. Moreover, the maximum concentration of the Cu-
NTB complex, i.e., 8 ug/mL treatment disrupted cellular organelle, which was further confirmed through transmission electron
microscopy (TEM). Altogether, this investigation further establishes the potential apoptosis effect of the Cu-NTB complex in
MDA-MB-231 TNBC cells; further studies are required to establish the efficacy in preclinical and clinical models.

Abbreviations: BC, breast cancer; Cu, copper; FACS, fluorescence-activated cell sorting; NPs, nanoparticles; NTB, tris((1H-benzo[d |imidazol-2-yl)methyl)amine; ROS, reactive oxygen species; TEM,
transmission electron microscopy; TNBC, triple-negative breast cancer; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2025 The Author(s). Nano Select published by Wiley-VCH GmbH.
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1 | Introduction

Breast cancer (BC) is a devastating disease that poses a significant
threat to women’s health globally [1]. BC remains one of the
most critically diagnosed cancers and the major cause of cancer-
related deaths among women across the globe [2]. In 2022, there
were an estimated 2.3 million new cases of BC, and 670 000
associated deaths reported [3]. As per the latest report, 15%-
20% of all BC cases are triple-negative breast cancer (TNBC),
which is characterized by the absence of hormonal receptors
(i.e., estrogen and progesterone) along with a lack of expression
of human epidermal growth factor receptor 2 (HER2) [4, 5].
Particularly, TNBC emerges as an aggressive and challenging sub-
type, as the recurrence is higher in this subtype. In addition, the
occurrence of metastasis and poor prognosis compared to other
BC subtypes make it challenging for clinicians [4, 6]. Despite
advancements in early detection or diagonosis and conventional
therapies, i.e., surgery, chemotherapy, and radiation therapy, the
prognosis of several patients remains poor due to the aggressive
nature of TNBC and the severe side effects associated with the
conventional interventions [4]. The conventional therapies often
lack specificity, leading to significant toxicity to normal cells
[7]. Additionally, these are also associated with high mortality
rates and increased resistance development, thereby rendering
these treatments ineffective over time [8]. This underscores the
urgent need to develop novel therapeutic approaches, especially
for patients with TNBC, that offer specific, efficient, and targeted
treatment options with minimal adverse events.

In recent years, metal-based compounds exhibited or evolved
as a new promising approach in cancer management. The
metal-based compounds possess distinguished pathological
mechanisms and the potential to overcome drug resistance in
cancer treatment [9, 10]. Among these, complexes involving
benzimidazole derivatives and metal ions have gained
attention for their potential pharmacological properties [11].
Benzimidazole, a heterocyclic aromatic organic compound, is
structurally similar to purines, which are integral components
of DNA [12]. This structural similarity allows benzimidazole
derivatives to interact effectively with biological molecules,
enhancing their therapeutic potential. The complexes of
benzimidazole with various metals, including copper (Cu), have
been explored for their anti-cancer properties, offering new
therapeutic avenues in cancer research [11, 13].

Cu has been studied extensively for various pharmaceutical
applications and anti-cancer mechanisms. Cu plays a vital role
in numerous biological processes, including angiogenesis, free
radical generation, and the modulation of immune responses.
The existing literature demonstrated that the Cu-based complexes
exhibited anti-cancer properties via DNA-directed mechanisms
[14,15]. The extent and intensity of interaction with ligands exhib-
ited the anti-cancer properties of these agents. According to sev-
eral empirical investigations, Cu is toxic because it can go through
redox cycles, consequently scavenging ions from enzyme binding
sites and resulting in DNA damage. A compound’s affinity,
specificity, and stability for DNA are increased when it is modified
using a ligand scaffold [14, 15]. These substances have the ability
to bind to DNA by noncovalent processes, including electrostatic
binding, intercalation, and binding to major or minor grooves of

DNA. In addition, several studies have implicated the dysregu-
lation of Cu homeostasis in TNBC tumorigenesis and metastasis
[14-16]. Cancer cells often exhibit elevated levels of Cu, which can
promote cell proliferation, metastasis, and therapeutic resistance,
indicating the significance of exploring Cu-targeted therapies as
a potential strategy for treating TNBC and other cancers [14,
15]. The Cu-based complexes further demonstrated remarkable
abilities in inducing apoptosis, inhibiting angiogenesis, and gen-
erating reactive oxygen species (ROS), thus disrupting the cellular
processes essential for cancer cell survival and proliferation. How-
ever, in cancer therapy, the clinical utility of Cu in its free ionic
form is limited due to its potential systemic toxicity and lack of
specificity toward cancer cells [14, 16]. To mitigate these issues, Cu
is often complexed with organic ligands, such as benzimidazole,
which can enhance its specificity and reduce its toxicity.

Despite the potential of Cu-benzimidazole complexes, their effi-
cacy varies significantly across several cancer cell lines [17]. The
recent investigations have shown that these complexes exhibited
strong anti-proliferative activity against certain cancer types.
The Cu-benzimidazole complexes also demonstrated significant
efficacy (at ICs, concentrations between 8 and 20 uM) against
prostate and hepatic cancer cells [18]. However, these com-
plexes shown moderate cytotoxic and anti-proliferative effects
on human BC cells, particularly the highly aggressive TNBC
subtype (i.e., MDA-MB-231 cells), as compared to the standard
chemotherapeutic agent, i.e., cisplatin [19]. Despite the potential
of Cu-benzimidazole complexes, these complexes may require
further optimization to enhance their efficacy against BC.

