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ath of stomach cancer lines (AGS)
induced by Co-NTB complex through cellular
organelles and DNA damage†

Sri Renukadevi Balusamy,a Mani Balamurugan, b Sumitha Purushothaman,c

Sivaraman Somasundaram,d Mohamed Farouk Elsadek,e Daewon Sohn,f

Saeedah Musaed Almutairi,g Ivan Mijakovic,hi Shadi Rahimi *h

and Haribalan Perumalsamy *jk

Given that stomach cancer is the fourth leading cause of cancer-related death, there is a need to develop

new drugs. Among various methods, metal-based coordination compounds are considered as an efficient

strategy against this type of cancer. Similarly, the benzimidazole moiety plays a crucial role in biology; thus,

various benzimidazole-based compounds have been found to be active as potential anticancer drugs and

are currently used in clinical trials. In this study, we explored the benzimidazole-based cobalt(II) complex as

an anticancer agent against AGS stomach cancer cell lines. Interestingly, the MTT assay of the Co-NTB

complex shows a lower IC50 value of 4.25 mg mL−1 compared to cisplatin, which has an IC50 of 7.5 mg

mL−1 against AGS cell lines. Light microscopy and Hoechst/propidium iodide dye staining clearly indicate

that the complex damages DNA, leading to cell death through an apoptotic pathway. The apoptotic cell

death pathway was further complemented by Lysotracker and Mitotracker staining, as well as

transmission electron microscopy (TEM) imaging. Overall, the Co-NTB complex acts as an effective

anticancer agent against AGS stomach cancer cell lines, with apoptotic cell death induced by targeting

cellular organelles and DNA.
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1. Introduction

Stomach cancer is the fourth leading cause of death by cancer,
accounting for over 800 000 deaths, and with approximately 1.1
million new cases in 2020. It was also considered as the h
most common malignant tumour in the world.1,2 Metal
compounds are applicable in the medical eld dating back to
the XVI century with reports on the therapeutic effect of metals
and their compounds in the treatment of diseases such as
cancer.3 However, substantial side effects, lack of specicity,
and undesirable accumulation in tumor sites are associated to
these chemicals, and they do not demonstrate enough selec-
tivity and have shown toxicity to normal cells including skin,
lung, and epithelial cells.4 Particularly, metals such as cobalt(II),
zinc(II) and tin(IV) in complexes demonstrated considerable
cytotoxicity to human normal skin broblast (HFF) cells.5,6 On
the other hand, a nickel(II) complex exhibited moderate cyto-
toxicity in mouse beta pancreatic cell line b-TC3.7 Further,
conventionally modied metallodrugs have become an
intriguing research area in medicinal chemistry as potential
cancer treatments.8,9 In particular, platinum-based metal-
lodrugs, specically cisplatin and its analogues, are the most
widely and successfully used therapeutic treatments for
a variety of cancers.10–12 Despite their successful use, the
platinum-based drug cisplatin causes undesired therapeutic
RSC Adv., 2025, 15, 739–747 | 739
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Fig. 1 (a) A few examples of benzimidazole containing anti-cancer
drugs. (b) Schematic representation of Co-NTB synthesis.
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cytotoxicity, such as neurotoxicity, nephrotoxicity, hepatotox-
icity, and drug resistance.13,14

In attempt to replace, there is a need to search for novel
metal-based compounds with antitumour activity that is more
specic and less cytotoxicity to normal cells. In recent years,
novel metal derivatives, coordination compounds with different
metals and their potential anticancer and antitumor activities
have been investigated.15 There are new therapeutic designs
that are metal-based coordination compounds with ligands,
such as benzimidazoles that exhibit potential biological activity.
The privilege of benzimidazole is its structural analogy to the
purines which are part of DNA. Furthermore, there are several
benzimidazole-based compounds with pharmacological
importance and several of its chemical derivatives are being
used as prospective anticancer medicines in clinical studies.15

Cobalt is an essential element for the human body. It is
found at the metal centre of vitamin B12 that is an essential
nutrient for humans because of that various cobalt derivatives
are employed in cancer thermotherapy.16–19 Previously, a few
benzimidazole-based cobalt complexes have been reported that
exhibit potential anticancer activity.15,20–39 For instance, Yilmaz
et al.20 reported that the (dichlorobis(1-benzyl)-2-(4-chlor-
ophenyl)-1H-benzimidazole-KN3)cobalt(II)) (LogIC50 – 0.38 mM)
was more effective than docetaxel (LogIC50 – 1.13 mM) against
DU-145 human prostate cancer cells aer 24 hours.28 Another
study found that the cobalt(II) combination with 2,6-bis(1-
phenylbenzimidazol-2-yl)pyridine inhibited cell proliferation
in Eca9706 and Eca109 esophageal cancer cell lines but not in
HepG2 and Huh7 liver cancer cells.40 Indeed, the same complex
may not exhibit antiproliferative activity against all malignant
cell lines; hence, it is critical to investigate the anticancer
activity of known Co-complexes with various cell lines.

