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ABSTRACT

Background: Bone cancer, particularly osteosarcoma, is an aggressive malignancy with
poor prognosis, often resistant to conventional chemotherapy. Protocatechuic Acid (PCA),
a plant-derived polyphenol, holds anticancer potential but suffers from poor bioavailability.
Materials and Methods: This study investigated the cytotoxic and apoptotic effects of PCA
Nanosuspensions (PCA-NS) on MG-63 human osteosarcoma cells and evaluated its molecular
interactions via docking with two target proteins, topoisomerase Il alpha (1ZXN) and p53 (1TUP).
Results: PCA-NS exhibited dose-dependent cytotoxicity with an ICs, of 46.10 pg/mL, and AO/
EB dual staining revealed apoptosis as the predominant mode of cell death. Molecular docking
confirmed stable binding interactions with both targets, supporting the anticancer potential of
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PCA. Conclusion: These results highlight PCA-NS's significance as a viable option for treating

bone cancer.
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INTRODUCTION

Although bone cancers are relatively uncommon compared to
other types of malignancies, they present considerable therapeutic
challenges, because they are aggressive, have a propensity to
spread to other body areas, and don't respond well to conventional
treatment.”” The most prevalent type of primary malignant
bone tumour is osteosarcoma, primarily affecting children and
adolescents.” The development of osteoid tissue by malignant
mesenchymal cells is the histological hallmark of this disorder,
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which usually affects the long bones. Osteosarcoma is typically
classified into two clinical stages: localized and metastatic, with
the metastatic stage linked to a less favourable outcome due to the
spread of the disease to other organs.*

Persistent bone pain, swelling, and limited mobility along with
palpable masses frequently signal the beginning of the disease.®”
Usually, surgery, chemotherapy, and radiation therapy are used
to treat this illness. These treatment plans are often associated
with significant toxicity, suboptimal efficacy, and elevated rates
of recurrence, highlighting the need for novel therapeutic
strategies.®

Current osteosarcoma chemotherapy regimens (high-dose
methotrexate, doxorubicin, cisplatin, and ifosfamide) face major
challenges including multidrug resistance through enhanced
drug efflux, DNA repair, and anti-apoptotic pathways, resulting
in poor long-term survival despite multimodal treatment.*’
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These agents also cause severe dose-limiting toxicities such
as cardiotoxicity, nephrotoxicity, and myelosuppression,
compounded by poor aqueous solubility leading to suboptimal
tumor exposure. Nanosuspensions overcome these drawbacks
by dramatically improving solubility, bioavailability, and targeted
tumor accumulation of poorly soluble drugs like protocatechuic
acid while minimizing systemic toxicity.'*?

Over the past few years, bioactive compounds extracted from
medicinal plants have become increasingly significant due
to their ability to prevent and treat various types of cancer.
Phytochemicals in nature, including polyphenols,
flavonoids, and terpenes, have demonstrated effectiveness in
preventing cancer development by employing multiple methods,
such as neutralizing oxidative stress, inducing programmed
cell death, and reducing inflammation.” One compound of
particular interest is Protocatechuic Acid (PCA), a simple
phenolic compound that is widely found in fruits, vegetables, and
medicinal plants. PCA has shown a range of pharmacological
effects, such as antibacterial, anti-ulcer, anti-aging, and significant
anticancer properties.*

found

PCA has been shown to exert anticancer effects through
the induction of apoptosis, modulation of redox balance,
interference with carcinogen-DNA interactions, and regulation
of pro-inflammatory pathways. Despite this, its use in therapy is
hindered by its poor solubility and low bioavailability.'”” Recent
breakthroughs in nanotechnology, particularly in nanosuspension
formulations, provide a promising approach to overcoming these
challenges by increasing drug solubility, stability, and cellular
absorption-ultimately enhancing pharmacological effectiveness
in cancer treatment.'