Therefore, this investigation hypothesized that the novel Cu
complex with a specific ligand, i.e., tris((1H-benzo[d]imidazol-2-
yl)methyl)amine (NTB), may offer improved anti-cancer activity
against TNBC cells. Although the Cu-NTB complex has been
previously reported in the literature, including preliminary
anti-cancer properties, there remains a significant gap in the
detailed understanding of its mechanistic actions, especially
against aggressive BC subtypes (i.e., TNBC). In this study, we
extend beyond basic cytotoxicity assessments to systematically
investigate the apoptotic mechanisms induced by Cu-NTB in
MDA-MB-231 cells. Unlike previous investigations, our approach
integrates advanced cellular and subcellular analyses, including
TUNEL assay, Hoechst/PI staining, lysosomal and mitochondrial
membrane integrity studies, and ultrastructural assessment
via transmission electron microscopy (TEM), which together
provide a comprehensive understanding of the intracellular
behavior and organelle-specific toxicity of the Cu-NTB complex
in TNBC cells. Furthermore, the comparative evaluation with
standard treatment (i.e., cisplatin) underscores the enhanced
potency and multi-targeted activity of Cu-NTB. These insights
offer valuable contributions towards repositioning this well-
characterized compound within a new therapeutic context and
lay the groundwork for in vivo validation in TNBC management.

2 | Methods
2.1 | Reagents and Chemicals

The reagents o-phenylenediamine, nitrilotriacetic acid,
methanol, and copper(Il) perchlorate hexahydrate were
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FIGURE 1 | Summary of the ICs, concentration determination of (A) Cisplatin (ICs, concentration 6.95 pg/mL), and (B) Cu-NTB (ICs,
concentration 5.60 pg/mL) using MTT assay in MDA-MB-231 cells. (C) Depiction of the morphological characteristic showed in MDA-MB-231 BC cells
against Cu-NTB complex induced cell-death in a dose dependent manner between 2 and 10 ug/mL concentrations.

purchased from Sigma-Aldrich, USA. All other chemicals,
solvents, and commercial kits used in this study were obtained
from standard commercial suppliers and used as received,
without further purification. Information regarding the specific
kits, including catalog numbers and manufacturers, is provided
wherever applicable in the respective experimental sub-sections.

2.2 | Synthesis of Cu-NTB Complex

The ligand NTB was synthesized and reported in previous litera-
ture [20, 21]. In brief, o-phenylenediamine (13.5 gm, 125 mmol)
and nitrilotriacetic acid (7.65 gm, 40 mmol) were thoroughly
mixed, grounded into a fine powder, and heated at 190-200°C
for 1 h, using an oil bath. After cooling, the reaction mixture was
powdered again, treated with decolorizing charcoal in methanol,
and further subjected to hot filtration. Methanol served as the
extraction and purification solvent, aiding in the removal of

colored and soluble impurities in the synthesis. Upon cooling and
solvent evaporation, pink crystals formed, which were collected
by filtration and washed with cold methanol to obtain pure
NTB compound. The use of methanol at this stage facilitated
efficient purification and crystallization of the target complex.
The development of the Cu-NTB complex was carried out fol-
lowing a previous study with slight modifications [20, 21]. In
addition, Cu (II) perchlorate hexahydrate (0.237 gm, 1 mmol)
was dissolved in 10 mL of methanol, and separately, the NTB
ligand (0.407 gm, 1 mmol) was dissolved in 20 mL of methanol.
The Cu (II) perchlorate hexahydrate solution was then added
dropwise to the NTB ligand solution with constant stirring. The
resulting mixture was stirred for 1 h, and left to evaporate slowly at
room temperature overnight. After adding diethyl ether, the pale
green precipitate was collected and dried thoroughly in a vacuum
desiccator to remove residual solvent, yielding the final Cu-NTB
complex with 76% yield. The product was subsequently subjected
to physicochemical, and biological assessments.
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FIGURE 2 | (A)Summary of the FACS analysis in BC cells (MDA-MB-231) treated with 4 and 8 ug/mL of Cu-NTB complex compared to the control
(0 ug/mL). Dead cells were stained with PI staining (Red), both live and dead cells were visualized using fluorescence microscopy. (B) Determination of

% of cell population at various concentrations of Cu-NTB complex in comparison with control cells. Data are the mean + SE of three replicates, analyzed

using Student’s t test. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

2.3 | InVitro Anti-Cancer Potential of Cu-NTB
Complex in MDA-MB-231 Cells

2.3.1 | Cell Culture Condition

The MDA-MB-231 human BC cell line procured from the Korean
Cell Line Bank (Seoul, Republic of Korea) was utilized for
this study. The cells were maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic solution. Cultures were incubated at 37°C
in a humidified environment with a 5% CO, supply. Cells were
routinely passaged to ensure optimal growth, and only healthy,
confluent cells were selected for subsequent experimental proce-
dures.

