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Abstract

The high aggressiveness, metastatic potential, and mortality of colorectal cancer, together with the limitations of conven-
tional chemotherapy, highlight the urgent need for safer and more effective therapeutic alternatives. Nanotherapies offer
promising advantages through improved bioavailability and tumor targeting. In particular, calcium hydroxide nanoparticles
(Ca(OH),NPs) possess unique physicochemical properties, yet their anticancer potential in colorectal cancer remains fully
unexplored. This study was consequently undertaken to estimate the cytotoxic effects and underlying molecular mechanisms
of Ca(OH),NPs in human colorectal HCT-116 cancer cells, while also exploring their impact on the viability of normal
human HFB4 melanocytes. Normal HFB4 and cancerous HCT-116 cells were exposed to serial two-fold concentrations of
Ca(OH),NPs ranging from 7.80 to 1000 mg/ml for 72 h, and cell viability was assessed using the MTT assay. Intracellular
reactive oxygen species (ROS) generation and mitochondrial membrane potential were measured using 2',7'-dichlorodihy-
drofluorescein diacetate (DCFH-DA) and rhodamine-123 staining, respectively. Genomic DNA damage was evaluated by the
alkaline comet assay, whereas apoptosis induction was analyzed using DAPI staining and the chromatin diffusion assay. The
expression levels of mitochondria- and apoptosis-related genes were quantified by quantitative real-time PCR (qRT-PCR).
Results of the MTT assay demonstrated that Ca(OH),NPs exerted significant, dose-dependent cytotoxicity on colorectal
HCT-116 cancer cells, as evidenced by a markedly low IC50 value of 35.04 ug/ml and a substantial reduction in cell viabil-
ity. In contrast, the viability of normal HFB4 melanocytes was only slightly affected, and only at the highest Ca(OH),NPs
concentration tested, as indicated by a comparatively high IC50 value of 190.80 pg/ml. The resulting selectivity index of 5.44
further supports the notable cytotoxicity of Ca(OH),NPs toward HCT-116 colorectal cancer cells. Furthermore, treatment of
HCT-116 cells with Ca(OH),NPs at the IC50 concentration (35.04 pg/ml) led to a significant increase in intracellular ROS
generation level, dramatic loss of mitochondrial membrane potential, and pronounced oxidative DNA damage, ultimately
culminating in apoptotic cell death. qRT-PCR analysis also demonstrated significant downregulation of both the apoptotic p53
and the anti-apoptotic Bcl-2 gene expression, alongside significant upregulation of the mitochondrial ND3 gene expression.
These molecular alterations support the involvement of mitochondrial dysfunction and apoptosis-related gene modulation
in the observed Ca(OH),NPs-induced cytotoxic effects. Conclusion: Ca(OH),NPs demonstrate notable anticancer activity
against human colorectal HCT-116 cancer cells, primarily through ROS-mediated oxidative stress, genomic DNA damage,
mitochondrial dysfunction, and apoptosis induction. These findings highlight Ca(OH),NPs as a potent nanotherapeutic can-
didate for colorectal cancer management. However, the current study was limited to in vitro experimental conditions, and
the precise molecular mechanisms underlying these effects remain incompletely understood. Therefore, further mechanistic
investigations, advanced in vitro and in vivo studies, and comprehensive biocompatibility and safety evaluations are required
to validate their therapeutic potential and clinical applicability.
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Introduction

Colorectal cancer is one of the most prevalent and life-
threatening malignancies worldwide, representing a major
cause of cancer-related morbidity and mortality in both
developed and developing countries. According to global
cancer statistics, colorectal cancer ranks among the top
three most commonly diagnosed cancers and remains a
leading cause of cancer-associated deaths, with incidence
rates steadily rising in many regions due to aging popula-
tions and lifestyle factors such as obesity, physical inac-
tivity, smoking, alcohol use, and low-fiber, high-red meat
diets (Rawla et al. 2019; Xi and Xu 2021; Lao and Grady
2011). Colorectal cancer arises from the stepwise accumu-
lation of genetic and epigenetic alterations that drive the
transformation of normal colonic epithelium into adeno-
matous polyps and eventually invasive carcinoma. This
multistep carcinogenic process involves dysregulation
in oncogenes, tumor suppressor genes, and DNA repair
genes, resulting in disruption of critical pathways that con-
trol cell proliferation, apoptosis, mitochondrial function,
and genomic stability. Collectively, these molecular altera-
tions promote tumor initiation, progression, and resistance
to therapy (Anbari and Ghanadi 2025; Jung et al. 2020;
Gharib and Robichaud 2024).

Despite the availability of multiple treatment strate-
gies for colorectal cancer, including surgical resection,
radiotherapy, chemotherapy, targeted therapy, and immu-
notherapy, chemotherapy remains the primary approach
for advanced and metastatic disease, commonly using
agents such as 5-fluorouracil, oxaliplatin, and irinotecan.
However, conventional chemotherapy is severely limited
by systemic toxicity, non-selective action against rapidly
dividing cells, severe side effects, the emergence of drug
resistance, and reduced efficacy in advanced or recurrent
cases (Anand et al. 2022; Fadlallah et al. 2024; Zafar et al.
2025). These significant drawbacks highlight the urgent
need for novel therapeutic strategies that are safer, more
selective, and capable of specifically targeting cancer
cells while sparing normal tissues. In response, current
research is increasingly focused on developing innovative
approaches, including nanomedicine, targeted molecular
therapies, and agents that regulate oxidative stress, apopto-
sis, and mitochondrial function, with the goal of enhancing
efficacy and minimizing treatment-related toxicity (Bish-
oyi et al. 2025).

Nanotechnology-based therapeutics have emerged as a
promising approach in cancer research due to their unique
physicochemical properties. Engineered nanoparticles,
with their nanoscale size, high surface-to-volume ratio,
tunable surface chemistry, and enhanced cellular uptake,
allow for improved drug delivery, precise tumor targeting,
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and modulation of intracellular signaling pathways com-
pared with conventional treatments. Importantly, many
nanoparticles have demonstrated intrinsic anticancer activ-
ity through the induction of oxidative stress, mitochondrial
function disruption, and apoptosis induction (Ammar et al.
2025; Mohamed et al. 2026). Calcium hydroxide nano-
particles (Ca(OH),NPs) represent a novel and underex-
plored nanomaterial with distinctive chemical reactivity,
biocompatibility, and biological activity. While calcium-
based compounds have been widely used in biomedical
and dental applications for their antimicrobial and bioac-
tive properties, their potential anticancer effects, especially
against colorectal cancer, remain largely unexplored (Rat-
tanakijkamol et al. 2025; Roig et al. 2024).

Recent evidence suggests that Ca(OH),NPs can selectively
target hepatocellular carcinoma Hep-G2 cells and pancreatic
PANC-1 cells, leading to elevated intracellular reactive oxy-
gen species (ROS), extensive oxidative DNA damage, disrup-
tion of mitochondrial membrane potential, and activation of
apoptosis-related signaling pathways, including pro-apoptotic
p53, mitochondrial ND3, and anti-apoptotic Bcl-2regulation
(Lai et al. 2013; Grzybowska-Szatkowska and Slaska 2014
Fakeeha et al. 2025). Considering that colorectal cancer cells
often exhibit redox imbalance and mitochondrial susceptibil-
ity, ROS-mediated strategies using Ca(OH),NPs may offer
a particularly effective and potential therapeutic approach
(Mohamed et al. 2025a, b). However, the biological and
anticancer potential of Ca(OH),NPs in colorectal cancer
cells remain fully unexplored. There is a notable lack of data
regarding their effect on the viability of HCT-116 colorec-
tal cancer cells, their capacity to induce oxidative stress and
genotoxic damage, their influence on mitochondrial func-
tion, and their ability to modulate apoptosis-related signal-
ing pathways, particularly the p53/ND3/Bcl-2 signaling axis,
which plays a central role in regulating cell survival and pro-
grammed cell death. Moreover, very few studies have inves-
tigated the impact of Ca(OH),NPs on normal human cells,
such as HFB4 melanocytes, which is critical for determining
their selectivity, cytotoxicity profile, and overall safety as a
potential therapeutic agent.

Given the ongoing challenges in colorectal cancer treat-
ment and the increasing interest in nanomedicine, inves-
tigating both the anticancer efficacy and safety profile of
Ca(OH),NPs is highly relevant. Accordingly, the present
study was designed to systematically assess the biological
and anticancer effects of Ca(OH),NPs in human colorec-
tal HCT-116 cancer cells. The study specifically examines
their ability to induce oxidative DNA damage, impair mito-
chondrial function, trigger pro-apoptotic mechanisms, and
modulate critical molecular pathways, including the p53/
ND3/Bcl-2 signaling cascade. Simultaneously, the effects
of Ca(OH),NPs on normal HFB4 melanocyte viability
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were assessed to determine their selectivity and safety.
By integrating detailed mechanistic studies in cancer cells
with cytotoxicity evaluations in normal cells, this research
provides novel and detailed insights into the potential of
Ca(OH),NPs as a selective, effective, and innovative nano-
therapeutic candidate for colorectal cancer management.