This investigation centers on assessing the cytotoxic and
apoptotic impacts of PCA Nanosuspension (PCA-NS) on
MG-63 osteosarcoma cells. We assessed cellular responses using
the well-established fluorescent labeling technique of Acridine
Orange/Ethidium Bromide (AO/EB), which uses membrane
permeability and nuclear morphology to differentiate between
viable, early apoptotic, late apoptotic, or necrotic cells."”

To predict the binding interactions of PCA with protein
targets relevant to osteosarcoma, a molecular docking study
was performed. This study intends to help the advancement of
bone cancer therapy by providing a thorough understanding of
PCA-NS therapeutic possibilities as a novel treatment option
through preliminary clinical research.

MATERIALS AND METHODS

Molecular Docking Analysis

Molecular docking research was conducted to evaluate the
possible interaction of protocatechuic acid with Topoisomerase
IT alpha and the tumor suppressor protein p53. Chem Sketch
was used to create the ligand structures, Chimera 1.12 was used
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to decrease energy, and the pdb format was saved. The Protein
Data Bank (PDB) provided the structures of the protein receptors
1ZXN and 1TUP. The protein structure was cleared of ions, water
molecules, and co-crystallized ligands. The Yasara Minimization
Server was then used to reduce energy before the docking
simulation. By creating protein and ligand files (in pdbqt format),
configuring grid settings, and executing docking simulations
via Cygwin using the Vina command-line script, AutoDock
and AutoDockVina programs were utilized to predict the ideal
binding conformation of ligands to target proteins.

Protein-ligand interactions were investigated by visualizing
and analyzing the resultant docked complexes using BIOVIA
Discovery Studio. The molecular docking study was carried out
on the interphase catalytic site coordinate space (X = 40, Y =
40, and Z = 40) with 20 A in each axis and 1 A spacing in the
Grid Box. To determine the molecular interactions between the
two, the results were analyzed in the context of the maximal
estimated Free Energy of Binding (FEB) for each protein-ligand
combination.

Reagents and Chemicals

The study utilized various reagents and consumables from
both international and local sources. Dimethyl Sulfoxide
(DMSO) and the MTT reagent (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; 5 mg/mL), along with
fluorescent dyes Acridine Orange (AO) and Ethidium Bromide
(EtBr) for dual staining, were procured from Sigma-Aldrich
(USA). Fetal Bovine Serum (FBS), Trypsin-EDTA,
Penicillin-Streptomycin antibiotic solution were obtained from
Gibco (USA). Dulbeccos Modified Eagle Medium (DMEM) and
1X Phosphate-Buffered Saline (PBS) were purchased from local
vendors in India. Tissue culture plastics such as 96-well plates
and wash beakers were supplied by Tarsons (India).

and

Instrumentation

Fluorescence-based cell imaging was carried out using the ZOE™
Fluorescent Cell Imager (Bio-Rad, USA), which facilitated
real-time observation and evaluation of stained cellular samples.

Cell Culture

The National Centre for Cell Science (NCCS), located in Pune,
India, provided the human osteosarcoma cell line MG-63. Cells
were kept in a humidified incubator at 37°C with 5% CO, after
being cultivated in DMEM supplemented with 10% FBS, 100 pg/
mL penicillin, and 100 pg/mL streptomycin.

Methods

Formulation of Protocatechuic acid nanosuspensions

Through  slight  modifications,  protocatechuic
nanosuspensions have been developed using the antisolvent
precipitation technique.” The necessary quantity of medication

acid
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was dissolved in a solvent that was soluble in water. Rapid injections
of various drug concentrations produced the necessary level of
supersaturation. Different solvent medication concentrations
(20, 40, 60, 80, and 100 mg/mL) were employed. After that, 5
mL of the drug solution was mechanically stirred into 100 mL of
water that included the stabilizer. After that, the suspension was
ultrasonically agitated for 15 min in a cold environment. After
that, a freeze dryer was used to lyophilize the preparations.