The tris(2-benzimidazolylmethyl) amine (NTB) acts as bio-
mimic agents for the active sites of metelloproteins such as
histidine37,41 and histidine plays an important role in protein
synthesis and reactive species scavenging. The NTB ligand is
known for its complexation with various metal ions for a long
time and plays a crucial role in various biological activity.
Therefore, in this study, we employed the ligand NTB in
conjunction with cobalt(II), which is crucial to enhance the
cytotoxic properties towards cancer cell lines.

Notably most of the reported Co-complexes against gastric
cancer shows high IC50 values, for instance benzimidazole-
based complex [Co(1-((2-(pyridine-4-yl)-1H-benzoimidazol-1-yl)
methyl)-1H-pyridine)Cl2] exhibited poor cytotoxic activity (IC50

93.80 ± 8.04 mM) against human gastric carcinoma cells
compared to cisplatin (IC50, 4.151 ± 0.05 mM).34 In addition,
various benzimidazole-based cobalt complexes were tested in
gastric carcinoma cells, however poor activity was reported
against human gastric carcinoma cells.24,42 Notably, Co-NTB
complex have been used as anticancer agent against Hela and
HCT-15 cell lines and found inhibitory effect (IC50 values of
54 mg mL−1 for both cell line). However, Co-NTB complex have
not been tested as anticancer agent against AGS cell lines
previously. Henceforth, the objectives of this study to explore
the anticancer efficacy of a conventionally modied novel Co-
NTB complex on stomach cancer cell lines were studied.
740 | RSC Adv., 2025, 15, 739–747
Furthermore, efficacy of Co-NTB complex was compared to
most widely used platinum-based drug cisplatin. Briey, in our
study we explored Co-NTB complex as anticancer agent against
AGS cell lines using MTT viability assay, and morphological
assessment. Then, Co-NTB complex induced apoptotic medi-
ated cell death was conrmed by performing FACS analysis and
different uorescence staining analysis including Hoechst,
propidium iodide (PI), LysoTracker, MitoTracker. Furthermore,
localization and specicity of Co-NTB complex in AGS cell
organelles was observed by TEM analysis. Overall, our investi-
gation revealed intriguing fact that, Co-NTB acts as an efficient
metallodrug against gastric cancer cell lines (AGS) with higher
antiproliferative activity compared to cisplatin.
2. Results and discussion
2.1. Synthesis and characterization

The [Co(NTB)Cl]Cl complex was synthesised as reported
earlier43,44 (Fig. 1a). The UV-spectrum of the complex in water
showed a strong absorption at 530–550 nm and another weak
and broad d–d transition between 700–1000 nm denoting the
formation of cobalt complex with NTB (Fig. S1†). The spectral
pattern resembles with octahedral high-spin Co(II) complexes,
possibly due to the dissolution of the complex in water leading
to the coordination of the water molecule by replacing the
chloride ions.45 The IR-spectrum of Co-NTB show peak in the
region of 3400 cm−1, which conrms the presence of benzimi-
dazolyl N–H group and peaks in the range of 2700–2900 cm−1

conrms the alkane C–H stretching corresponding to the –CH2
© 2025 The Author(s). Published by the Royal Society of Chemistry
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groups in NTB. (Fig. S2†). The 1H NMR spectrum of Co-NTB
shows shi of all the ligand peaks while complexation with
cobalt. The N–H peak shi from 12.2 ppm to 7.2 ppm and the
aromatic peaks shied from 7.50 and 7.1 ppm to 3.6 and
1.7 ppm, likewise the aliphatic –CH2 peak shi from 4.15 to
2.1 ppm upon complexation with Co(II) (Fig. S3†). All the
changes clearly conrm the complexation of NTB with cobalt(II)
center.
2.2. Cytotoxicity analysis of Co-NTB towards AGS cell lines