Materials and methods
Chemicals and reagents

The Ca(OH),NPs white powder was commercially obtained
from NanoTech Company (Cairo, Egypt), with a manu-
facturer-reported average particle size of < 100 nm. Upon
receipt, the nanoparticles were stored in tightly sealed
containers under dry conditions at room temperature to
prevent moisture uptake and physicochemical alteration.
Immediately prior to each experiment, the required amount
of Ca(OH),NPs powder was accurately weighed using a
calibrated analytical balance to ensure precise dosing. The
nanoparticles were then freshly dispersed in dimethyl sul-
foxide (DMSO; Sigma-Aldrich, USA) to prepare a concen-
trated stock solution (1 mg/ml). This stock was subsequently
diluted with the appropriate culture medium to obtain the
desired working concentrations ranging from 7.80 to 1000
pg/ml. To achieve a homogenous suspension and reduce
particle agglomeration, all nanoparticle dispersions were
subjected to ultrasonication at 40 kHz for 30 min using a
digital ultrasonic bath. This step was carefully standard-
ized across experiments to enhance dispersion stability and
ensure reproducible cellular exposure. Vortex mixing was
also applied briefly before each use to maintain uniformity
of the suspension.

All other chemicals and consumables used throughout the
study were of high analytical or molecular biology grade to
minimize experimental variability. Key reagents, including
DMSO, 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyl tetrazo-
lium bromide (MTT), and trypan blue dye, were sourced
from reputable suppliers and prepared according to the man-
ufacturers’ instructions. Reagents were freshly prepared or
appropriately stored to maintain stability and performance.
Cell culture reagents comprised Dulbecco’s Modified Eagle
Medium (DMEM), HEPES buffer, L-glutamine, gentamy-
cin, and trypsin—-EDTA. The complete growth medium was
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and 1% gentamycin to support optimal cell prolifera-
tion and prevent bacterial contamination. Phenol red—free
medium was employed in experiments involving colorimet-
ric or spectrophotometric measurements to avoid optical
interference. All media and solutions were equilibrated to
physiological pH and temperature before application to cells.
Experimental procedures were carried out under strictly

aseptic conditions in a class II biosafety cabinet, following
standard sterile cell culture practices. Routine monitoring
for contamination and consistent handling protocols were
implemented to ensure experimental reproducibility, data
reliability, and overall quality control.

Characterization of Ca(OH),NPs

The physicochemical properties of the Ca(OH),NPs used
in the present study were previously characterized in detail
in our recent work (Mohamed et al. 2025a) using comple-
mentary analytical techniques. X-ray diffraction analysis
confirmed the high crystallinity and phase purity of the
nanoparticles, with characteristic diffraction peaks observed
at 20 =~ 18°,29°, and 34°, corresponding to calcium hydrox-
ide and indicating the absence of detectable impurities.
Dynamic light scattering analysis showed a zeta potential
value of +2.45 mV, suggesting weak electrostatic repulsion
between particles and a tendency toward mild aggregation in
aqueous suspension. The polydispersity index was recorded
as 0.416, indicating a moderately broad size distribution
and partial heterogeneity of the colloidal system. There-
fore, ultrasonication was applied prior to biological experi-
ments to ensure adequate dispersion and improve suspension
stability.

Morphological characterization using transmission elec-
tron microscopy (TEM) further confirmed the nanoscale
structure and morphology of Ca(OH),NPs. The TEM images
revealed well-dispersed Ca(OH),NPs with predominantly
cubic to near-spherical shapes, smooth surfaces, and lim-
ited aggregation following ultrasonication. Quantitative
TEM analysis indicated an average particle size of 12.4 +2.4
nm, confirming their nanoscale dimensions with relatively
narrow size distribution. Collectively, these previously
established characterization results demonstrate that the
Ca(OH),NPs employed in this study possess high crystallin-
ity, defined nanoscale morphology, and moderate colloidal
stability. Accordingly, the same well-characterized nanopar-
ticle system reported in (Mohamed et al. 2025a) was used in
the present biological investigation.

Culture and propagation of normal HFB4
melanocytes and cancerous HCT-116 colorectal cells

Human colorectal carcinoma HCT-116 cells and normal
human melanocyte HFB4 cells were obtained from the
Regional Center for Mycology and Biotechnology, Al-Azhar
University, Cairo, Egypt. Upon receipt, both cell lines were
carefully thawed and gradually adapted to standard sterile
culture conditions to ensure optimal recovery, viability, and
growth stability. Both HCT-116 and HFB4 cells were cul-
tured in DMEM supplemented with 10% heat-inactivated
FBS, providing essential nutrients, growth factors, and
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hormones required for cellular proliferation. The medium
was further supplemented with antibiotics, including 50 pg/
ml gentamycin, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin, to minimize the risk of bacterial contamination.
Cells were maintained at 37 °C in a humidified incubator
containing 5% CO, to ensure physiological pH and opti-
mal growth conditions. The culture medium was replaced
every 2-3 days to maintain nutrient availability and elimi-
nate metabolic waste products. Cell morphology, confluence,
and overall cellular health were routinely monitored using an
inverted phase-contrast microscope. Subculturing was per-
formed when cells reached approximately 70-80% conflu-
ence to avoid overgrowth, contact inhibition, and potential
phenotypic alterations.

For passaging, cells were washed with phosphate-buff-
ered saline (PBS) and detached using 0.25% trypsin—-EDTA.
The enzymatic reaction was neutralized with complete
culture medium, followed by gentle centrifugation. HFB4
melanocytes and HCT-116 cells were then resuspended and
reseeded at appropriate densities according to experimen-
tal requirements. Only actively proliferating cells in the
logarithmic growth phase were used for all experiments.
Cell viability was routinely assessed using the trypan blue
exclusion assay, and only cultures with viability >90%
were selected. HCT-116 cells exhibited typical epithelial
morphology, while HFB4 melanocytes displayed normal
elongated morphology. These standardized conditions were
strictly maintained to ensure the accuracy, reproducibility,
and reliability of subsequent cytotoxicity, oxidative stress,
mitochondrial dysfunction, genotoxicity, and apoptosis
assays.

Estimation of Ca(OH),NPs effect on viability
of human normal HFB4 melanocytes and cancerous
HCT-116 cells

The cytotoxic potential of Ca(OH),NPs was examined in
human colorectal carcinoma HCT-116 cells and normal
human melanocyte HFB4 cells using the MTT assay, a well-
established colorimetric method that assesses mitochondrial
metabolic activity as an indicator of cell viability. This assay
is based on the ability of viable cells to reduce the yellow
tetrazolium salt (MTT) into purple, insoluble formazan crys-
tals, reflecting cellular metabolic competence (Mosmann
1983; El-Zahabi et al. 2019; Abdelsalam et al. 2022). Both
HCT-116 and HFB4 cells were seeded into sterile 96-well
culture plates at a density of 1x 10* cells per well in 100
pL of complete DMEM enriched with 10% heat-inactivated
FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1%
L-glutamine to support optimal cell growth. The plates were
incubated for 24 h at 37 °C in a humidified atmosphere con-
taining 5% CO, to allow proper attachment and stabilization.
Following the incubation period, the culture medium was
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carefully aspirated and replaced with fresh complete DMEM
containing graded concentrations of Ca(OH),NPs (7.8, 15.6,
31.25, 62.5, 125, 250, 500, and 1000 pg/ml). Each concen-
tration was tested in triplicate wells to ensure experimental
reproducibility, while untreated control wells received nan-
oparticle-free medium under identical conditions. The cells
were then incubated with Ca(OH),NPs for 72 h to evaluate
dose-dependent cytotoxic effects.

At the end of the exposure period, the medium was
removed and replaced with 100 uL of phenol red—free
DMEM to avoid interference with absorbance measure-
ments. Subsequently, 10 uL of MTT solution (5 mg/ml in
phosphate-buffered saline, PBS) was added to each well, and
the plates were incubated for 4 h at 37 °C in the dark. Dur-
ing this period, metabolically active cells reduced MTT to
insoluble formazan crystals. After incubation, approximately
85 pL of the supernatant was gently removed, and 50 pL of
dimethyl sulfoxide (DMSO) was added to each well to dis-
solve the formed crystals. The plates were then incubated for
an additional 10 min at 37 °C with gentle shaking to ensure
complete solubilization. Absorbance was measured at 590
nm using a microplate reader. Cell viability was expressed
as a percentage relative to untreated control cells and calcu-
lated using the following formula: Cell viability (%)= (ODt/
ODc) x 100; where ODt represents the mean optical density
of treated wells and ODc represents that of control wells.