The
concentration,

stabilizer
(S:NS)
ratio, and ultrasonication time on particle size and physical

effects of varying drug concentration,

stirring time, Solvent: Antisolvent

stability of nanosuspensions were investigated. The formulated
nanosuspensions were characterized by SEM, zeta sizer, and
particle size analysis.

In silico study

Acid's (PCA)
topoisomerase II alpha was examined using a molecular docking

Protocatechuic binding relationship with
approach. The ATPase domain crystal structure of human
topoisomerase II alpha was obtained from the Protein Data
Bank (PDB ID: 1ZXN). One essential enzyme that controls DNA
structure during transcription, replication, and chromosomal
segregation is topoisomerase II alpha.'® Numerous aggressive
cancers, including osteosarcoma, a prevalent kind of bone cancer,
have been shown to overexpress this enzyme. Apoptosis can
be induced and cancer cell growth disrupted by inhibiting this
enzyme.' With the use of Discovery Studio, the protein structure
was created by eliminating water molecules and adding hydrogen
atoms. Protocatechuic acid was made by optimizing its shape
and minimizing energy after being obtained from the PubChem
database.

After docking, the optimal binding pose was chosen based on
binding affinity scores and further examined for important
molecular interactions, such as hydrogen bonds, hydrophobic
contacts, and -t stacking interactions with active site residues.
A grid box was centered on the ATPase domain active site, and
default parameters were applied.

Cytotoxicity Assay of PCA-NS on MG-63 Cells

The cytotoxic potential of the formulated PCA-NS was evaluated
in vitro using the MTT assay on MG-63 human osteosarcoma
cells. Trypsinization was used to harvest the grown MG-63 cells,
which were then collected in sterile 15 mL centrifuge tubes and
plated into 96-well tissue culture plates at a seeding density of
1x10° cells/mL (200 pL/well) in full DMEM media that contained
10% FBS and 1% antibiotic solution. At 37°C, in a humidified
atmosphere with 5% CO,, the cells were left to adhere and
multiply for 24 to 48 hr.

The wells were treated with different concentrations of PCA-NS
(12.5, 25, 50, 100, and 200 pg/mL) produced in serum-free
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DMEM after being gently washed with sterile PBS to eliminate
non-adherent cells. To guarantee repeatability, each treatment
was carried out three times. Following a 24-hr exposure period,
10 pL of MTT reagent (5 mg/mL in PBS) was added to each well,
and the wells were then incubated for two to 4 hr in the dark to
evaluate the cell viability. Formation of purple formazan crystals,
indicative of mitochondrial activity in viable cells, was confirmed
by visual inspection under an inverted microscope.?

After incubation, the surplus MTT-containing media was
carefully aspirated, and to get rid of any leftovers, wells were
rinsed once with 1X PBS. Each well received 100 pL of DMSO to
dissolve the formazan crystals, and the plate was gently shaken
for 5 min. A microplate reader was used to measure the Optical
Density (OD) at 570 nm (Thermo Fisher Scientific, USA). The
following formula was used to determine the percentage of viable
cells in comparison to the untreated control group.**

Cell Viability (%) = (Test OD / Control OD) x 100

Determination of apoptosis effect of PCA-NS using
AO/EtBr Dual Staining Assay

A 96-well tissue culture plate was seeded with MG-63 cells at a
density of 5 x 10° cells/mL, and the cells were then incubated for
24 hr in DMEM growth media with 10% FBS added. Following
incubation, the cells were treated with serum-free DMEM based
on the IC_ value of PCA-NS, and they were then incubated for
24 hr at 37°C in an incubator with 5% CO,. After treatment, each
well received 10 pL of a 1 mg/mL solution of Acridine Orange
(AO) and Ethidium Bromide (EtBr) in a 1:1 ratio, which was well
mixed. After 2 min of centrifuging the plate at 800 rpm to settle
the cells, the stained cells were examined right away (within an
hour).