2.3.2 | Determination of Cell Viability

MDA-MB-231 cells (5 x 10° cells/well) were seeded into 96-
well plates and allowed to grow for over 24 h, until reaching
approximately 80% confluency before treatment. A range of
concentrations of Cu-NTB (0 to 25 pg/mL) was prepared to
assess the minimum inhibitory concentration against the TNBC

cells. Similarly, varying concentrations of the positive control,
i.e., cisplatin (0 to 25 pg/mL), were prepared to compare its
efficacy with Cu-NTB for further molecular analysis. After 24 h
of treatment, both treated and untreated cells were washed twice
with 1x PBS (pH 7.4) and then incubated with 100 pL of 0.05%
MTT solution for 4 h. Subsequently, the MTT solution was
removed, and 200 pL of dimethyl sulfoxide (DMSO) was added
to each well. The plates were placed on a rotary shaker to dissolve
the purple formazan crystals formed. Untreated cells served as the
negative control, while cisplatin was used as the positive control.
All experiments were performed in triplicate. The absorbance of
the samples was measured at 560 and 670 nm using a VersaMax
microplate reader (Molecular Devices, USA).

2.3.3 | Morphological Characteristics of MDA-MB-231
Cells

MDA-MB-231 cells (3 x 10* cells/well) were seeded into 6-well
plates for treatment with Cu-NTB and the positive control, i.e.,
cisplatin, to examine the morphological differences between
treated and untreated cells. The control wells received no treat-
ment and displayed normal growth morphology, serving as a
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FIGURE 3 | Summary of the early apoptosis of MDA-MB-231 BC cells via DNA fragmentation or damage using Cu-NTB treatment (at 4 and 8 ug/mL
concentrations) in merge channel.

reference for comparison with the treated wells. The morpho-
logical changes induced by Cu-NTB and cisplatin were analyzed
using an inverted light microscope (Leica DMIL LED), allowing
for a detailed evaluation of the effects on cellular structure and
morphology.

2.3.4 | Fluorescence-Activated Cell Sorting (FACS) via
Flow Cytometry

The flow cytometry-mediated FACS analysis was performed
using Annexin V/PI staining to evaluate apoptosis-mediated cell
death using established protocols. MDA-MB-231 cells (5 x 10*
cells/well) were seeded into 6-well plates and incubated until
they reached approximately 80% confluency. The cells were then
treated with Cu-NTB at two different concentrations (i.e., 4, and
8 ug/mL) for 24 h. Untreated cells were used as controls. After the
incubation period, both treated and untreated cells were washed
twice with 1x PBS to remove dead cells and debris. The viable cells
were carefully detached from the 6-well plates to avoid damage,
followed by centrifugation at 1000 rpm for 3 mins. The resulting
cell pellets were resuspended in 500 pL of 1x PBS. Samples were

prepared with or without Annexin V/PI staining according to
the standard protocol and subjected to FACS analysis to quantify
apoptotic and viable cell populations.

2.3.5 | Detection of DNA Damage

Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay was conducted to further confirm Cu-NTB-
induced cell death. For this assay, MDA-MB-231 cells (2 x 10*
cells/well) were treated with the same two concentrations of Cu-
NTB (4 and 8 pg/mL) for 24 h, and staining was performed accord-
ing to established methods. All experimental groups, including
treated and untreated controls, were carried out in triplicate. To
assess apoptosis-mediated cell death, various fluorescent staining
techniques were employed, including Hoechst and propidium
iodide (PI) staining, following previously established protocol.
Briefly, MDA-MB-231 cells (2 x 10* cells/well) were seeded into 6-
well plates and incubated for over 12 h to ensure proper adhesion
and growth. Based on the ICy, value, two concentrations of Cu-
NTB (4 and 8 ug/mL) were prepared for treatment, with untreated
cells serving as a negative control. After 24 h of incubation, the
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FIGURE 4 | Summary of the Hoechst and PI staining assay results of Cu-NTB complex in BC cells. MDA-MB-231 cells were treated with different
concentrations (at 4, 8, and 12 ug/mL) of Cu-NTB complex. Cells that are dead were stained using Hoechst (Blue) and PI (Red) dye to emit fluorescence.

wells were washed twice with 1x PBS to remove dead cells and
debris. The cells were then fixed with 4% paraformaldehyde, and
Hoechst and PI staining were performed individually as described
in the literature [22].

2.3.6 | Lyso/Mito-Tracker Assay

MitoTracker and LysoTracker staining assays were performed
to visualize and confirm whether Cu-NTB-induced cytotoxicity
involved mitochondrial dysfunction and lysosomal destabiliza-
tion. The changes in organelle morphology and fluorescence
intensity provide insights into apoptosis-related events such as
mitochondrial membrane potential loss and lysosomal mem-
brane permeabilization [23]. MDA-MB-231 cells (2 x 10° cells/
well) were seeded into 6-well plates and allowed to incubate for
24 h prior to treatment. After incubation, the cells were treated
with Cu-NTB at different concentrations (4 and 8 ug/mL), while
cisplatin (6.95 ug/mL) was used as a positive control to evaluate
and compare the efficacy of Cu-NTB. Untreated cells served as
a negative control. Following treatment, the culture plates were
washed twice with 1x PBS to remove any dead or damaged cells.
The cells were then stained using commercially available kits:
MitoTracker Red (Cell Signaling Technology, #9082) and Lyso-
Tracker Green (Cell Signaling Technology, #8783). Stained cells
were visualized using a phase-contrast microscope to assess the
effects of Cu-NTB and cisplatin on mitochondrial and lysosomal
activity.