The half-maximal inhibitory concentration (ICs;) val-
ues were calculated using nonlinear regression analysis of
the full normalized dose-response data using GraphPad
Prism software (variable slope, sigmoidal fit). ICs, values
were derived from the best-fit curve generated by consid-
ering all experimental concentrations rather than visual
estimation from plotted graphs. To assess the selectivity of
Ca(OH),NPs toward cancer cells, the selectivity index (SI)
was calculated using the equation: SI=ICy, (HFB4)/IC;,
(HCT-116). An SI value greater than 1 indicates potential
cytotoxicity toward cancer cells, whereas values less than
1 indicates higher toxicity toward normal cells. All experi-
ments were performed in triplicate and independently
repeated at least three times to ensure reproducibility. Data
are presented as mean + standard deviation (SD).

Treatment regimen of HCT-116 cells
with Ca(OH),NPs for molecular analysis

For mechanistic and molecular analysis, human colorectal
carcinoma HCT-116 cells were cultured in T25 tissue cul-
ture flasks containing DMEM supplemented with 10% heat-
inactivated FBS, 1% L-glutamine, and a standard antibiotic
mixture (100 U/ml penicillin and 100 pg/ml streptomycin).
Cultures were maintained at 37 °C in a humidified incuba-
tor with 5% CO,; and cell growth, morphology, and overall
health status were regularly monitored to ensure normal
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morphology and consistent proliferation. Cells were allowed
to grow until they reached approximately 70-80% conflu-
ence, representing the optimal phase for experimental treat-
ment. At this stage, cultures were divided into untreated con-
trol cells and Ca(OH),NPs-treated cells. Control cells were
maintained in complete DMEM containing < 0.1% DMSO to
exclude any solvent-related effects. In contrast, treated cells
were exposed to Ca(OH),NPs at the predetermined ICs,, con-
centration obtained from the MTT cytotoxicity assay.

Both control and treated HCT-116 cancer cells were
incubated for 72 h under identical conditions to allow suf-
ficient nanoparticle—cell interaction, cellular uptake, and
induction of biological responses. Following the treatment
period, cells were detached using 0.25% trypsin—EDTA, col-
lected by centrifugation at 1500 rpm for 5 min at 4 °C, and
washed twice with ice-cold PBS (pH 7.4) to remove residual
media and unbound nanoparticles. The resulting cell pellets
were resuspended in PBS and stored at— 80 °C until fur-
ther analysis. The collected samples were subsequently used
for downstream biochemical and molecular investigations,
including estimation of ROS generation level, mitochondrial
depolarization, DNA damage, and apoptosis induction. All
experiments were conducted in triplicate to ensure reproduc-
ibility and statistical reliability of the results.

Estimation of Ca(OH),NPs effect on genomic DNA
stability in HCT-116 cancer cells

The genotoxic potential of Ca(OH),NPs in human colorectal
carcinoma HCT-116 cells was assessed using the alkaline
single-cell gel electrophoresis (comet) assay, a highly sensi-
tive and widely validated method for detecting DNA strand
breaks and alkali-labile sites (Tice et al. 2000; Langie et al.
2015). This assay enables quantification of DNA damage
at the individual cell level, providing a reliable measure of
genomic instability following nanoparticle exposure. The
suspension of untreated and Ca(OH),NPs-treated cells was
gently mixed with 60 uL of 0.5% low-melting-point aga-
rose maintained at 37 °C. The mixture was immediately
layered onto clean microscope slides pre-coated with a
thin base layer of 1% normal-melting-point agarose. Slides
were allowed to solidify at room temperature for 30 min.
The agarose-embedded cells were then lysed by immer-
sion in freshly prepared chilled lysis solution composed of
2.5 M NaCl, 100 mM EDTA, and 10 mM Tris—HCI (pH
10), freshly supplemented with 1% Triton X-100 and 10%
DMSO. Slides were incubated at 4 °C in the dark for 24 h
to effectively remove cell membranes, nuclear proteins, and
other cellular components while preserving the structural
integrity of nuclear DNA for subsequent analysis.
Following lysis, slides were equilibrated in alkaline elec-
trophoresis buffer (300 mM NaOH and 1 mM EDTA, pH
12) for 15 min to allow DNA unwinding and conversion of

alkali-labile sites into detectable single-strand breaks. Elec-
trophoresis was conducted at 25 V and 300 mA for 30 min
at 4 °C to promote migration of fragmented DNA. After
electrophoresis, slides were neutralized in 0.4 M Tris—HCl
buffer (pH 7.5) for 5 min, dehydrated in chilled ethanol for
an additional 5 min, and air-dried. DNA was then stained
with 50 pL of ethidium bromide (20 ug/ml) and visualized
under a fluorescence microscope. For each experimental
group, 50 randomly selected nuclei per slide were analyzed
using COMETSCORE™ image-analysis software. DNA
damage was quantified using standard comet assay param-
eters, including tail length, percentage of DNA in the tail,
and tail moment, providing a comprehensive assessment
of genomic instability. All measurements were performed
in triplicate independent experiments, and results were
reported as mean = SD. Statistical analyses were applied to
determine the significance of Ca(OH),NPs-induced geno-
toxic effects in HCT-116 cells.

Fluorometric analysis of Ca(OH),NPs-induced
oxidative stress in HCT-116 cells

Oxidative stress induction by Ca(OH),NPs in human colo-
rectal carcinoma HCT-116 cells was assessed through the
generation of intracellular reactive oxygen species (ROS).
ROS production levels were quantified using the fluoro-
genic probe 2',7'-dichlorofluorescin diacetate (DCFH-DA)
according to established and widely accepted protocol of
Siddiqui et al. (Siddiqui et al. 2010). Following Ca(OH),NPs
exposure, qual volumes of cell suspension and DCFH-DA
working solution (final concentration 20 uM) were mixed
in sterile microcentrifuge tubes. The mixtures were incu-
bated for 30 min at room temperature in the dark to prevent
photobleaching. During this period, DCFH-DA entered the
cells and was hydrolyzed by intracellular esterases to form
non-fluorescent dichlorofluorescin (DCFH), which is subse-
quently oxidized by ROS into highly fluorescent dichloroflu-
orescein (DCF). The resulting fluorescence intensity serves
as a quantitative measure of intracellular oxidative stress.
After staining, cells were gently smeared as thin, uniform
layers onto pre-cleaned, labeled glass slides. Fluorescence
signals were observed using an epifluorescence microscope
equipped with appropriate DCF-specific excitation and
emission filters. Images were captured at 200 X magnifica-
tion from randomly selected fields, maintaining consist-
ent exposure and acquisition settings across all samples
to allow reliable comparison between treated and control
groups. Quantitative analysis of ROS-induced fluorescence
was performed using Fiji (ImagelJ) software. Mean fluores-
cence intensity values were calculated for each sample and
expressed relative to untreated control cells to assess the
extent of Ca(OH),NPs-induced oxidative stress. All experi-
ments were conducted in triplicate to ensure reproducibility,
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and statistical analyses were applied to confirm the signifi-
cance of ROS generation following nanoparticle exposure.

Estimation of Ca(OH),NPs on mitochondrial
membrane integrity in HCT-116 cells

The influence of Ca(OH),NPs on mitochondrial mem-
brane potential, a key indicator of mitochondrial functional
integrity and an early marker of apoptosis, was evaluated
in human colorectal carcinoma HCT-116 cells. Following
cell exposure to ICs, concentration of Ca(OH),NPs for 72
h, mitochondrial membrane polarization was assessed using
rhodamine-123, a cationic, lipophilic fluorescent dye that
selectively accumulates in structurally intact, energized
mitochondria (Zhang et al. 2011). Briefly, equal volumes of
cell suspension and rhodamine-123 working solution (final
concentration 10 ug/ml) were gently mixed in sterile, light-
protected microcentrifuge tubes and incubated at 37 °C for 1
h in the dark to allow dye uptake. After staining, cells were
washed twice with ice-cold PBS to remove unbound dye and
reduce background fluorescence. The stained cells were then
carefully mounted onto pre-cleaned glass slides, spread into
a thin monolayer, and covered with sterile coverslips.

Fluorescence images were captured using an epifluores-
cence microscope with appropriate excitation and emission
filters for rhodamine-123 at 200 X magnification. Identical
imaging parameters were maintained for both Ca(OH),NPs-
treated and untreated control cells to ensure comparability.
Quantitative analysis of mitochondrial membrane potential
was performed using Fiji (ImagelJ) software by measuring
mean fluorescence intensity. A decrease in thodamine-123
fluorescence in treated cells compared to controls was inter-
preted as mitochondrial depolarization, reflecting mitochon-
drial dysfunction and early apoptotic events. All experiments
were conducted in triplicate, and results were reported as
mean + SD, ensuring reliability, reproducibility, and statisti-
cal accuracy.