A fluorescent imaging system (ZOE™, Bio-Rad, USA) was used to
analyze at least 100 cells per well in order to determine necrosis
and apoptosis based on fluorescence staining patterns. Green was
the color of viable cells, green with condensed or shattered nuclei
was the color of early apoptotic cells, and orange to red was the
color of late apoptotic or necrotic cells.”*

RESULTS

Docking analysis

Promising interactions between Protocatechuic Acid (PCA)
and topoisomerase II alpha (PDB ID: 1ZXN) are shown by the
docking investigation, which supports PCA's potential use as
an anticancer drug to treat bone cancer. PCA showed a strong
affinity for the ATPase domain of topoisomerase II alpha in the
current investigation, indicating that it may be able to disrupt
the enzyme's activity. A modest but perhaps physiologically
significant interaction was indicated by the calculated binding
energy of -6 kcal/mol.
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The protein ligand complex illustration demonstrates that PCA is
well suited to the binding pocket of Topo Ila and participates in a
number of stabilizing interactions Figure 1. Notably, PCA forms
six conventional hydrogen bonds, which are essential for binding
stability and specificity: ASN A:91, SER A:149, ASN A:150, SER
A:148, LEU A:168, and GLY A:164. These residues are situated
close to the DNA cleavage domain, indicating that PCA may
hinder the DNA religation step, a characteristic mechanism of
Topo Ila inhibition Van der Waals interactions with residues like
ALA A:167, GLY A:166, and TYR A:165 provide further stability
in addition to hydrogen bonding, enhancing PCA's fit within the
active site. These interactions imply that PCA occupies a region
of the enzyme essential to its function.

The potential of Protocatechuic Acid (PCA) as a small-molecule
modulator of p53 activity in the context of bone cancer is
demonstrated by the molecular docking study of PCA with the
tumor suppressor protein p53 (PDB ID: 1TUP), which shows a
strong interaction profile. p53 is a master regulator of DNA repair,
apoptosis, and cell cycle arrest. One important tactic in cancer
treatment is its functional restoration or activation, especially
in osteosarcoma, where p53 mutations or misregulation are
prevalent (Figure 2).

DT E:1011, DT E:1012, DA F:1112, and DG E:1013 are nucleotide
bases that show that PCA intercalates or aligns within the
DNA-binding groove of the p53-DNA complex. Conventional
hydrogen bonds were observed between PCA and ARG B:248 - a

well-known "hotspot" residue for mutations in various cancers,
essential for DNA contact and structural stabilization. Carbon
hydrogen bond interaction is seen with DG F:1113, suggesting
a non-covalent stabilizing force. APi-alkyl interaction is also
detected, possibly adding hydrophobic stabilization near DA
F:1111, improving PCA's anchoring within the binding site.

Two probable routes of action are suggested by this network
of interactions, which shows that PCA may be able to disrupt
or imitate DNA interactions: a. Stabilization of the DNA-p53
complex, which may increase the transcriptional activity of
wild-type p53 and improve its binding affinity to target DNA. b.
In mutant p53 variations, allosteric or competitive inhibition may
partially restore DNA-binding function or prevent carcinogenic
activity.

Crucially, the relationship with ARG248 is very important.
This residue's participation indicates that PCA may interact
substantially even in p53-mutant situations, since it is commonly
mutated in bone malignancies like osteosarcoma. PCA showed
a binding affinity of -5.9 kcal/mol for p53 (1TUP), which is like
that found for 1ZXN. Another suitable range for a flexible ligand
docking to a complex site, such as the DNA-binding interface
of p53, is the RMSD value of 4.142 A. Notably, PCA interacts
with many DNA bases (DT E:1011, DG E:1013, DA F:1112) and
important residues like ARG248, a residue that is often altered
in bone cancer, indicating that it may imitate or maintain DNA
connections with p53. The data was presented in Table 1.
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Figure 1: Interacting residues between docked Protein (code: 1ZXN) and Protocatechuic acid.
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Table 1: Binding affinity of PCA with proteins.