2.3.7 | TEM Analysis

MDA-MB-231 cells (2 x 10* cells/well) were seeded into 6-well
plates and incubated overnight to ensure proper attachment and

growth. The cells were then treated with or without Cu-NTB (at
8 ug/mL) to investigate its localization within cellular organelles
and to assess organelle-specific damage. The TEM was performed
following a previously established protocol to visualize the effects
of Cu-NTB at the ultrastructural level. After treatment, cells
were rinsed twice with 1x PBS to remove debris, detached from
the culture surface, and centrifuged at 1000 rpm for 3 mins
to collect cell pellets. The pellets were then suspended in 10%
glycerin and stored for subsequent TEM sample preparation.
The samples for TEM analysis were prepared according to
the method described in earlier studies. This allowed detailed
visualization of the cellular architecture and damage caused by
Cu-NTB.

2.4 | Statistical Analysis

All experiments were conducted in triplicate to ensure reliability
and reproducibility of the results. The IC;, values were calculated
using GraphPad Prism software (version 8). Statistical analyses
were performed using SAS 9.13 software (SAS Institute, Cary, NC),
enabling robust evaluation of the experimental data.

3 | Results and Discussion

3.1 | Synthesis and Characterization of Cu-NTB
Complex

The Cu-NTB or [Cu (NTB)(OH,),](ClO,), complex was synthe-
sized in line of our previous investigations [20, 21] and further
summarized the chemical reaction of the Cu-NTB synthesis in
Figure S1A. The UV spectrum of Cu-NTB complex dispersed in
distilled water exhibited a strong absorption between 330 and
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FIGURE 5 | Summary of the detection of apoptotic cells using phase contrast microscopy. MDA-MB-231 cells were treated with 4 and 8 ug/mL of

Cu-NTB complex using PI staining to visualize the accumulation of Cu-NTB complex.

350 nm, and another very weak, broad d-d transition between 600
and 950 nm, denoting the formation of Cu (II) complex with NTB
(as shown in Figure S1B). The FT-IR spectrum of the Cu-NTB
complex confirms the coordination behavior of the NTB ligand
with the Cu center. A broad absorption in this region of 3000-
3500 cm™! can be attributed to -N-H stretching of secondary
amine groups and potentially coordinated water molecules. This
suggests the presence of hydrogen bonding or coordinated water
within the coordination sphere of the metal. The peaks in the
1400-1600 cm™! region correspond to aromatic C = C and C =N
stretching vibrations of the benzimidazole moieties. The presence
and shift of the C = N band compared to the free NTB ligand
indicates the successful coordination of the nitrogen donor atoms
to the Cu?* center [20, 21]. Additionally, a strong band around
1100 cm™ confirms the presence of perchlorate (ClO,*) as a
counterion (as shown in Figure S1C). The '"H NMR spectrum of
Cu-NTB shows a shift of all the ligand peaks while complexation
with Cu atom due to its paramagnetic nature (as shown in Figure
S1D). All the changes clearly confirm the complexation of NTB

with Cu (II) center, further confirming the formation of the
Cu-NTB complex.

3.2 | Cell Viability and Morphological
Characteristics

Cu-NTB was investigated for its anti-cancer potential against
MDA-MB-231 TNBC cells and compared with a standard anti-
cancer drug, i.e., cisplatin. The ICs, value of cisplatin was
6.95 pg/mL, which was higher when compared to the ICy, value
of the Cu-NTB complex, i.e., 5.60 pg/mL against TNBC cells,
as shown in Figure 1A,B, respectively. The Cu-NTB complex
demonstrated superior cytotoxic efficacy compared to cisplatin,
as evidenced by its lower IC,, value. There are various studies that
indicate the anti-cancer activity of Cu nanoparticles (NPs) against
different cancer cell lines. In a recent study, Abdollahzadeh H.
et al. reported Cu-based complex with ICy, values ranging from
24.59 to 330.8 pg/mL for HEK-293, 27.41 to 128.8 pg/mL for HCT-
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FIGURE 6 | LysoTracker shows apoptosis regions in the treated cells with Cu-NTB complex. Apoptosis induced by 4 and 8 ug/mL of Cu-NTB

complex and 6.95 pg/mL of cisplatin (positive control) presented by green color compared to the control (0 pg/mL). Double-stranded DNA is also
counterstained by DAPI (in blue color). LysoTracker and DAPI signals were colocalized in merged images. Scale bar = 40 pym.