The cytotoxicity analysis was performed to demonstrate the
antiproliferative activity of Co-NTB complex against AGS
stomach cancer cell lines. The benzimidazole derivative that
targets DNA minor groove binders showed cytotoxicity in
a variety of cell lines, including ovarian (SKOV-3; 1.30mgmL−1),
cervical (HeLa; 15 mg mL−1), and gastric (BGC-823; 5.09 mg
mL−1).46 Similarly, another derivative, methyl 2-(5-uoro-2-
hydroxyphenyl)-1H-benzo[d]imidazole-5-carboxylate (MBIC),
demonstrated selective toxicity in HeLa cells, with an IC50 of
0.54 mg mL−1.47 Another benzimidazole analog, BZD9L1, when
treated with colorectal cancer cell lines, produced apoptosis by
reducing cell proliferation, migration, and invasion, with IC50

values of 5.4 mg L−1 for HCT116 and 6.46 mg L−1 for HT-29.48

Likewise, another benzimidazole analogue inhibitor, AC1-004,
showed cytotoxicity (3.2 mg mL−1) in colorectal cancer HCT-
116 cells.49 In our study, we performed MTT assay and exhibi-
ted with IC50 value was 4.25 mg mL−1. The MTT analysis proved
that the Co-NTB complex showed anti-proliferative effects on
the stomach cancer cell line in a dose-dependent manner
(Fig. 2A). Whereas the IC50 value of AGS cells treated with
cisplatin for 12 hours was 7.20 mg mL−1 (Fig. 2B). Fig. 2C depicts
Fig. 2 Anti-proliferation study synthesized Co-NTB complex. (A and
B) MTT viability assay of AGS cells treated with various concentrations
of Co-NTB complex or cisplatin. (C) Morphological structure of AGS
cells treated with various concentrations of Co-NTB complex (1.25–
20 mg mL−1) using light microscope.

© 2025 The Author(s). Published by the Royal Society of Chemistry
light microscopical observation on dose-dependent efficacy of
Co-NTB complex on morphology of AGS cells when the cells
treated with various concentrations of Co-NTB complex (1.25–
20 mg mL−1) for 24 h. It could demonstrate that destruction of
morphological features leads to cell death by addition of Co-
NTB complex at all tested concentrations (1.25–20 mg mL−1),
compared to the control without any treatment (0 mg mL−1).
However, the signicant damage could be appeared at higher
dosage of complex (2.5–20 mg mL−1).

Although signicant anticancer activity was observed in Co-
NTB complex, cytotoxicity observation on non-cancerous cell
lines must be assessed to know the specicity of the therapeutic
efficacy. Therefore, in our study, we also conrmed toxicity of
non-cancerous cell lines, including the human keratinocyte cell
line (HaCaT) and murine mouse macrophage (RAW 246.7) cells.
The dose-dependent concentration of Co-NTB on both non-
cancerous cells showed 50% of toxicity at >100 mg mL−1. Our
results demonstrated that both cells showed comparatively less
toxicity than AGS demonstrated that Co-NTB complex may have
more specicity over their toxicity. The data is provided in ESI
(Fig. S4).†

We also investigated the cell death using PI staining and
phase contrast microscopic analysis of cells exposed to the
complex at two different concentrations of 2.5 and 5 mg mL−1

for 24 h. As it is shown in Fig. 3, the cell death could be found in
the samples treated with both tested concentrations. Further-
more, we observed a dose-dependent effect of the Co-NTB
complex on AGS cell lines by phase-contrast microscopy. At
2.5 mg mL−1, the Co-NTB complex triggered the cytotoxic effects,
and the cell-death increased with increasing concentration.
Overall, the CoNTB complex showed strong cytotoxicity against
AGS cells, which was supported by reduced number of viable
cells, destruction of cell morphological features, and evidence
on cell death.
Fig. 3 To visualize the accumulation of Co-NTB complex on AGS
(untreated and treated) cells using phase interference contrast
microscopy. Cell death detection was visualized using PI staining in
AGS cells treated with 2.5 and 5 mg mL−1 of Co-NTB complex. DIC:
differential interference contrast image; TIRS; total internal reflection
scattering image.