SI. No. Compound name Protein Code
1. Protocatechuic acid 1ZXN
2. 1TUP
DG
F:1113
o 'IH
pr
'
E:1012 ’ 0
r
r
ARG -
B:248 /[ DT
E:1011 DA

F:1112

Interactions

D van der Waals
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Binding affinity RMSD
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Figure 2: Interaction type and interacting residues between docked Protein (code: 1TUP) and
Protocatechuic acid.

PCA's good complementarity and binding stability within the
active site are further highlighted by the numerous hydrogen
bonds and favorable non-covalent interactions that were
observed. Its polyphenolic structure, which contains available
hydroxyl and carboxyl groups, facilitates these interactions,

making it a promising scaffold for additional optimization.

Assessment of Cytotoxic Effects of PCA-NS Using
MTT Assay

The MTT assay was used to assess PCA-NS's cytotoxic capability
on MG-63 osteosarcoma cells. It was discovered that the decrease
in cell viability depended on concentration. The viability of cells
gradually decreased as the PCA-NS concentration rose from 12.5
to 200 ug/mL. As PCA-NS concentration increased, the intensity
of the dark-blue color generated in the assay, which is correlated
with the number of metabolically active cells lower, suggesting
decreased cell viability, as seen in Figure 3a.

At 12.5 pg/mlL, the cell viability was 77.72%; at 200 ug/mL, it was
33.49%. The untreated control group exhibited 100% viability,
with no observed cytotoxicity. The ICs, value of PCA-NS, with
a regression coefficient (R?) of 0.932, which indicates a strong
match to the dose-response model, the concentration at which
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50% reduction of cell viability occurred was found to be 46.10 pg/
mL (Table 2).

In comparison to the untreated control, treatment with PCA-NS at
a dose of 200 pg/mL dramatically decreased the vitality of MG-63
osteosarcoma cells, suggesting a strong cytotoxic effect. The mean
+ SEM of three separate experiments conducted in triplicate is
shown by the data. Compared to the untreated control, p<0.001.

A progressive reduction in formazan crystal formation was
observed with increasing concentrations of PCA-NS, indicating a

dose-dependent decrease in cell viability compared to the control.

Determination of apoptosis effect of PCA-NS using
AO/EtBr Dual Staining Assay

Analysis of cell populations treated with PCA-NS showed distinct
stages of cell death. Around 4.5% of the cells were found to be dead,
with a small portion (2%) retaining their viability. Cells exhibiting
pro-apoptotic characteristics, indicative of the initial stages of
apoptosis, comprised 9% of the total cell count. A significant
increase in late apoptotic cells was observed, representing 76.5%
of all cell death, suggesting that the main mechanism of PCA-NS-

induced cell death is apoptosis. Furthermore, necrotic cells
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made up approximately 7.5% of the observed cell population, as

depicted in Figure 3b.

These findings indicate that PCA-NS effectively triggers apoptosis
rather than necrosis, as evidenced by the dominance of late

apoptotic cells and the same was presented as Figures 4a and 4b.

Apoptotic markers were distinctly visible at the ICs, concentration,
which supported apoptosis initiation, in contrast to control cells
that showed typical, undisturbed cellular architecture. These
apoptotic indicators were clearly evident at the ICs, concentration,
confirming apoptosis induction, whereas control cells exhibited

normal, intact morphology.

Cells in control group A & B possess intact nuclei, displaying
consistent green fluorescence indicative of cell viability. Cells
exposed to PCA-NS at its ICso concentration of 46.10 pg/mL
showed distinct morphological alterations: dead cells emitted a
red fluorescence, pro-apoptotic cells appeared yellowish-green,
and apoptotic cells exhibited yellowish-orange fluorescence with

prominent membrane-bound apoptotic bodies.