116, and 28.49 to 221.7 pg/mL for MCF-7 cells [24]. In contrast,
the Cu-NTB complex in our study exhibited a significantly lower
ICs, of 5.60 pg/mL on MDA-MB-231 cells, demonstrating much
higher cytotoxic efficacy. In a recent investigation, Foo et al.
examined the anti-cancer efficacy of the Cu-based complex,

e., Cu(SBCM), against MCF-7 and non-cancerous MCF-10A
breast epithelial cells, reporting ICs, values, that is, 32 and
60 uM, respectively, after 48 h, exhibiting selective cytotoxicity
toward cancerous cells. The Annexin V-FITC/PI staining further
revealed that Cu(SBCM), treatment induced both early and late
stages of apoptosis in MCF-7 cells, supporting its potential as a
promising pro-apoptotic and selective therapeutic agent in BC
management [25]. In another investigation, it was demonstrated
that the 8-aminoquinoline-naphthyl copper (Cu8AgN) complex
effectively inhibited MCF-7 and MDA-MB-231 BC cells, with ICy,
concentrations of 2.54 + 0.99 and 3.31 + 0.12 uM, respectively.
This study further confirmed that the complex induced early
and late apoptosis in Annexin V/PI staining assay [26]. In a
similar context, the Cu(II)-tropolone (trp) [Cu(trp), ] complex also
exhibited half of the cell death at 5.2 + 1.8 uM in MCF-7 cells
and 4.0 + 0.2 uM in MDA-MB-231 cells. The study also reported
the MDA-MB-231 cells underwent early and late apoptotic and
necrotic population, while MCF-7 cells underwent elevated
apoptosis compared to TNBC cells at ICs, concentration [27].

The mononuclear Cu(II)-dipyrido[3,2-a:2’,3’-c]phenazine (dppz)
complex also exhibited potent cytotoxicity against BC cells. The
complex further demonstrated time-dependent activity, with ICs,
values of 0.65 + 0.01 uM (24 h) and 0.59 + 0.01 uM (48 h) in MCF-7
cells and 1.4 + 0.05 uM (24 h) and 0.96 + 0.02 uM (48 h) in MDA-
MB-231 cells. The literature further concluded the early apoptosis
of BC cells via chromatin condensation, binucleation, cytoplas-
mic vacuolation, and membrane blebbing, along with dot-like
chromatin indicative of late apoptosis. A considerable proportion
of cells also displayed signs of necrotic death, suggesting a mixed
mode of cell death induction [28]. In comparison, the Cu-NTB
complex in our study exhibited a superior ICs, of 5.60 pg/mL
against MDA-MB-231 cells, underscoring its enhanced cytotoxic
efficacy and potential as a therapeutic agent in comparison
with existing literature and standard treatment, i.e., cisplatin
(6.95 ug/mL) in TNBC cells.

These results further highlighted the therapeutic potential of
Cu-based complexes, particularly Cu-NTB, in targeting BC cells.
The cytotoxicity analysis of Cu-NTB exhibited anti-proliferative
activity in a dose-dependent manner, as shown in Figure 1C.
These microscopic images revealed noticeable morphological
alterations in BC cells following treatment with different concen-
trations of the Cu-NTB complex. The untreated (at 0 ug/mL) or
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FIGURE 7 | MitoTracker shows apoptosis regions in the treated cells with Cu-NTB complex. Apoptosis induced by 4 and 8 ug/mL Cu-NTB complex
as well as 6.95 ug/mL cisplatin (positive control) presented by red color compared to the control (0 ug/mL). Double-stranded DNA is also counterstained

by DAPI (in blue color). MitoTracker and DAPI signals were colocalized in merge images. Scale bar = 40 pm.

control cells exhibited typical epithelial morphology with intact
cell-cell junctions, indicative of healthy, adherent cells. However,
as the concentration of Cu-NTB increased (2-10 ug/mL), cells
underwent significant structural changes, including shrinkage,
detachment from the surface, and the appearance of mem-
brane blebbing. These changes are hallmarks of apoptotic and
necrotic processes, aligning with the observed reduction in cell
viability. These findings further validate the cytotoxic effects
of Cu-NTB, as demonstrated in the dose-dependent viability
assays.

3.3 | FACS Analysis of Synthesized Cu-NTB
Complex

The FACS study demonstrated cancer cell growth was inhib-
ited in a concentration-dependent manner, specifically, Cu-NTB
complex can inhibit more cancer cells at 8 pg/mL compared to
other concentrations. In the control group (0 ug/mL), the majority
of cells remain in the live cell quadrant (Q4-LL), indicating
intact cell membranes and minimal apoptotic or necrotic activity.
However, the treatment with 4 ug/mL of Cu-NTB results in a
significant shift, with a marked increase in early apoptotic cells

(Q4-LR, 24.4%) and late apoptotic cells (Q4-UR, 62.1%). This
highlights the complex’s ability to effectively induce apoptosis
at moderate concentrations. At 8 pug/mL, a further increase in
late apoptotic cells (65.3%) was observed. The shift in cell death
mechanisms at higher doses suggested a progression from early
apoptosis to late apoptosis and secondary necrosis as the concen-
tration of Cu-NTB increases. The quantitative analysis, supported
by bar plots, confirms the significant reduction in live cells and
the corresponding rise in dead cells with increasing Cu-NTB
concentrations. The ability of Cu-NTB to induce both apoptosis
and necrosis underscores its potential as a dual-mechanism
therapeutic agent. This behavior is advantageous, particularly for
targeting tumors that are resistant to therapies relying solely on
apoptosis induction.