RSC Adv., 2025, 15, 739–747 | 741
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2.3. Investigation of AGS cell death pathway

Given reduced AGS cells viability and cell death detection upon
treatment with the Co-NTB complex that was observed in the
previous section (Fig. 2), we aimed to use Hoechst/PI dyes to
observe the rise in the cell death rate induced by Co-NTB
complex, that are presented by blue and red colours, respec-
tively (Fig. 3, 4A and B). A cell that undergoes apoptosis,
demonstrates nuclear condensation and DNA fragmentation
that can be detected by Hoechst stain and uorescence
microscopy.50

PI is also a uorescent DNA-binding dye, that freely pene-
trates cell membranes of dead or dying cells but is excluded
from viable cells. As it is indicated, compare to the control
without any treatment (0 mg mL−1), there was an increased
number of apoptotic cells caused by 2.5 and 5 mg mL−1 of Co-
NTB complex treated to the cells for 24 h (Fig. 4A and B).
However, the higher concentration of 5 mg per mL Co-NTB
complex induced a greater number of cells undergoing
apoptosis as evidenced by more blue color uorescence in this
sample (Fig. 4A). Similarly, in case of PI (Fig. 4B), high number
of dead cells were found in the samples treated with 2.5 and 5
mg per mL complex.
Fig. 4 Apoptosis detection using Hoechst, propidium iodide, and
FACS analysis. (A) Hoechst and (B) propidium iodide staining used to
observe the cell death rate induced by 1.25–5 mg mL−1 Co-NTB
complex presented by blue and red colours, respectively. (C) FACS
analysis of the cells treated with 2.5 and 5 mg mL−1 Co-NTB complex
compared to the control (0 mg mL−1).

742 | RSC Adv., 2025, 15, 739–747
Besides Hoechst/PI dyes, we also used FACS analysis to show
the effect of different concentrations of Co-NTB complex (2.5
and 5 mg mL−1) on classifyingn the live and dead cells, shown by
red and black dots, respectively (Fig. 4C). High number of live
cells are present in the control sample without treatment with
the Co-NTB complex (0 mg mL−1). However, 2.5 and 5 mg mL−1

concentrations of Co-NTB complex induced cell death and we
could nd a high number of dead cells present in the treated
samples with both tested concentrations.
2.4. TUNEL assay of Co-NTB complex

DNA is considered as the primary target for metal-based drugs.
In fact, the metal-based anticancer drugs can form specic
lesions on DNA that induces apoptosis.51 Given observed
Fig. 5 DNA damage detection by TUNEL assay. DNA damage induced
by 2.5 and 5 mg per mL Co-NTB complex presented by green colours
compared to the control (0 mg mL−1). Double-stranded DNA is also
counterstained by DAPI (in blue colour) that intercalates between
strands of double-stranded DNA.

© 2025 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Lyso-tracker shows apoptosis regions in the treated cells with
Co-NTB complex. Apoptosis induced by 2.5 and 5 mg per mL Co-NTB
complex as well as 7.2 mg per mL cisplatin (positive control) presented
by green colour compared to the control (0 mg mL−1). Double-
stranded DNA is also counterstained by DAPI (in blue colour). Lyso-
tracker and DAPI signals were colocalized in merge images.
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apoptosis caused by Co-NTB complex in the previous section,
we investigated if the apoptosis was caused by DNA damage. To
demonstrate the DNA damage in the AGS cells, we treated the
cells with different concentrations of Co-NTB complex (2.5 and
5 mg mL−1) for 24 h and we further performed the TUNEL assay
(Fig. 5).

The TUNEL assay detects the DNA breakage that normally
arises during early and late stages of apoptosis. In TUNEL assay,
terminal deoxynucleotidyl transferase (TdT) reacts with uo-
rescein (FITC)-labeled dUTP to attach uridine to 30-hydroxyl
(30OH) terminus in DNA strand breaks. Double-stranded DNA is
also counterstained by DAPI that intercalates between strands
of double-stranded DNA. DAPI is a cell impermeant dye, and it
cannot pass through the membrane of live cells as no DAPI
signal was found in control sample without any treatment (0 mg
mL−1). Positive TUNEL signal colocalized with DAPI signal were
found in the samples treated with 2.5 and 5 mg mL−1 concen-
trations of Co-NTB complex compared to the control, verifying
the DNA damage by tested concentrations of Co-NTB complex
in dead cells.