1504

_ I
Ei 100
E K R
O na» [
L] i — S
; 50+ bl
[ [=o=CeC
8] paeseid

[

paesel=d

Bl

DISCUSSION

A naturally occurring polyphenol called protocatechuic acid
has shown a variety of pharmacological actions, including
anti-inflammatory, cancer-preventive, and antioxidant qualities.
Anticancer activity of PCA was studied by docking analysis
with proteins 1ZXN and 1TUP. The present study explored the
anticancer potential of Protocatechuic Acid (PCA), focusing on
its interaction with molecular targets and its biological effects
on osteosarcoma cells. Molecular docking studies revealed that
PCA exhibits significant binding affinity with topoisomerase
IIa and p53 proteins, two critical targets in cancer therapy.
Specifically, PCA demonstrated a binding energy of -6 kcal/mol
with topoisomerase Ila, interacting with key active site residues
such as Argl12, Asn 120, and Glu 87. These interactions suggest
that PCA may act as a competitive inhibitor, disrupting ATPase
activity and thus interfering with DNA replication and repair
mechanisms-essential processes in rapidly proliferating cancer
cells. Stabilization through n-n stacking and hydrogen bonding
further underscores PCAs potential as a topoisomerase Ila
inhibitor with a safer toxicity profile compared to traditional
agents like doxorubicin or etoposide.

E= Untreated conirol
EE3 PCA-NS 12.5 pg/ml
BE PCA-NS 25 pg/ml
[0 PCA-NS 50 pg/mi
PCA-NS100 pg/mi
PCA-NS 200 pg/ml

Various concertraion of PCA-NS in pg/mi

Figure 3: a: Cytotoxicity assay of PCA-NS on MG-63 cells; b: Effect of PCA-NS on cell viability assessed by formazan crystal formation following MTT treatment.
The influence of increasing concentrations of PCA-NS on MG-63 cell viability is demonstrated through the intensity of formazan crystal formation: (a) untreated
control, (b) 12.5 pg/mL, (c) 25 pg/mL, (d) 50 pg/mL, (e) 100 pg/mL, and (f) 200 pg/mL.
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Table 2: 1C;, Value and Regression Analysis Parameters for PCA-NS in the
MTT Cell Viability Assay.

Parameter Value

Log ICso 1.664

ICso (ug/mL) 46.10

95% CI (ICso) 42.73 10 49.75
Hill Slope -2.319

95% CI (Hill Slope) -2.745 to -1.894
Standard Error (Log ICso) 0.01613

R? (Goodness of Fit) 0.932
Degrees of Freedom 28

Sum of Squares 1869
Standard Deviation (Sy.x) 8.170

Number of X values 30
Number of Y values analysed 30

PCA demonstrated encouraging binding to the tumor suppressor
protein p53 (PDBID: 1TUP), an essential regulator of the cell cycle
and apoptosis, in addition to its interaction with topoisomerase
Ia.According to molecular docking, PCA forms hydrogen
bonds with the mutation hotspot residue ARG248 and other
nucleotide bases by aligning itself within the p53-DNA complex's
DNA-binding groove. This implies that PCA may either stabilize
the p53-DNA complex or mimic DNA interactions to restore p53
function, which is often lost or diminished in osteosarcoma due to
mutations. The comparable binding affinity for p53 (-5.9 kcal/mol)
and a low RMSD value support PCAs suitability for targeting this
complex binding interface. Earlier research had also revealed that
for phytochemicals, moderate binding scores are often acceptable
due to their high molecular flexibility, polyphenolic nature of the
chemical and multiple weak but cooperative interactions. In the
present study, Protocatechuic acid formed five hydrogen bonds
and six Vander waals interaction residues with the protein 1ZXN;
formed three hydrogen bonds, five Vander waals interaction
residues with the protein 1TUP. Hydrogen bonding account for
specificity and vander waals interaction account for stability and
flexibility and ensure that PCA accommodate hydrophobic cavity
of protein effectively.