By staining cells with DNA-binding dyes, FACS can be used to
analyze the cell cycle distribution of a population, identifying
cells in different phases (GO/G1, S, G2/M) [29]. Propidium
iodide (PI) also is a fluorescent DNA-binding dye that freely
penetrates cell membranes of dead or dying cells but is excluded
from viable cells [30]. In addition, PI staining (Red) detects
early stage of apoptosis, and FITC-A cells represent necrosis at
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higher concentrations [31], as shown in Figure 2A. As shown
in Figure 2A, compared to the control, there was an increased
number of apoptotic cells caused by 4 and 8 ug/mL of Cu-
NTB complex treated to the cells for 24 h. However, the higher
concentration of 8 pg/mL Cu-NTB complex induced a greater
number of cells undergoing apoptosis, as evidenced by more black
color fluorescence, as shown in Figure 2A. Similarly, in the case of
PI, a high number of dead cells were found in the samples treated
with 4 and 8 pg/mL of Cu-NTB complex, respectively. These
results underscore the concentration-dependent cytotoxicity of
the Cu-NTB complex and its potential as a powerful therapeutic
agent for inducing apoptosis and necrosis in MDA-MB-231 BC
cells, as shown in Figure 2B.

3.4 | DNA Damage Detection via TUNEL Assay

Based on the previous analysis, the apoptosis induced by the Cu-
NTB complex was further confirmed via TUNEL assay to under-
stand the apoptosis of MDA-MB-231 BC cells due to DNA damage
[32]. The MDA-MB-231 BC cells were treated with 4 and 8 ug/mL
concentrations of Cu-NTB complex for 24 h, and TUNEL assay
was carried out to detect the DNA damage that normally arises
during early and late stages of apoptosis, as shown in Figure 3.
The double-stranded DNA is also counterstained by DAPI (in blue
color) that intercalates between strands of double-stranded DNA
[32], as depicted in Figure 3. At 4 ug/mL, the TUNEL signal (green
fluorescence) intensifies, indicating an increase in DNA frag-
mentation. Simultaneously, DAPI staining (blue fluorescence)
reveals the presence of condensed and fragmented nuclei, which
are characteristic of apoptosis. The merged images demonstrated
colocalization of the TUNEL and DAPI signals, further confirm-
ing apoptotic activity. This concentration of Cu-NTB effectively
induces DNA damage and initiates the apoptotic pathway. At
8 ug/mL, the TUNEL signal becomes more pronounced, reflecting
a significant increase in DNA fragmentation. The DAPI staining
also shows further nuclear condensation and fragmentation,
indicative of advanced stages of apoptosis. The merged images
display higher colocalization intensity compared to 4 pg/mL,
suggesting that the apoptotic process was more effective at lower
concentration.

In addition, the fluorescence intensity histograms confirm a dose-
dependent increase in TUNEL (green) and DAPI (blue) signals,
with minimal fluorescence in the control group and marked
intensities at 4 and 8 pg/mL, indicating enhanced apoptosis.
These findings highlight the Cu-NTB complex’s potent ability to
induce DNA fragmentation and nuclear damage in cancer cells,
as shown in the TUNEL graph in Figure 3. The observed increase
in DNA fragmentation and nuclear condensation at higher
Cu-NTB concentrations is consistent with the mechanisms com-
monly associated with metal-based complexes. In general, metal-
based complexes can generate ROS, including hydroxyl radicals,
superoxide anions, and hydrogen peroxide, and can directly
attack DNA, leading to the formation of DNA adducts, base mod-
ifications (e.g., 8-Oxoguanine), and single- and double-strand
breaks [33, 34]. Although studied in different cell lines, Cu-based
nanoparticles have also been shown to induce DNA damage via
ROS generation, supporting the broader role of copper-mediated
oxidative stress in cancer therapy [35, 36]. Additionally, Cu-based
compounds can also cause damage to DNA, mitochondria, and

cytoplasm due to imbalance in ROS and anti-oxidant systems [37].
In our study, the apoptotic activity highlighted by the TUNEL and
DAPI signals at 4 and 8 ug/mL can, therefore, be attributed to the
ROS-mediated damage initiated by the Cu-NTB complex. More-
over, the interaction of metal-based complexes with BC cells can
trigger an inflammatory response, leading to the release of pro-
inflammatory cytokines, which further recruit immune cells such
as macrophages and neutrophils [38], which produce additional
ROS and reactive nitrogen species (RNS), exacerbating DNA
damage [38, 39].

3.5 | Detection of Apoptosis via Hoechst/PI
Staining and Phase Contrast Microscopy

The observed results from DAPI staining further supported the
potent apoptotic and necrotic effects of the Cu-NTB complex in
BC cells. The DAPI results highlight nuclear condensation and
fragmentation, indicators of apoptosis. At lower concentrations
(4-8 pg/mL), apoptosis was clearly the dominant mechanism,
with progressively condensed and fragmented nuclei visible.
At the highest concentration tested (12 pg/mL), the degree
of nuclear damage escalates, reflecting advanced apoptosis.
These changes were mirrored by the fluorescence intensity
histograms, which confirm a steady increase in nuclear con-
densation as the concentration of Cu-NTB rises. Similarly, the
PI staining showed the impact of Cu-NTB on cell membrane
integrity. While the control group (0 pg/mL) shows negligible
PI fluorescence, indicating healthy membranes, higher con-
centrations reveal increasing disruption of cell membranes. At
4 pg/mL, PI fluorescence indicates the onset of late apoptosis,
while 8 ug/mL shows substantial membrane loss, signifying
further apoptotic progression. The extensive PI fluorescence at
12 ug/mL highlights a transition to necrosis, likely due to cellular
damage.