It was reported that the Co(II) complex of bidentate Schiff
base ligand (L) 2-((1H-benzo [d]imidazole-4ylimmino) methyl
phenol interact with DNA externally that may be through the
formation of hydrogen bond between the phenolic hydroxyl
groups of the Schiff base and the nucleotides.52,53 The associa-
tion constant for Co(II) complex in their study is reported as 2.22
× 103 M.54 It was also shown that the mononuclear specie (Co-
24) containing the pyrazole-based ligand could be bound with
DNA through grooves. In case of binuclear compounds (Co-25
and Co-26) with same ligand, they could be bound with DNA
through both grooves and intercalation before inducing oxida-
tive cleavage of DNA.
Fig. 7 Mito-tracker shows apoptosis regions in the treated cells with
Co-NTB complex. Apoptosis induced by 2.5 and 5 mg per mL Co-NTB
complex as well as 7.2 mg per mL cisplatin (positive control) presented
by red colour compared to the control (0 mg mL−1). Double-stranded
DNA is also counterstained by DAPI (in blue colour). Mito-tracker and
DAPI signals were colocalized in merge images.
2.5. Investigation of cell death pathway

The molecular target pathway of platinum based metallodrugs
may involve apoptotic mediated cell death when enters imme-
diately to the cells. In particular, most extensively used cisplatin
directly interacts with DNA and interrupt DNA function,
resulting cellular death.55,56 Likewise, in this study, our
synthesized Co-NTB complex plays a major role in apoptotic cell
death, similar to cisplatin with lower concertation. In addition,
we provided, TEM images that clearly demonstrated, the local-
ization and organelle-specic target of Co-NTB, which may
target lysosomes or mitochondria, potentially leading to further
ROS-mediated cell death.

To demonstrate the cell death induced by Co-NTB complex,
we treated the cells with different concentrations of Co-NTB
complex (2.5 and 5 mg mL−1) for 24 h and we further stained
the cells with LysoTracker and MitoTracker (Fig. 6 and 7). Cells
treated with cisplatin (7.2 mg mL−1) was used as the positive
control. Lysotracker dye, a highly soluble small molecule, is
retained in acidic subcellular compartments such as the lyso-
some. LysoTracker staining is suggested as a great complement
to other methods for detection of cell death.57

This staining is particularly useful to look for changes in the
overall pattern of apoptosis. Treatment of cells with Co-NTB
© 2025 The Author(s). Published by the Royal Society of Chemistry
complex (2.5 and 5 mg mL−1) induced LysoTracker signal
compared to the control samples without any treatment (0 mg
mL−1). Double-stranded DNA is also counterstained by DAPI (in
blue colour). In merge images, LysoTracker-positive puncta
appeared where DAPI signals were found (Fig. 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 colo-
calized LysoTracker and DAPI signals.
RSC Adv., 2025, 15, 739–747 | 743



Fig. 8 TEM analysis performed to detect localization and organelle
specificity of Co-NTP complex. Cell death and organelle damage was
observed and presented by red arrows in 5 mg per mL Co-NTB
complex treated cells compared to the control (0 mg mL−1).
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Mitotracker dye is a cation that distributes to the mito-
chondrial matrix as a function of the Nernst equation. Cells
undergoing apoptosis show a decrease in mitochondrial
membrane potential. MitoTracker signal is dependent on the
electro-chemical properties of the mitochondria, which are
different for live and dead cells.58 There was no MitoTracker
signal in the control samples with live cells without any treat-
ment (0 mg mL−1). However, MitoTracker signal was detected in
the samples treated with 2.5 and 5 mg per mL Co-NTB complex
as well as 7.2 mg per mL cisplatin. Double-stranded DNA is also
counterstained by DAPI (in blue colour) and the MitoTracker
and DAPI signals were colocalized as indicated in Fig. 7.

Besides staining with Lyso-tracker and Mito-tracker, we also
investigate the cell death using TEM (Fig. 8). TEM images also
proved the evidence of cell death as shown by red arrows in the
sample treated with 5 mg per mL Co-NTB complex compared to
the control sample without any treatment (0 mg mL−1).
3. Conclusions

In this study, we explored the anticancer activity of the
conventionally modied novel Co-NTB complex against AGS
stomach cancer cell lines. The complex shows a lower IC50 value
of 4.25 mg mL−1 compared to standard drug cisplatin. The Co-
NTB complex efficiently kills the AGS cancer cells by accumu-
lating in the nucleus, mitochondria and causing structural
changes, DNA damage and cleavage, leading to apoptotic
mediated cell death. Our ndings demonstrate the potential of
NTB-based cobalt complexes as a promising anticancer treat-
ment for stomach cancer with an apoptotic pathway of cell
death generated by targeting cellular organelles. This study
provides insights for the possibility of utilisation of other
benzimidazole based molecular complexes as efficient anti-
cancer agents against stomach cancer. Despite the strong
anticancer activity of Co-NTB, toxicity on different normal cells
lines should be investigated to improve more specicity of
744 | RSC Adv., 2025, 15, 739–747
target cells. Furthermore, additional in vivo studies on Co-NTB
are required to improve their consistency for development as
a potential anticancer drug. Further toxicity proling on non-
target organisms could be considered for aquatic organisms
with environmental safety concerns.