Detection of Ca(OH),NPs-induced apoptotic effect
in HCT-116 cells

Apoptosis is a tightly regulated form of programmed cell
death essential for eliminating damaged or malignant cells
and serves as a key indicator of anticancer activity. In this
study, the pro-apoptotic effects of Ca(OH),NPs were inves-
tigated in human colorectal carcinoma HCT-116 cells. HCT-
116 cells were exposed to Ca(OH),NPs at the ICs, concen-
tration determined by MTT assay and incubated for 72 h
to ensure adequate nanoparticle—cell interaction. Untreated
cells maintained under identical conditions served as nega-
tive controls. Apoptotic induction was evaluated using two
complementary approaches, and these experiments were
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independently conducted in triplicate to ensure reproduc-
ibility, reliability, and statistical rigor:

Chromatin diffusion assay: This assay detects late-stage
apoptosis by visualizing the characteristic outward migra-
tion of fragmented DNA, forming a “halo” around the
nuclear core. Microscope slides were first coated with
0.7% normal-melting-point agarose. HCT-116 cell sus-
pensions were mixed with 0.5% low-melting-point aga-
rose (37 °C) and layered onto the pre-coated slides to
ensure even distribution. After air-drying, cells were
subjected to cold lysis to remove membranes and cyto-
plasmic components while preserving nuclear structure.
Slides were then neutralized with Tris buffer, fixed in
chilled ethanol, and stained with ethidium bromide (Singh
2000). Under fluorescence microscopy, apoptotic nuclei
were identified by distinct DNA halos, whereas non-
apoptotic nuclei remained compact. For each group, 1000
nuclei were analyzed, and the percentage of apoptotic
cells was calculated and reported as mean + SD.

DAPI nuclear staining: To confirm apoptosis and vis-
ualize nuclear changes, HCT-116 cells were seeded in
96-well plates (1 x 10* cells/well) and allowed to adhere
overnight. After 72-h treatment with Ca(OH),NPs at ICsy,
cells were washed with PBS, fixed in 4% paraformalde-
hyde for 15 min, and incubated with DAPI solution (1 pg/
ml in PBS) for 1 h in the dark (Guan 2020). Fluorescence
imaging was performed at 200 X magnification using an
epifluorescence microscope equipped with appropriate
filters. Apoptotic nuclei were distinguished by bright,
condensed, or fragmented chromatin, while healthy
nuclei exhibited uniform, faint fluorescence with intact
morphology. A total of 1000 nuclei per treatment group
were scored, and data were expressed as mean + SD.

Molecular analysis of p53, ND3, and Bcl-2 gene
expression in Ca(OH),NPs-treated HCT—116 cells

To gain deeper insight into the molecular pathways underly-
ing the cytotoxic effects of Ca(OH),NPs, particularly those
associated with apoptosis and mitochondrial impairment,
quantitative real-time PCR (qQRT-PCR) was conducted to
quantify the transcriptional expression of selected apop-
tosis- and mitochondria-related genes. These included the
pro-apoptotic tumor suppressor p53 gene, the mitochondrial
ND3 gene (a vital subunit of complex I within the electron
transport chain), and the anti-apoptotic Bcl-2 gene. Human
colorectal carcinoma HCT-116 cells were seeded at a den-
sity of 1x 10* cells/well and divided into untreated control
and control and Ca(OH),NPs-treated groups. Treated cells
were exposed to the ICy, concentration of Ca(OH),NPs for
72 h. Following treatment, cells were harvested, and total
RNA was extracted using the GeneJET RNA Purification
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Kit (Thermo Fisher Scientific, USA) in accordance with the
manufacturer’s instructions. RNA quantity and purity were
assessed using a NanoDrop spectrophotometer, and samples
with acceptable A260/A280 ratios (1.8-2.0) were used for
subsequent analyses.

For cDNA synthesis, 1 ug of total RNA from each sam-
ple was reverse-transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, USA) under
standard conditions. Quantitative PCR amplification was
subsequently carried out using SYBR Green PCR Master
Mix and gene-specific primers listed in Table 1 (Suzuki et al.
1999; Lai et al. 2013; Grzybowska-Szatkowska and Slaska
2014) on a StepOnePlus Real-Time PCR System (Applied
Biosystems, USA). The housekeeping geneGAPDH was
used as an internal control to normalize gene expression
levels. Relative gene expression was calculated using the
comparative Ct (2744€" method, enabling comparison
between treated and control groups. All reactions were per-
formed in triplicate to ensure accuracy and reproducibility.
The obtained data were expressed as mean + SD, providing
insight into the modulation of apoptotic signaling, mito-
chondrial function, and cell death pathways in response to
Ca(OH),NP exposure in HCT-116 cells.

Statistical analysis

All collected data were statistically analyzed using the Sta-
tistical Package for the Social Sciences (SPSS) software.
Outcomes derived from the various experimental assays,
including DNA damage assessment using the alkaline comet
assay, relative gene expression analysis by qRT-PCR, evalu-
ation of mitochondrial membrane potential, measurement of
ROS, and apoptosis detection, were expressed as mean + SD.
Differences between Ca(OH),NPs-treated HCT-116 colo-
rectal cancer cells and their corresponding untreated control
cells were evaluated using an unpaired, two-tailed Student’s
t-test. Statistical significance was assigned at a threshold of
p <0.05. All experiments were independently performed in
triplicate to ensure robustness, reproducibility, and reliabil-
ity of the obtained results.

Table 1 Sequences of primers used in qRT-PCR

Gene Strand  Primer’s sequences

GAPDH Forward 5-GAAGGTGAAGGTCGGAGTCA-3'

Reverse 5'-GAAGATGGTGATGGGATTTC-3’
ND3 Forward 5'-CGCCGCCTGATACTGGCAT-3’

Reverse 5'-CTAGTATTCCTAGAAGTGAG-3'
BCL-2 Forward 5-TCCGATCAGGAAGGCTAGAGT-3'

Reverse 5-TCGGTCTCCTAAAAGCAGGC-3'
P53 Forward 5'-CAGCCAAGTCTGTGACTTGCACGTAC-3’

Reverse 5'-CTATGTCGAAAAGTGTTTCTGTCATC-3'

Results

Ca(OH),NPs selectively and potently target human
HCT-116 colorectal cancer cells

Results of the MTT assay demonstrated that Ca(OH),NPs
exert a strong and targeted cytotoxic effect on HCT-116
colorectal cancer cells. Exposure of HCT-116 cells to a
series of two-fold increasing concentrations of Ca(OH),NPs
(7.8, 15.6, 31.25, 62.5, 125, 250, 500, and 1000 ug/ml) for
72 h led to a pronounced, concentration-dependent decline
in cell viability as seen in Fig. 1. This progressive reduction
reflects a potent inhibitory effect of the nanoparticles on
cancer cell proliferation and survival. Quantitative analysis
using GraphPad Prism demonstrated a markedly low ICs,
value of 35.04 pg/ml, indicating high sensitivity of HCT-116
cells to Ca(OH),NPs treatment and confirming their strong
antiproliferative activity.

In contrast, normal HFB4 melanocytes exhibited mini-
mal changes in viability under the same experimental condi-
tions, with only slight cytotoxicity observed at the highest
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Fig. 1 Viability of human normal HFB4 melanocytes and cancerous
HCT-116 colorectal cells measured using the MTT assay following
72-h exposure to Ca(OH),NPs at serial two-fold increasing concen-
trations (7.8, 15.6, 31.25, 62.5, 125, 250, 500, and 1000 pg/ml)
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Ca(OH),NPs concentration (1000 pg/ml). Notably, the ICs,
value in HFB4 cells was considerably higher (190.80 ug/
ml), reflecting greater resistance of normal HFB4 cells to
Ca(OH),NPs-induced toxicity. The marked difference in
ICj, values between cancerous HCT-116 and normal HFB4
cells resulted in a high selectivity index of SI=5.44, further
supporting the potent targeting capability of Ca(OH),NPs
toward malignant HCT-116 cells. Based on this pronounced
cytotoxic response, subsequent investigations were directed
toward elucidating the underlying molecular mechanisms
of action. These included the evaluation of oxidative stress
generation, mitochondrial dysfunction, DNA damage, and
apoptosis induction.