In our investigation, compared to the control cells, there was
an increased number of apoptotic cells caused by different
concentrations of Cu-NTB complex (between 4, 8, and 12 ug/mL)
for 24 h. However, the higher concentration of 12 pg/mL Cu-
NTB complex induced a greater number of cells undergoing
apoptosis, as evidenced by more blue color fluorescence, as shown
in Figure 4A. In addition, the higher number of dead cells can
also be detected in PI staining at 12 pg/mL concentration of
Cu-NTB complexes, further supporting the results of Hoechst
staining, as shown in Figure 4B. The combination of Hoechst
and PI staining in a single experiment allows researchers to
simultaneously assess cell viability and nuclear morphology [40].
Hoechst stains all nuclei, but only dead cells take up PI, enabling
clear discrimination between live and dead cells, as shown in
Figure 4. By assessing chromatin condensation with Hoechst
and membrane integrity with PI, the analysis can identify and
quantify apoptotic and necrotic cells [31].

In addition, the phase contrast microscopy technique was further
utilized to understand the living cells without staining, which
can be toxic to cells. It allows real-time observation of dynamic
processes such as cell division, motility, and intracellular trans-
port. As shown in Figure 5, the impact of the Cu-NTB complex
on MDA-MB-231 cells treated at 4 and 8 ug/mL were visualized
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FIGURE 8 | TEM analysis to detect Cu-NTP induced cell death. Apoptosis induced in MDA-MB-231 cells by 8 ug/mL Cu-NTB complex presented

by red arrows compared to the control (0 ug/mL).

through phase contrast microscopy and fluorescence staining.
In the control group (0 pg/mL), the cells exhibited normal
morphology with intact membranes and minimal fluorescence,
confirming the absence of cell death. At 4 pg/mL, distinct mor-
phological changes was observed, such as elongation and signs
of membrane stress, accompanied by moderate fluorescence,
suggesting early stages of cell death. At 8 ug/mL, the effects
became more pronounced, with visible cell shrinkage, conden-
sation, and fragmentation. Intense fluorescence was observed at
this concentration, indicating significant membrane disruption
and advanced cell death. The results highlight a dose-dependent
increase in cellular damage and fluorescence intensity, suggesting
that Cu-NTB induces apoptosis at lower concentrations and
potentially necrotic pathways at higher concentrations.

3.6 | Understanding of Cell Death via
LysoTracker, MitoTracker, and TEM

To critically analyze the cell death induced by the Cu-NTB
complex at the organelle level, the MDA-MB-231 BC cells were
treated with different concentrations of Cu-NTB complex at the
concentration range between 4 and 8 pg/mL for 24 h and were
further stained with LysoTracker and MitoTracker. The MDA-
MB-231 cells treated with cisplatin were used as the positive
control. Lysotracker dyes are weakly basic fluorescent probes
that selectively label acidic organelles due to protonation. These
dyes are fluorescent, allowing for the visualization and tracking
of lysosomes using fluorescence microscopy. This staining is

particularly useful to look for changes in the overall pattern of
apoptosis [41, 42]. The treatment of MDA-MB-231 cells with the
Cu-NTB complex at 4 and 8 pg/mL for 24 h induced LysoTracker
signal compared to the control samples without any treatment
(0 pg/mL), as shown in Figure 6. Double-stranded DNA is
also counterstained by DAPI (in blue color). In merged images,
LysoTracker-positive puncta appeared where DAPI signals were
found, as depicted in Figure 6. In fact, LysoTracker marked the
regions of apoptosis that colocalized with double-stranded DNA.
Similar to the samples treated with the complex, the treated cells
with cisplatin also induced colocalized LysoTracker and DAPI
signals, as depicted in Figure 6. The Cu-NTB complex might
preferentially accumulate in lysosomes due to its physicochem-
ical properties, such as its charge and size, which favor uptake
by acidic organelles [43]. The Cu-NTB complex might induce
lysosomal membrane permeabilization, which is often associated
with increased LysoTracker signal, as it can lead to changes in
lysosomal pH or structure, enhancing dye uptake and retention
[44]. In addition, several studies further indicated that the Cu-
NTB complex might modulate autophagic processes, leading to
an increase in autophagolysosomes, and alter the local chemical
environment, affecting dye fluorescence [45, 46].