4. Materials and methods
4.1. Reagents and chemicals

o-Phenylenediamine, nitrilotriacetic acid, cobalt(II) chloride
hexahydrate were purchased from Sigma-Aldrich. All other
chemicals and solvents were obtained from commercially
available sources and used as received unless noted. Pre-coated
Silica gel TLC plates from Merck Co. were used to monitor the
reaction progress and UV light at 254 nm and 365 nm is used to
visualize the TLC. 1H NMR (Nuclear Magnetic Resonance)
spectra was acquired on a Bruker DRX-300 (300 MHz) instru-
ment using TMS as an internal standard.

4.2. Synthesis of NTB (tris(2-benimidazolylmethyl)amine)

The ligand, NTB was synthesized as reported earlier43,59 with
slight modication in equivalence and the structural data was
conrmed by comparing with the literature. Briey, o-phenyl-
enediamine (13.5 g, 125 mmol) and nitrilotriacetic acid (7.65 g,
40 mmol) were mixed well and powdered together and heated to
190–200 °C using oil bath for 1 h. Aer cooling the reaction
mixture was powdered and reuxed with decolourising charcoal
in methanol and hot ltered. While cooling and evaporation
pink coloured crystal appeared, which was separated by ltra-
tion and washed with cold methanol to get pure NTB. Yield
60%. Melting range 270–275 °C. dH/ppm (300 MHz, DMSO-d6)
12.2 (s, 3H), 7.57 (m, 6H), 7.17 (m, 6H), 4.15 (s, 6H); m/z (ES-
ToF); 407.1 ([M + H]+).

4.3. Synthesis of [Co(NTB)Cl)]Cl (Co-NTB)

The Co-NTB was synthesized as reported earlier43,44 with slightly
modied procedure. Cobalt(II) chloride hexahydrate (0.237 g 1
mmol) dissolved in 10 mL of ethanol and stirred well for 5 min.
The mixture solution turned into purple denotes ready for
further process. Later, the NTB ligand (0.407 g 1mmol) added in
20 mL of ethanol and thoroughly mixed for 5 min. Then
cobalt(II) chloride hexahydrate solution were added slowly into
NTB ligand solution and stirred well for 1 h. Then, the solution
mixture was slowly evaporated for overnight at room tempera-
ture, yielding purple precipitate as the end product. Aer that,
the purple precipitate was thoroughly dried in a vacuum
desiccator (yield: 76%) to eliminate any remaining solvent. The
nal Co-NTB complex was subjected to further physiochemical
and biological analysis.

4.4. Cell line culture

The human stomach cancer cell line (AGS) used in this study
was purchased from Korean Cell Line Bank (Seoul, Republic of
Korea). The cell lines were grown in RPMI 1640, which has 1%
antibiotic–antimycotic solution and 10% FBS. The cells were
cultured in a CO2 incubator maintained at 37 °C with a 5% CO2
© 2025 The Author(s). Published by the Royal Society of Chemistry
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supply. The most promising cells were chosen for further
treatment having passaged over several times as fully grown
cells.
4.5. Anti-proliferation assay

The cells (5× 103) were seeded onto 96-well plates and grown for
more than 24 hours to reach 80% conuence prior to treatment.
The dose dependent concentration ranging from 0 mg mL−1 to
100 mg per mL of Co-NTB was prepared to analyze the minimal
inhibition concentration against stomach cancer cell line AGS.
Similarly, the positive control drug cisplatin also prepared
different concentration (0 mg mL−1 to 100 mg mL−1) to compare
the efficacy of Co-NTB for further molecular studies. Aer 24
hours, both treated and untreated cells were washed twice with
1× PBS (pH 7.4) and added 100 ml of 0.05%ofMTT solution (5mg
mL−1) prepared in cultured medium. Aer 4 hours, the MTT
solution from all wells removed and added 200 ml of dimethyl
sulfoxide (DMSO). Furthermore, 96 well plates were placed on the
rotary sacker to dissolve formazan crystal salt, which had devel-
oped in a purple color. The negative control received no treat-
ment, while cisplatin was employed as the positive control. All
the sample groups were triplicated. The VersaMax microplate
reader (Molecular Devices, USA) was utilized to observe the
responses at 560 nm and 670 nm, respectively.
4.6. Morphological observation