Ca(OH),NPs induce severe genomic DNA instability
in human HCT-116 colorectal cancer cells

Analysis of the alkaline comet assay results clearly indicated
that exposure of human HCT-116 colorectal cancer cells
to Ca(OH),NPs for 72 h at the determined ICs, concentra-
tion (35.04 pg/ml) resulted in marked genotoxic damage.
In comparison with untreated control cells, Ca(OH),NPs-
treated HCT-116 cells exhibited a highly significant increase
(»<0.001) in main comet assay parameters, including tail

length, percentage of DNA in the tail, and tail moment
as depicted in Table 2. These indices collectively reflect
extensive DNA strand breaks, alkali-labile sites, and chro-
mosomal fragmentation, confirming a substantial loss of
genomic integrity following Ca(OH),NPs treatment. Treated
HCT-116 cells with Ca(OH),NPs displayed pronounced
comet tail elongation and a clear shift of DNA content from
the nuclear head toward the tail region, indicating enhanced
DNA migration during electrophoresis and, consequently,
severe DNA damage. In contrast, untreated control cells
retained compact, well-defined nuclei with minimal DNA
migration, consistent with preserved genomic stability.
Fluorescence microscopy observations are shown in
Fig. 2. Untreated control HCT-116 cells exhibited intact,
rounded nuclei with negligible comet formation, indicat-
ing preserved genomic stability. In contrast, Ca(OH),NPs-
treated cells displayed classic comet morphologies, featuring
well-defined nuclear heads and elongated, diffuse tails. The
pronounced tail elongation and evident migration of DNA
from the nuclear core into the tail region reflect extensive
DNA fragmentation and severe genomic damage, confirm-
ing the strong genotoxic effect of Ca(OH),NPs. The strong
concordance between the comet assay measurements and
microscopic visualization confirms that Ca(OH),NPs induce

Table 2 Incidence of genomic DNA damage in human HCT-116 colorectal cancer cells assessed using alkaline comet assay following exposure

to the ICy, concentration (35.04 ug/ml) of Ca(OH),NPs for 72 h

Cells Treatment (concentration) Tail length (px) %DNA 1in tail Tail moment
HCT-116 colorectal cancer cells Untreated (0.00 pg/ml) 2.51+0.08 21.18+1.48 0.57+0.06
Ca(OH),NPs-treated (35.04 ug/ml) 24.26+2.33"" 52.31+3.99" 12.56+0.86"

Triplicates were used and results are expressed as mean +SD

“Indicates statistical significant difference from the compared untreated control cells at p <0.001, using independent Student t-test

Fig.2 Examples for the scored
comet nuclei with intact DNA
in untreated human HCT-116
colorectal cancer cells and
those with damaged DNA in
HCT-116 cancer cells treated
with the ICy, concentration of
Ca(OH),NPs (35.04 ug/ml) for
72 h. Magnification 200 X

100 pm
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pronounced genomic instability in HCT-116 colorectal
cancer cells. Collectively, these results demonstrate that
Ca(OH),NPs exert potent genotoxic effects, leading to exten-
sive DNA damage and chromosomal instability, which likely
contribute to their pronounced anticancer activity against
colorectal cancer cells.

Ca(OH),NPs cause marked intracellular oxidative
stress in human HCT-116 colorectal cancer cells

Measurement of total intracellular ROS levels using the
redox-sensitive fluorescent probe 2',7'-DCFH-DA dem-
onstrated a robust oxidative response in human HCT-116
colorectal cancer cells following exposure to Ca(OH),NPs.
After 72 h of treatment at the determined IC5, concentration
(35.04 pg/ml), Ca(OH),NPs-treated HCT-116 cells exhibited
a marked increase in green fluorescence intensity compared
with untreated control cells (Fig. 3), indicating substantial

intracellular ROS accumulation. Quantitative fluorescence
analysis confirmed a highly significant elevation (p <0.001)
in ROS levels in treated HCT-116 cells relative to control
cells. This increase reflects the oxidation of non-fluorescent
DCFH into highly fluorescent DCF in response to excessive
ROS generation, confirming the induction of pronounced
oxidative stress. In contrast, untreated control cells displayed
only weak basal fluorescence, consistent with tightly regu-
lated physiological ROS levels.

Fluorescence microscopy further corroborated these find-
ings. Cancerous HCT-116 cells exposed to Ca(OH),NPs
displayed intense and extensive cytoplasmic fluorescence,
indicating markedly increased intracellular ROS production
across the Ca(OH),NPs-treated cell population. In contrast,
untreated control cells exhibited weak and homogeneous flu-
orescence, consistent with the maintenance of normal redox
homeostasis (Fig. 3). The pronounced elevation in ROS sug-
gests that Ca(OH),NPs exposure disturbs intracellular redox

Fig.3 Qualitative and quantita-
tive assessment of intracellular
ROS generation in untreated
and Ca(OH),NPs-treated human
HCT-116 colorectal cancer
cells using the 2',7'-DCFH-

DA fluorescent probe follow-
ing 72-h exposure to the ICy,
concentration (35.04 pug/ml).
Fluorescence intensity was
quantified using ImageJ soft-
ware from at least five randomly
selected microscopic fields

per experimental group, with
each experiment performed in
triplicate. Images were captured
at 200 X magnification
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equilibrium and overwhelms the cellular antioxidant defense
system. Collectively, these results indicate that Ca(OH),NPs
serve as potent triggers of oxidative stress in colorectal can-
cer cells. The excessive ROS production likely acts as a
critical upstream event leading to oxidative DNA damage,
mitochondrial dysfunction, and the activation of apoptotic
signaling pathways, thereby contributing significantly to the
anticancer effects of Ca(OH),NPs.

Ca(OH),NPs cause a dramatic loss of mitochondrial
membrane potential in human HCT-116 colorectal
cancer cells

Mitochondrial membrane potential was assessed using the
cationic fluorescent probe rhodamine-123, which selectively
accumulates in active mitochondria with intact electrochem-
ical gradients. Following 72-h exposure of HCT-116 cells
to the ICs,, concentration (35.04 pg/ml) of Ca(OH),NPs, a
marked disruption of mitochondrial function was observed
(Fig. 4). A significant decline in rhodamine-123 fluorescence

intensity was detected in Ca(OH),NPs-treated HCT-116
cancer cells compared to untreated control cells, indicat-
ing mitochondrial membrane depolarization. Quantitative
fluorescence analysis confirmed a highly significant reduc-
tion (» <0.001) in dye accumulation in Ca(OH),NPs-treated
cells, reflecting severe impairment of mitochondrial integ-
rity. In contrast, control HCT-116 cells exhibited strong, uni-
form mitochondrial fluorescence, consistent with preserved
membrane potential and normal mitochondrial activity
(Fig. 4).

Fluorescence microscopy further supported these find-
ings, as Ca(OH),NPs-treated HCT-116 cells displayed
weak, diffuse, and fragmented fluorescence patterns rather
than the distinct, spotted mitochondrial staining observed
in untreated control cells (Fig. 4). This alteration suggests
substantial disruption of mitochondrial structure and func-
tion and is indicative of early activation of intrinsic apop-
totic signaling pathways. Collectively, these results demon-
strate that Ca(OH),NPs trigger significant mitochondrial
membrane depolarization and dysfunction in HCT-116

Fig.4 Qualitative and quantita-
tive analysis of mitochondrial 30
membrane potential in untreated
and Ca(OH),NPs-treated human
HCT-116 colorectal cancer cells
using rhodamine-123 staining
following 72-h exposure to the
IC5, concentration (35.04 pg/
ml). Fluorescence intensity was
quantified using ImageJ soft-
ware from at least five randomly
selected microscopic fields

per experimental group, with
three independent experimental
repeats. Images were acquired
at 200 X magnification
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colorectal cancer cells. The collapse of mitochondrial mem-
brane potential likely represents a key upstream event link-
ing oxidative stress and DNA damage to the initiation of
mitochondria-mediated apoptosis, thereby contributing to
the strong cytotoxic and anticancer effects of Ca(OH),NPs.