MitoTracker dyes are fluorescent probes specifically designed to
stain mitochondria in live cells. They are widely used in cancer
biology to study mitochondrial function, dynamics, and integrity.
MitoTracker dyes can help elucidate the role of mitochondria
in cancer cell metabolism, apoptosis, and drug resistance. Mito-
Tracker dyes are lipophilic cations that selectively accumulate
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in mitochondria due to the organelle’s negative membrane
potential. Upon accumulation in mitochondria, MitoTracker dyes
exhibit fluorescence, allowing for the visualization and analysis
of mitochondrial structure and function. Cancer cells often
exhibit altered mitochondrial morphology, such as fragmenta-
tion or elongation [47, 48]. There were no MitoTracker signal
in the control samples with live cells without any treatment
(0 pg/mL), as shown in Figure 7. However, the MitoTracker
signal was detected in 4 and 8 pg/mL Cu-NTB complex as
well as 6.95 ug/mL of cisplatin, respectively. Double-stranded
DNA is also counterstained by DAPI (in blue color), and the
MitoTracker and DAPI signals were colocalized, as shown in
Figure 7. The Cu-NTB complex may preferentially accumulate in
mitochondria due to its physicochemical properties. The complex
might have a high affinity for the mitochondrial membrane,
influencing mitochondrial potential and increasing MitoTracker
dye uptake [49]. The Cu-based complexes are known to catalyze
the production of ROS. Some MitoTracker dyes, such as Mito-
Tracker Red CM-H2XRos, are sensitive to the redox state of the
mitochondria. In addition, the increased ROS production can
enhance the fluorescence signal of these dyes [50]. Conversely, if
the Cu-NTB complex causes mitochondrial depolarization, it may
initially increase the MitoTracker signal due to dye accumulation,
followed by a potential decrease if the depolarization is severe.
The Cu-NTB complex might influence mitochondrial dynamics,
including fission (fragmentation) and fusion (joining). Thus, the
complex might stimulate mitochondrial biogenesis, leading to an
increased number of mitochondria and thus a higher MitoTracker
signal. Similar to our results, the anti-tumor efficacy of the
Cu (II) complex of salicylate phenanthroline induced ROS and
promoted apoptosis in HCT116 and SW480 cells [51]. In spite of Cu
complex’s role in ROS and apoptosis, CuO NPs induced toxicity
in lung epithelial cells primarily through ROS-mediated oxidative
damage. Our findings suggest that the Cu-NTB complex achieves
similar effects but with additional mechanisms, including dis-
ruption of cellular organelles (lysosomes and mitochondria) and
induction of DNA damage, as observed via TUNEL and other
staining assays [35]. Both studies underscore the efficacy of Cu-
based NPs, but the Cu-NTB complex demonstrates enhanced
specificity and effectiveness in cancer cells, possibly due to its
ligand-based design facilitating targeted interactions and cellular
uptake. These comparisons further emphasize the potential of
Cu-NTB as a next-generation therapeutic agent with unique
advantages over conventional CuO NPs.

Besides staining with LysoTracker and MitoTracker, the TEM
structural analysis provides detailed insights into cellular
organelle damage. In untreated cells (0 pg/mL), the cellular
structure appears well-preserved, with clearly visible nuclei
(N), lysosomes (Ly), mitochondria (M), and Golgi complexes
(GC). At 8 pg/mL, cells treated with Cu-NTB exhibit severe
structural disruptions. Swollen and fragmented mitochondria
disrupted lysosomes, and extensive vacuolization is evident,
reflecting advanced cellular damage, as indicated in Figure 8.
These observations align with the fluorescence imaging results,
confirming that Cu-NTB induces significant lysosomal and
mitochondrial damage. The destruction of these organelles
suggests a combined mechanism of apoptosis and necrosis,
where organelle dysfunction plays a pivotal role in driving cell
death. The TEM data thus provide direct visual evidence of
Cu-NTB’s cytotoxic effects at the ultrastructural level, further

substantiating its potential as an anti-cancer agent. The TEM
image showed that 8 ug/mL of Cu-NTB complex treatment
disintegrates cell organelles significantly compared to control, as
indicated in Figure 8.

Thus, all the studies conducted to understand the effect of Cu-
NTB on the MDA-MB-231 BC cell line strongly support the
potential of the Cu-NTB complex as an effective anti-cancer
agent. The results consistently demonstrate its ability to induce
cytotoxic effects through apoptosis, mediated by DNA damage,
lysosomal membrane permeabilization, and mitochondrial dys-
function. The dose-dependent cytotoxicity of Cu-NTB is evident
through the morphological, biochemical, and structural changes
observed in the treated cells, which are comparable or superior
to cisplatin, a standard anti-cancer drug. These findings provide
a solid foundation for further investigations into the molecular
pathways underlying Cu-NTB’s activity and its evaluation in
in vivo models to establish its therapeutic potential for BC
treatment.

4 | Conclusion

This study demonstrates the successful synthesis of the Cu-NTB
complex and its significant anti-cancer activity against the MDA-
MB-231 BC cell line. The complex exhibited superior cytotoxicity
compared to cisplatin, inducing dose-dependent apoptosis and
necrosis through mechanisms involving organelle disruption,
DNA damage, and ROS generation. The lysosomal membrane
permeabilization, mitochondrial dysfunction, and ultrastructural
disintegration further highlight its multifaceted mode of action.
Though our synthesized Cu-NTB complex showed higher toxicity
toward BC cells than cisplatin, cytotoxicity towards normal cells
must be elucidated for a better understanding. These findings
establish Cu-NTB as a promising candidate for BC therapy, war-
ranting further investigation through in vivo studies to evaluate
its therapeutic potential and safety profile.
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