The cytotoxic potential of PCA-loaded Nanosuspensions
(PCA-NS) was further validated in vitro using MG-63
osteosarcoma cells. With an ICs, value of 46.10 ug/mL, the
MTT experiment clearly showed a dose-dependent decrease
in cell viability. This indicates a strong anti-proliferative effect,
corroborated by the reduction in formazan crystal formation
at higher concentrations. However, since MTT assays cannot
differentiate between apoptosis and necrosis, additional assays
were necessary to confirm the mode of cell death.

Dual fluorescent staining with acridine orange and ethidium
bromide provided insights into the mechanism of cytotoxicity.29
PCA-NS treatment predominantly induced late-stage apoptosis,
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accounting for 76.5% of total cell death, alongside a smaller
proportion of necrotic and early apoptotic cells. These findings
were supported by distinct morphological changes, including
membrane blebbing, nuclear condensation, and apoptotic body
formation. In fluorescent microscopy analysis, MG-63 cells
exposed to PCA-NS at a concentration of 46.10 pug/mL exhibited
distinct morphological features indicative of both apoptosis and
necrosis. The normal cells remained intact with green-fluorescing
nuclei. Dead cells were visible due to the red fluorescence caused
by EB penetration. Early apoptotic cells appeared with a granular
yellow-green colour, whereas late apoptotic cells showed intense
orange fluorescence concentrated in their condensed and
fragmented nuclei. Cells with necrosis were distinguished by
irregular, orange-red staining around the nucleus, and there was
no indication of chromatin coiling.

PCAs efficacy is further enhanced by its formulation into
which likely uptake,
solubility, and bioavailability which are critical limitations of

nanosuspensions, improve cellular
many phytochemicals. The literature supports this advantage,
noting that nanoparticles facilitate targeted delivery and enhance
intracellular drug accumulation, thus boosting therapeutic
efficacy. Additionally, the polyphenolic structure of PCA has
anti-inflammatory and antioxidant properties that may help
lower oxidative stress in tumor microenvironments and provide

a more comprehensive approach to cancer treatment.

The mechanisms behind Protocatechuic acid’s ability to prevent
cancer involve blocking carcinogen activation, improving
detoxification processes, reducing inflammatory compounds,
slowing tumor cell growth, and triggering cell death through
apoptosis.***

Studies have shown that PCA triggers programmed cell death
in several types of cancer, including liver cancer, as indicated by
research.”® The cytotoxic effects of PCA-loaded Nanosuspensions
(PCA-NS) on MG-63 human osteosarcoma cells were examined
in this study. The quantity of alive, metabolically active cells is
directly correlated with the intensity of the blue-purple hue seen
in the MTT experiment. As the PCA-NS concentration increased
from 12.5 pg/mL to 200 pg/mL, a decrease in cell survival was
observed, suggesting a dose-dependent cytotoxic effect on cells.
Based on the IC, value, the 50% inhibitory concentration was
found to be 46.10 pg/mL.

At this concentration, cell death rates were substantially higher
than in the control group, where virtually no cell damage was
observed. PCA-NS demonstrated a cytotoxic effect of 33.4% at
its maximum tested dose of 200 pg/mL. This implies the effective
inhibition of osteosarcoma cell growth, positioning PCA-NS as a
potential anticancer compound. It's crucial to acknowledge that
the MTT assay is successful in assessing cell viability but lacks
the ability to distinguish between various forms of cell death,
including apoptosis and necrosis.***
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Figure 4: a: Cellular morphology following treatment with PCA-NS at its ICs, concentration, in comparison to untreated controls, as observed through dual
staining with Acridine Orange and Ethidium Bromide; b: Effect of PCA-NS on AO/EB fluorescent staining for detecting morphological changes associated with
apoptosis.

Nanoparticle delivery systems such as PCA-NS further
enhance this apoptotic effect by improving bioavailability and
targeted delivery.*>** Literatures discussed the advantages of
nanoparticle-mediated drug delivery in increasing intracellular
uptake and promoting apoptosis in cancer cells.” This justifies the
high percentage of late apoptotic cells seen in the present analysis.