Ca(OH),NPs markedly induce apoptosis in human
HCT-116 colorectal cancer cells

Findings from both the chromatin diffusion assay and DAPI
nuclear staining revealed a significant induction of apopto-
sis in human HCT-116 colorectal cancer following 72 h of
exposure to Ca(OH),NPs at the ICs, concentration (35.04
pg/ml). Under these conditions, Ca(OH),NPs triggered pro-
nounced nuclear alterations and extensive chromatin deg-
radation, indicative of late-stage apoptotic progression. In
the chromatin diffusion assay, apoptotic HCT-116 cells were
readily identified by the appearance of prominent chromatin
halos surrounding the nuclei. These halos result from the
outward diffusion of fragmented DNA into the surrounding
matrix under alkaline conditions and represent a well-recog-
nized indicator of apoptosis-associated DNA cleavage. Cells

Fig.5 Chromatin diffusion
assay showing intact nuclear
DNA in control cells and
diffused apoptotic DNA in
Ca(OH),NPs-treated HCT-116
colorectal cancer cells follow-
ing 72-h exposure to the ICy,
concentration (35.04 pg/ml).
For quantitative analysis, a total
of 1000 cells per experimental
group were scored across three
independent experiments. Mag-
nification: 200 X

100 pm

Untreated HCT-116 cells

treated with Ca(OH),NPs showed a marked increase in halo-
positive nuclei compared with untreated control cells, which
maintained compact and intact nuclei with no detectable
chromatin dispersion as depicted in Fig. 5. Quantitative anal-
ysis demonstrated a highly significant elevation (p <0.001)
in both the frequency of halo-forming cells and the overall
percentage of apoptotic cells following Ca(OH),NPs expo-
sure (Table 3), confirming extensive DNA fragmentation.
These findings were further validated by DAPI stain-
ing, which provided detailed insight into nuclear mor-
phology and chromatin organization. Untreated control
HCT-116 cancer cells exhibited large, rounded nuclei
with uniform fluorescence, reflecting intact chromatin
and normal cellular status. In contrast, Ca(OH),NPs-
treated cells displayed characteristic apoptotic features,
including marked chromatin condensation, nuclear
shrinkage, fragmentation, and the formation of apoptotic
bodies, observed as intensely fluorescent, granular struc-
tures under fluorescence microscopy (Fig. 6). Consistent
with the chromatin diffusion results, quantitative scoring
demonstrated a highly significant increase (p <0.001) in
the proportion of apoptotic nuclei in Ca(OH),NPs-treated

Ca(OH):NPs-treated HCT-116 cells

100 ym

Table 3 Incidence of apoptosis induction in human HCT-116 colorectal cancer cells detected by chromatin diffusion assay following exposure to

the ICs,, concentration (35.04 pg/ml) of Ca(OH),NPs for 72 h

Cells Treatment (concentration) Number of cells with Percentage of
- apoptotic cells
Intact DNA Diffused DNA
HCT-116 colorectal cancer cells Untreated (0.00 pg/ml) 957.67+10.21 42.33+10.21 4.23+1.03
Ca(OH),NPs-treated (35.04 pg/ml) 187.33+7.02"" 812.67 +7.02"" 81.27+0.70"""

Triplicates were used and results are expressed as mean +SD

““Indicates statistical significant difference from the compared untreated control cells at p <0.001, using independent Student t-test
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Fig.6 DAPI staining illustrat-
ing intact, uniformly stained
nuclei in untreated HCT-116
cells and condensed or frag-
mented nuclei in Ca(OH),NPs-
treated apoptotic cells follow-
ing 72-h exposure to the ICy,
concentration (35.04 ug/ml).

A total of 1000 cells per group
were evaluated for nuclear
morphology assessment across
three independent experiments.
Magnification: 200 x

100 pm

cells relative to untreated control HCT-116 cancer cells
(Table 4). Collectively, the strong consistency between
the chromatin diffusion assay and DAPI staining find-
ings provides compelling evidence that Ca(OH),NPs
effectively induce apoptosis in HCT-116 colorectal cancer
cells. The evident marked chromatin fragmentation and
nuclear disintegration point activation of the intrinsic,
mitochondria-mediated apoptotic pathway, likely arising
from Ca(OH),NPs-induced oxidative stress, mitochon-
drial dysfunction, and genomic instability.

Ca(OH),NPs significantly dysregulate apoptotic p53,
mitochondrial ND3, and anti-apoptotic Bcl-2 gene
expression in human HCT-116 colorectal cancer cells

Results of qRT-PCR analysis revealed that exposure of
HCT-116 colorectal cancer cells to the IC5, concentration
(35.04 pg/ml) of Ca(OH),NPs for 72 h induced significant
changes in genes regulating apoptosis and mitochondrial
function. As shown in Table 5, HCT-116 cell treatment with
Ca(OH),NPs resulted in a highly significant downregulation

Untreated HCT-116 cells

Ca(OH):NPs-treated HCT-116 cells

100 um

(»<0.001) of the tumor suppressor and pro-apoptotic gene
p53 compared with untreated control Het-116 cells, indicat-
ing suppression of p53-dependent stress and apoptotic path-
ways. Similarly, the expression of the anti-apoptotic Bcl-2
gene was significantly downregulated (p < 0.001) following
exposure to Ca(OH),NPs at the ICs, concentration for 72 h
(Table 5). This significant downregulation suggests impair-
ment of mitochondrial protective pathways and indicates a
shift in cellular homeostasis toward enhanced pro-apoptotic
signaling and mitochondrial dysfunction.

Conversely, the mitochondrial ND3 gene, an essential
subunit of complex I in the mitochondrial electron trans-
port chain, was significantly upregulated (p <0.001) in
Ca(OH),NPs-treated HCT-116 cells relative to untreated
control cells (Table 5). This pronounced upregulation likely
reflects mitochondrial stress and alterations in respiratory
chain activity, potentially representing a compensatory cel-
lular response to impaired oxidative phosphorylation and
mitochondrial damage induced by nanoparticle exposure.
Collectively, the concurrent significant downregulation of
p53 and Bcl-2, together with the pronounced upregulation

Table 4 Apoptosis level in human HCT-116 colorectal cancer cells measured using DAPI staining following exposure to the ICs, concentration

(35.04 pg/ml) of Ca(OH),NPs for 72 h

Cells Treatment (concentration)

Percentage of
apoptotic cells

Number of cells with

Intact DNA Fragmented and con-
densed DNA
HCT-116 colorectal cancer cells Untreated (0.00 pg/ml) 940.67+9.45 59.33+9.45 5.93+0.94
Ca(OH),NPs-treated (35.04 pg/ml) 84.33+10.01"" 915.67+10.01"" 91.57+1.01""

Triplicates were used and results are expressed as mean +SD

““Indicates statistical significant difference from the compared untreated control cells at p <0.001, using independent Student t-test
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Table 5 The expression level of p53, ND3, and Bcl2 genes in human HCT-116 colorectal cancer cells following exposure to the ICs, concentra-

tion (35.04 pg/ml) of Ca(OH),NPs for 72 h

Cells Treatment (concentration) p53 ND3 Bcl2
HCT-116 colorectal cells Untreated (0.00 pg/ml) 1.00+0.00 1.00+0.00 1.00+0.00
Ca(OH),NPs-treated (35.04 pg/ml) 0.27+0.05"" 2.39+0.20" 0.03£0.01°

Results are expressed as mean +SD

““Indicates statistical significant difference from the compared untreated control cells at p <0.001, using independent Student t-test

of ND3, demonstrates a complex molecular response trig-
gered by Ca(OH),NPs in HCT-116 colorectal cancer cells.
These alterations suggest that Ca(OH),NPs profoundly dis-
turb mitochondrial homeostasis and apoptotic regulatory
networks, providing important mechanistic insight into their
cytotoxic activity and highlighting their potential as nano-
therapeutic agents for colorectal cancer treatment.

Discussion

Nowadays, the potentially valuable biomedical properties of
Ca(OH),NPs, including their highly alkaline nature, strong
chemical reactivity, and ability to influence cellular ionic
balance and oxidative status, have attracted increasing atten-
tion for potential anticancer applications. These distinctive
physicochemical characteristics may interfere with critical
cellular processes required for cancer cell survival, such as
mitochondrial function, genomic stability, and the regulation
of apoptotic pathways (Mohamed et al. 2025a, b; Fakeeha
et al. 2025). However, despite these promising features, the
therapeutic potential and underlying molecular mechanisms
of Ca(OH),NPs in cancer therapy, particularly in colorec-
tal cancer, remain largely unexplored. Colorectal cancer is
one of the most prevalent and lethal malignancies world-
wide. Conventional chemotherapy, although widely used, is
often associated with severe systemic toxicities, including
myelosuppression, cardiotoxicity, nephrotoxicity, and neu-
rotoxicity. In addition, traditional chemotherapeutic agents
frequently face major challenges such as drug resistance,
poor tumor selectivity, and damage to normal proliferating
tissues. These limitations substantially compromise treat-
ment efficacy and negatively affect patients’ quality of life
(Tang et al. 2023; Shin et al. 2023; Zahra et al. 2025). Con-
sequently, the development of novel therapeutic strategies
capable of selectively targeting colorectal cancer cells while
minimizing systemic adverse effects is urgently needed.
Considering the promising physicochemical properties of
Ca(OH),NPs and the absence of studies investigating their
anticancer activity in colorectal cancer, further research is
required to clarify their cytotoxic mechanisms and therapeu-
tic potential. Therefore, the present study was conducted to
assess the cytotoxic effects of Ca(OH),NPs in normal HFB4

melanocytes and human HCT-116 colorectal cancer cells. In
addition, the study examined their impact on genomic DNA
integrity, mitochondrial membrane potential, intracellular
ROS generation, and apoptosis induction in HCT-116 colo-
rectal cancer cells. Human colorectal carcinoma HCT-116
cells represent a well-established in vitro model widely used
to study colorectal cancer pathophysiology and to evaluate
novel therapeutic agents. These cells exhibit several hall-
mark characteristics of malignancy, including rapid prolif-
eration, evasion of apoptosis, metabolic reprogramming,
mitochondrial dysfunction, and elevated oxidative stress
levels (Li et al. 2024, 2025). Such features closely mimic the
biological behavior of colorectal tumors and therefore make
HCT-116 cells a reliable experimental platform for investi-
gating therapies that target oxidative stress, mitochondrial
activity, or apoptosis-related signaling pathways.