The AGS cells (3 × 104) seeded into 6 well plates for the treat-
ment of Co-NTB, positive control cisplatin to compare the
morphological difference between them. Control well received
no treatment and observed well grown morphology to interpret
with treated wells. To observe clear morphology differences, we
used inverted light microscope (Leica DMIL LED) to reveal the
effect of Co-NTB and compared cis-platin.
4.7. Fluorescence staining analysis

To detect apoptotic mediated cell death, different types of
uorescent staining techniques were used including Hoechst
and propidium iodide (PI) staining was used as described
previously.60,61 Briey, for Hoechst, PI and staining analysis, 2 ×

104 of AGS cells were seeded into 6 well plates and waited for
more than 12 h. Then, based on IC50 value, we prepared two
different concentrations of Co-NTB (2.5 and 5 mg mL−1) to treat
AGS cell line in the 6-well plates along with untreated negative
control. Aer 24 h of incubation, both treated and untreated
cells were washed twice with 1× PBS buffer to remove dead cells
along with debris. Then cells were xed with 4% para-
formaldehyde and performed both Hoechst and PI staining
separately as described previously by Perumalsamy et al.,60,61

Similarly, for the terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL) assay, we prepared 2 × 104 of AGS
cells and treated for 24 h with two different concentrations of
Co-NTB (2.5 and 5 mg mL−1) and performed TUNEL staining as
previously described60 for both treated and untreated cells to
detect Co-NTB induced cell death. All the sample groups were
performed with three replicates.
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.8. Flow cytometry analysis of cell sorting (FACS)

The detection of apoptotic mediated cell death, we performed
FACS by Annexin V/PI staining as previously described.60,61 5 ×

104 of AGS cells were seeded in 6 well plates and waited for the
cells to reach 80% conuency before treatment. The two
different doses of Co-NTB (2.5 and 5 mg mL−1) were treated cells
for 24 h. Then the untreated and treated cells were washed twice
with 1× PBS buffer to remove dead cells before preparing the
staining for the FACS analysis. Then, good, conditioned cells
were removed from the 6-well plates without damaging and
centrifuged for 3 min at 1000 rpm. Further, the cell pellets
dissolved in 500 mL 1× PBS and prepared sample group with or
without Annexin V/PI staining based on protocol as described
for the FACS analysis.
4.9. Lyso/Mito tracker

AGS cells 2 × 105 cells per well were seeded in a 6-well plate and
incubated for 24 h for further treatment. Aer 24 h, different
concentration of Co-NTB (2.5 and 5 mg mL−1) was treated to AGS
cells and the cisplatin (7.5 mg mL−1) was served as positive
control to compare the efficiency of Co-NTB. Further, cultured
plates with or without treatment of Co-NTB or cisplatin were
washed twice with 1× PBS buffer to remove dead or damaged
cells. Then cells were stained with commercially available kits
such as, Mitotracker®Red (Cell signaling, #9082) and Lyso-
tarcker@Green (Cell signaling, 8783#) and visualized the cells
using phase-contrast microscope.
4.10. Transmission electron microscopic analysis

2 × 104 cells were seeded in 6-well plate for overnight and then
cells were treated with or without Co-NTB. To determine the
localization and specicity of Co-NTB in AGS cell organelle, we
performed transmission scanning electron microscope (TEM)
to visualize organelle damage by previously described
protocol.60 In brief, aer the treatment of Co-NTB, the cells were
washed twice with 1× PBS buffer and well-grown cells were
detached from culture dish and centrifuged for 3 min at
1000 rpm. Then cells pellets were placed in 10% glycerin and
maintained for further TEM sample preparation. Based on
protocol described previously,60 we prepared the samples for
TEM analysis.
4.11. Statistical analysis

All experiments were performed in triplicates, and the IC50

value calculation, we used GraphPad Prism 5 (GraphPad So-
ware, La Jolla, CA) soware. Furthermore, the SAS 9.13 soware
(SAS Institute, Cary, NC) was used to perform statistical
analyses.
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Bartéz, I. Gracia-Mora, H. Höp and N. Barba-Behrens, J.
Inorg. Biochem., 2009, 103, 1204–1213.