The late apoptotic cell prevalence indicates that PCA-NS
activates both intrinsic and extrinsic apoptotic pathways.
Fulda and Debatin found in 2006 that anticancer agents trigger
both apoptotic pathways, resulting in late-stage apoptosis in
approximately a majority of treated cells, thus supporting the
current research results.*

The efficacy of PCA-NS as an anticancer agent in osteosarcoma
MG-63 cells is supported by our findings. The combination
of MTT cytotoxicity assays and AO/EB dual staining indicates
that PCA-NS causes cell death mainly through the process of
apoptosis. However, limitations include evaluation in a single
cell line and lack ofin vivo validation. Due to limited project
time duration, formulation scalability, long-term stability,
and comprehensive ADME profiling could not be assessed.In
silico binding predictions require experimental validation.
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Our future research will incorporate multiple cell lines, animal
models, and extended stability studies to overcome these

time-constrained limitations.

CONCLUSION
This
properties of a Protocatechuic Acid-loaded Nanosuspension

(PCA-NS) in inhibiting the growth of human osteosarcoma
(MG-63) cells, indicating its potential in controlling cancer

investigation underscores the significant anticancer

cell proliferation. Due to its natural source and low toxicity,
PCA presents potential as a safe, multifunctional therapeutic
substance for bone cancer treatment. Molecular docking studies
of Protocatechuic Acid (PCA) with the cancer-associated proteins
topoisomerase II alpha (1ZXN) and the p53 DNA-binding
domain (1TUP) highlight significant binding interactions,
suggesting PCA's potential utility as a therapeutic agent in
bone cancer treatment. These results validate the function of
PCA-NS in triggering programmed cell death, which is crucial
for the creation of successful cancer treatments. PCA's capacity
to trigger apoptosis while causing minimal harm to healthy cells
highlights its potential as a therapeutic agent. Furthermore, the
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nano formulation of PCA improved its bioavailability and cellular
absorption, which contributed to the observed cytotoxic effects.
PCA-NS is a promising candidate for use in anticancer treatment,
particularly in the case of osteosarcoma treatment. Further
validation of the clinical usefulness and mode of action of this
compound will require additional research involving molecular
pathway analysis, in vivo testing, and pharmacokinetic studies.
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SUMMARY

The study investigates the anticancer potential of protocatechuic
acid nanosuspensions (PCA-NS) against MG-63 human
osteosarcoma cells, combining in-vitro cytotoxicity tests with
in-silico molecular docking analysis. Treatment options for
osteosarcoma, an aggressive bone cancer, are limited. Despite
its well-established anticancer properties, Protocatechuic
Acid (PCA) has low bioavailability and solubility. The goal of
nanosuspension formulation is to overcome these constraints.
PCA-NS was created by antisolvent precipitation and its stability
was assessed. PCA docked with topoisomerase II alpha (1ZXN)
and p53 DNA-binding domain (1TUP) to predict molecular
interactions. MTT assay conducted on MG-63 cells to determine
ICs0.AO/EB dual staining to differentiate between viable,
apoptotic, and necrotic cells. Docking showed strong binding
to both topoisomerase Ila (-6 kcal/mol) and p53 (-5.9 kcal/
mol) with stabilizing hydrogen bonds. MTT assay revealed a
dose-dependent cytotoxic effect with ICso = 46.10 ug/mL. AO/EB
staining indicated apoptosis as the primary mode of cell death, with
76.5% late apoptotic cells. PCA-NS exhibits significant cytotoxic
and pro-apoptotic effects on osteosarcoma cells, likely due to
enhanced bioavailability and effective molecular interactions
with cancer-related proteins. The formulation appears promising

$1602

as a possible treatment strategy for bone cancer, indicating the
need for additional in-vivo and clinical research.
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