In the present study, Ca(OH),NPs exhibited significant
cytotoxic activity against HCT-116 colorectal cancer cells
while showing negligible toxicity toward normal HFB4
melanocytes (Fig. 7). The MTT cytotoxicity assay demon-
strated a pronounced, concentration-dependent reduction in
the viability of HCT-116 cells following 72-h exposure to
Ca(OH),NPs across a wide concentration range, whereas
only minimal effects on HFB4 cell viability were observed
under the same experimental conditions. The 72-h treat-
ment duration was selected based on preliminary optimi-
zation experiments and previous nanoparticle cytotoxicity
studies indicating that prolonged exposure is often required
to achieve sufficient nanoparticle—cell interaction, intracel-
lular accumulation, and measurable downstream cellular
responses. In our preliminary observations, shorter exposure
periods (24 and 48 h) produced weaker and less consist-
ent cytotoxic effects compared with the more pronounced
responses observed after 72 h of exposure (Mohamed et al.
2025a, c). The relatively low ICs; value recorded for HCT-
116 cells, together with a high selectivity index of 5.44,
indicates a strong sensitivity of colorectal cancer cells to
Ca(OH),NPs-induced growth inhibition and highlights
the potent antiproliferative activity of these nanoparticles
under the present experimental conditions. These findings
are consistent with recent reports demonstrating the selective
and potent anticancer activity of Ca(OH),NPs against Hep-
G2 hepatocellular carcinoma cells and PANC-1 pancreatic
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Fig.7 Mechanistic illustration
of Ca(OH),NPs-induced selec-

tive cytotoxicity and mitochon-
dria-mediated apoptosis in
HCT-116 colorectal cancer cells 9
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cancer cells, with comparatively minimal toxicity toward
normal oral epithelial cells (Mohamed et al. 2025a, b). Nan-
oparticle-induced cytotoxicity may be more pronounced in
malignant cells due to their elevated metabolic activity and
increased basal oxidative stress levels, which can enhance
their susceptibility to further oxidative imbalance and cel-
lular damage (Mohamed et al. 2025¢; Subramaniam et al.
2024). Accordingly, the cytotoxic effects of Ca(OH),NPs
observed in HCT-116 cells may be associated with the
increased vulnerability of cancer cells to oxidative and mito-
chondrial stress compared with normal HFB4 melanocytes.

One of the primary mechanisms underlying nanoparticle-
mediated cytotoxicity is the induction of oxidative stress
through excessive intracellular generation of ROS. Cancer
cells generally maintain higher basal ROS levels than nor-
mal cells as a consequence of their hyperactive metabo-
lism and partially impaired mitochondrial function, which
makes them particularly susceptible to additional oxidative

@ Springer

stress (Subramaniam et al. 2024; Asil and Narayan 2021;
Raza et al. 2017; Herdiana et al. 2023). In the present study,
fluorometric analysis using the DCFH-DA probe demon-
strated a significant increase (p <0.001) in intracellular
ROS generation levels in HCT-116 cells following treatment
with Ca(OH),NPs at the ICsyconcentration. The excessive
accumulation of ROS overwhelms the cellular antioxidant
defense system, resulting in oxidative damage to essential
biomolecules, including lipids, proteins, and nucleic acids.
Such oxidative stress acts as a critical upstream trigger that
can initiate downstream molecular events, including DNA
damage, mitochondrial dysfunction, and the activation of
apoptotic signaling pathways (Snezhkina et al. 2019; Liu
et al. 2020).

Consistent with the observed oxidative stress, genotoxic-
ity evaluation using the alkaline comet assay demonstrated
severe DNA damage in Ca(OH),NPs-treated HCT-116 cells.
The treated cells exhibited pronounced DNA fragmentation,
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increased comet tail length, and significantly elevated tail
moment values compared with untreated controls, indi-
cating extensive single-strand DNA breaks and genomic
instability. Fluorescence microscopic observations further
confirmed these findings, as treated cells displayed typical
comet structures with elongated DNA tails, whereas control
cells retained intact nuclear morphology with minimal DNA
migration. The strong association between ROS overproduc-
tion and DNA damage observed in this study supports the
concept that Ca(OH),NPs induce lethal oxidative genotoxic
stress in colorectal cancer cells.

Genomic instability is a well-recognized consequence
of excessive oxidative stress, as elevated ROS levels can
directly damage DNA molecules and disrupt the cellular
repair mechanisms responsible for preserving genomic
integrity (Poetsch 2020; Ayna et al. 2025). Consequently,
assessing genomic instability provides critical evidence
linking Ca(OH),NPs-induced oxidative stress with genomic
DNA damage in colorectal cancer cells. Assessment of
genomic DNA integrity using the alkaline comet assay pro-
vides a highly sensitive approach for detecting DNA strand
breaks and alkali-labile sites at the single-cell level, mak-
ing it a reliable indicator of genomic instability (Pu et al.
2015; He et al. 2025). In the present study, the comet assay
demonstrated marked genomic DNA damage in HCT-116
cancer cells following treatment with Ca(OH),NPs, consist-
ent with the increased oxidative stress observed in treated
cells. Specifically, Ca(OH),NPs-exposed cells exhibited pro-
nounced DNA fragmentation, increased comet tail length,
and significantly higher tail moment values compared with
untreated control cells, indicating extensive single-strand
DNA breaks and impaired genomic stability. Fluorescence
microscopic examination further supported these findings,
revealing distinct comet structures with elongated DNA tails
in Ca(OH),NPs-treated HCT-116 cancer cells, while control
cells retained compact nuclei with minimal DNA migration.
Collectively, these results consistent with the recent findings
of Mohamed et al. (Mohamed et al. 2025a, b) indicate that
Ca(OH),NPs-induced oxidative stress leads to significant
DNA strand breaks, thereby promoting genomic instability
in colorectal cancer cells.

In addition to damaging nuclear DNA, Ca(OH),NPs-
induced oxidative stress also severely disrupts mitochon-
drial function. Mitochondria, center of cellular energy
production and apoptosis regulation, are highly sensitive to
oxidative insults, and the loss of mitochondrial membrane
potential represents an early and decisive step in trigger-
ing intrinsic apoptotic pathways (Khan et al. 2022; Ye et al.
2025). Rhodamine-123 staining of HCT-116 cancer cells
exposed to Ca(OH),NPs for 72 h revealed marked depo-
larization of mitochondrial membranes, reflecting signifi-
cant disruption of mitochondrial bioenergetics, including
collapse of the proton gradient required for ATP synthesis.

This mitochondrial dysfunction is likely driven by excessive
ROS generated in response to Ca(OH),NPs, which damages
mitochondrial membranes, impairs electron transport chain
function, and triggers the opening of mitochondrial perme-
ability transition pores. Altogether, these alterations lead
to severe mitochondrial impairment and enhance apoptotic
signaling in Ca(OH),NPs-treated colorectal HCT-116 cells
(Mohamed et al. 2025b; Guo et al. 2013; Ho and Shirakawa
2022).

The genomic instability and mitochondrial dysfunction
induced by excessive ROS generation observed in this study
forced HCT-116 colorectal cancer cells toward apoptotic cell
death. The induction of apoptosis in Ca(OH),NPs-treated
HCT-116 cancer cells was confirmed using two comple-
mentary techniques: the chromatin diffusion assay and DAPI
nuclear staining. Both assays demonstrated typical apoptotic
nuclear alterations in Ca(OH),NPs-treated cells, including
chromatin condensation, nuclear shrinkage, formation of
apoptotic bodies, and nuclear fragmentation. These find-
ings are consistent with previous studies reporting similar
apoptotic morphological features after exposure of triple-
negative breast cancer MDA-MB-231 cells and Hep-G2
hepatocellular carcinoma cells to bioactive glass nanopar-
ticles (SMohamed et al. 2025d). The chromatin diffusion
assay enabled sensitive detection of apoptotic DNA disper-
sion, whereas DAPI staining allowed clear visualization of
nuclear morphological changes associated with apoptosis.
Moreover, the absence of necrotic morphological features
indicates that the cytotoxic activity of Ca(OH),NPs pre-
dominantly occurs through regulated apoptotic mechanisms
rather than nonspecific cellular damage (Mandelkow et al.
2017).