40 G. B. Li, S. X. Wang, W. Y. Su, R. K. Pan, K. D. Liu and
S. G. Liu, Russ. J. Coord. Chem., 2014, 40, 764–767.

41 Y. Nakao, M. Onoda, T. Sakurai, A. Nakahara, I. Kinoshita
and S. Ooi, Inorg. Chim. Acta, 1988, 151, 55–59.

42 S. Zhi, Y. Li, J. Qiang, J. Hu, W. Song and J. Zhao, J. Inorg.
Biochem., 2019, 201, 110816.

43 L. K. Thompson, B. S. Ramaswamy and E. A. Seymour, Can. J.
Chem., 1977, 55, 878–888.

44 R. M. Soo and M. Mu-shin, Bull. Korean Chem. Soc., 1997, 18,
406–409.

45 J. G. Martins, P. Gameiro, M. T. Barros and
H. M. V. M. Soares, J. Chem. Eng. Data, 2010, 55, 3410–3417.

46 Y. T. Lee, Y. J. Tan and C. E. Oon, Acta Pharm. Sin. B, 2023, 13,
478–497.

47 M. Hasanpourghadi, C. Karthikeyan, A. K. Pandurangan,
C. Y. Looi, P. Trivedi, K. Kobayashi, K. Tanaka, W. F. Wong
and M. R. Mustafa, J. Exp. Clin. Cancer Res., 2016, 35, 58.
© 2025 The Author(s). Published by the Royal Society of Chemistry
48 Y. J. Tan, Y. T. Lee, K. Y. Yeong, S. H. Petersen, K. Kono,
S. C. Tan and C. E. Oon, Future Med. Chem., 2018, 10,
2039–2057.

49 M.-S. Won, N. Im, S. Park, S. K. Boovanahalli, Y. Jin, X. Jin,
K.-S. Chung, M. Kang, K. Lee, S.-K. Park, H. M. Kim,
B. M. Kwon, J. J. Lee and K. Lee, Biochem. Biophys. Res.
Commun., 2009, 385, 16–21.

50 J. G. Smith, X. Liu, R. M. Kauold and M. J. Cauleld, Clin.
Diagnostic Lab. Immunol., 2001, 8(5), 871–879.

51 A. M. Pizarro and P. J. Sadler, Biochimie, 2009, 91, 1198–1211.
52 A. Favier, M. Blackledge, J.-P. Simorre, S. Crouzy, V. Dabouis,

A. Gueiffier, D. Marion and J.-C. Debouzy, Biochemistry, 2001,
40, 8717–8726.

53 V. C. da Silveira, H. Benezra, J. S. Luz, R. C. Georg,
C. C. Oliveira and A. M. da C. Ferreira, J. Inorg. Biochem.,
2011, 105, 1692–1703.

54 R. Kalarani, M. Sankarganesh, G. G. V. Kumar and
M. Kalanithi, J. Mol. Struct., 2020, 1206, 127725.

55 S. Dasari and P. B. Tchounwou, Eur. J. Pharmacol., 2014, 740,
364–378.

56 S. Kumar and P. B. Tchounwou, Oncotarget, 2015, 6, 40734–
40746.

57 J. L. Fogel, T. Z. T. Thein and F. V Mariani, J. Visualized Exp.,
2012, e4254.

58 L. C. Santos, R. Vogel, J. E. Chipuk, M. R. Birtwistle,
G. Stolovitzky and P. Meyer, Nat. Commun., 2019, 10, 1313.

59 M. Balamurugan, R. Mayilmurugan, E. Suresh and
M. Palaniandavar, Dalton Trans., 2011, 40, 9413–9424.

60 H. Perumalsamy, K. Sankarapandian, K. Veerappan,
S. Natarajan, N. Kandaswamy, L. Thangavelu and
S. R. Balusamy, Phytomedicine, 2018, 46, 119–130.

61 S. R. Balusamy, H. Perumalsamy, K. Veerappan, M. A. Huq,
S. Rajeshkumar, T. Lakshmi and Y. J. Kim, BioMed Res.
Int., 2020, 2020, 6040727.
RSC Adv., 2025, 15, 739–747 | 747


	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e

	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e

	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e
	Apoptotic cell death of stomach cancer lines (AGS) induced by Co-NTB complex through cellular organelles and DNA damageElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra06377e