Results of qRT-PCR analysis provided further mechanis-
tic insight into the molecular response of HCT-116 cancer
cells to Ca(OH),NPs exposure. Treatment with Ca(OH),NPs
resulted in significant dysregulation in the expression of
critical genes involved in apoptosis regulation and mito-
chondrial function. Notably, the tumor suppressor p53 and
the anti-apoptotic Bcl-2 genes were significantly downregu-
lated, whereas the mitochondrial ND3 gene was markedly
upregulated. The ND3 encodes a core subunit of NADH
dehydrogenase (complex I) within the mitochondrial elec-
tron transport chain and plays a crucial role in mitochondrial
respiration. Alterations in ND3expression are often associ-
ated with mitochondrial respiratory stress and disruption of
electron transport chain activity (Jin et al. 2018; Bennett
et al. 2022). Overexpression of ND3 can disrupt the normal
assembly and function of mitochondrial complex I, leading
to inefficient electron transfer within the respiratory chain.
This dysfunction promotes electron leakage from complex
I to molecular oxygen, resulting in excessive mitochondrial
ROS generation. The elevated ROS levels intensify oxidative
stress, damage mitochondrial structures, and compromise
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the mitochondrial membrane potential. Consequently, these
mitochondrial perturbations trigger intrinsic apoptotic sign-
aling pathways, ultimately promoting apoptosis in cancer
cells (Okoye et al. 2023; Zong et al. 2024).

Moreover, the simultaneous significant downregulation of
Bcl-2, which normally preserves mitochondrial membrane
integrity, and p53, which regulates cellular stress responses,
further sensitizes cells to mitochondrial dysfunction and
apoptosis. Together, these transcriptional alterations high-
light profound disruption of mitochondrial homeostasis
and apoptotic regulatory networks in Ca(OH),NPs-treated
HCT-116 cells. The observed significant reduction in Bcl-
2 expression, a critical protein responsible for preserving
mitochondrial membrane integrity and inhibiting apopto-
sis, indicates suppression of cellular survival pathways and
increased vulnerability to mitochondrial-mediated apop-
totic signaling. Although p53 is widely recognized as a pro-
apoptotic tumor suppressor, its downregulation under severe
oxidative stress conditions may reflect disruption of normal
pS53-dependent stress-response pathways. In such circum-
stances, apoptosis can still proceed through mitochondrial
dysfunction associated with excessive ROS generation, and
the loss of anti-apoptotic protection resulting from Bcl-2
suppression. Collectively, these transcriptional alterations
reflect substantial disturbance of mitochondrial homeostasis
and apoptotic regulatory networks in Ca(OH),NPs-treated
HCT-116 cells, ultimately favoring the activation of mito-
chondrial-driven apoptotic pathways.

Furthermore, the pronounced downregulation of Bcl-2
and p53 observed in Ca(OH),NPs-treated HCT-116 can-
cer cells further increases cellular susceptibility to mito-
chondrial dysfunction and apoptotic cell death. Bcl-2is a
pivotal anti-apoptotic gene that maintains mitochondrial
membrane integrity, prevents cytochrome c release, and
inhibits the initiation of intrinsic apoptotic pathway (Qian
et al. 2022; Vogler et al. 2025). Therefore, the significant
reduction inBcl-2 expression detected in Ca(OH),NPs-
treated HCT-116 cells in this study indicates disrup-
tion of critical cellular survival mechanisms. This loss
of anti-apoptotic protection renders mitochondria more
susceptible to oxidative damage and promotes the acti-
vation of mitochondria-dependent apoptotic signaling.
Simultaneously, a significant downregulation of p53 was
observed in Ca(OH),NPs-treated HCT-116 cancer cells.
As a critical tumor suppressor involved in DNA damage
sensing, cell cycle regulation, and apoptosis induction, the
significant reduction of p53 expression may indicate an
altered cellular stress-response state under conditions of
pronounced oxidative and mitochondrial stress induced by
Ca(OH),NPs exposure (Herndndez Borrero and El-Deiry
2021; Zhang et al. 2024). Nevertheless, apoptotic cell
death may still proceed independently ofp53, particularly
in the presence of mitochondrial dysfunction, excessive
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ROS generation, and suppression of the anti-apoptotic
Bcl-2 gene. Collectively, these gene expression alterations
suggest disruption of mitochondrial and apoptotic regula-
tory balance rather than activation of a defined signal-
ing cascade. Overall, the combined effects of oxidative
stress, mitochondrial impairment, and altered apoptosis-
related gene expression are consistent with the induction
of mitochondria-associated apoptotic cell death in HCT-
116 cancer cells.

The findings discussed above therefore demonstrate that
Ca(OH),NPs exhibit strong and targeted anticancer activ-
ity against colorectal cancer cells through a multifaceted
mechanism involving excessive ROS generation, oxidative
DNA damage, mitochondrial dysfunction, and activation
of apoptotic pathways (Fig. 7). The integrated relationship
between oxidative stress, genomic instability, and mitochon-
drial impairment provides a coherent mechanistic explana-
tion for the cytotoxic effects of Ca(OH),NPs in HCT-116
colorectal cancer cells. A major strength of this study lies
in the comprehensive evaluation of the anticancer potential
of Ca(OH),NPs toward HCT-116 cells through the integra-
tion of multiple experimental approaches, including cyto-
toxicity, oxidative stress, genotoxicity, mitochondrial func-
tion, apoptosis assessment, and molecular gene expression
analyses. This integrative strategy enabled the establish-
ment of a detailed mechanistic framework describing the
Ca(OH),NPs-mediated anticancer activity.

Despite these significant findings, certain limitations
should be considered. The current study was performed
using a single colorectal cancer cell line under in vitro con-
ditions, which may not fully reflect the biological complexity
and heterogeneity of colorectal tumors in vivo. In addition,
the comparison with HFB4 melanocytes does not provide
a tissue-matched normal intestinal model for fully assess-
ing selective anticancer activity. Furthermore, although
Ca(OH)2NPs induced marked cytotoxicity and oxidative
cellular damage, the potential contribution of nanoparticle-
associated alkalinity was not specifically evaluated through
direct pH monitoring or buffering controls. The molecular
analyses performed in this study were also limited to the
assessment of selected apoptosis- and mitochondria-related
genes without pathway-specific validation experiments;
therefore, the precise molecular mechanisms underlying the
observed effects remain to be fully elucidated. Accordingly,
further investigations using additional colorectal cancer
models, normal intestinal epithelial cell lines, mechanistic
pathway analyses, and in vivo experimental systems are
necessary to validate the selectivity, therapeutic efficacy,
biodistribution, pharmacokinetics, biocompatibility, and
long-term safety profile of Ca(OH),NPs before considering
potential clinical applications. Nevertheless, the results of
this study provide strong evidence that Ca(OH)2NPs rep-
resent a potential nanotherapeutic candidate for colorectal



Naunyn-Schmiedeberg's Archives of Pharmacology

cancer treatment, supporting the need for further preclinical
investigations to advance their development toward potential
clinical applications.

Conclusion

This study demonstrates, for the first time, that Ca(OH),NPs
exert potent anticancer activity against HCT-116 colorec-
tal cancer cells, while exhibiting minimal toxicity toward
normal HFB4 melanocytes. This cytotoxicity is mediated
by excessive ROS generation, which induces oxidative
DNA damage, disrupts mitochondrial function, and alters
the expression of apoptosis- and mitochondria-related
genes, ultimately activating intrinsic apoptotic pathways
in HCT-116 cells. A novel aspect of this work lies in the
comprehensive mechanistic analysis, integrating cytotox-
icity, oxidative stress, genotoxicity, mitochondrial integ-
rity, apoptosis evaluation, and molecular gene expression,
which collectively provide a detailed framework for under-
standing how Ca(OH),NPs mediate anticancer effects.
Despite these important findings, some limitations should
be acknowledged. The study was performed using a single
colorectal cancer cell line under in vitro conditions, which
may not fully replicate the complexity, heterogeneity, or
tumor microenvironment of colorectal cancer in vivo. Fur-
thermore, the long-term effects, cellular uptake dynamics,
and potential off-target toxicity of Ca(OH),NPs were not
addressed and require further investigation. Future stud-
ies should focus on validating these findings in additional
colorectal cancer models and in vivo systems, assessing
the pharmacokinetics, biodistribution, and safety profile of
Ca(OH),NPs, and exploring their long-term cytotoxic effects
and molecular interactions. Investigating targeted delivery
strategies and combination therapies may further enhance
the translational potential of Ca(OH),NPs as a potent nano-
therapeutic approach for colorectal cancer. In summary, this
study provides compelling evidence that Ca(OH),NPs are
a potent candidate for colorectal cancer therapy, offering
a novel mechanistic insight into their potential anticancer
activity and laying the groundwork for future preclinical
development.
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