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ne-based ferrite nanoparticles:
synthesis, characterization, and anti-proliferative
activity against some human cancer cells (in vitro
study)

Abdelsattar O. E. Abdelhalim, *a Nasra F. Abdel Fattah, b Mohamed Z. Hussein,a

Mangoud M. Mangoud a and Samah A. Loutfy *b

This work introduces a novel soft magnetic building block (GCM), based on reduced graphene oxide covalently

functionalized with Congo red molecules and incorporated with barium ferrite nanoparticles, creating

a promising multifunctional platform for future magnetically controlled nanorobotic systems for potential cancer

therapy and diagnosis nanodevices. The sol–gel auto-combustion method was used for the synthesis of pure

barium ferrite (M) and in situ synthesis of reduced graphene oxide–barium ferrite nanoconjugate (GM).

Physicochemical characterization techniques were used for identification, including infrared spectroscopy, X-ray

diffraction, UV-visible spectroscopy, thermogravimetric analysis, scanning electron microscopy, energy-

dispersive X-ray spectroscopy, high-resolution transmission electron microscopy, vibrating sample

magnetometry, size distribution analysis, and z-potential analysis. M showed hard ferrimagnetic properties with

a coercivity (Hc) of 2183 Oe, while GCM and GM demonstrated soft ferrimagnetic character with Hc values of

212 Oe and 147 Oe, respectively. Barium ferrite demonstrated higher saturation magnetization (Ms) than both

GCM and GM. Ms values of 59 emu g−1, 35 emu g−1, and 25 emu g−1 were recorded for M, GCM, and GM,

respectively. The decreased saturation magnetization is attributed to spin disorder due to the presence of

graphene domains with defects and different functional groups on the GCM and GM surfaces. MTT assays

revealed that the barium ferrite graphene derivatives (GM/GCM) exhibited potent antiproliferative activity against

both human colon cancer (HCT116) and human breast cancer cells (MCF-7), without affecting normal cells, with

an IC50 range of 22.5–37 mg mL−1. DNA fragmentation assays indicated that the graphene surface attached to

Congo red molecules (GC/GCM) has a high activity for inducing DNA damage. Further insights into the

mechanism of the apoptotic effect revealed that apoptosis was exerted via the intrinsic caspase-dependent

pathway. Additionally, Congo red functionalization (GCM) further improved targeting specificity without

compromising safety. qRT-PCR analysis demonstrated the upregulation of caspase-3, Bax, and p53. At the same

time, downregulation of Bcl-2 was observed, confirming the enhanced apoptotic pathways in both cancer cell

lines. The results were further supported using in silico studies, which showed high-affinity binding to the CD45

protein, with the strongest docking score (−22.92 kcal mol−1) for GC.
1 Introduction

Graphene is one of the carbon-based nanomaterials; other
allotropes include nanodiamonds, fullerenes, and carbon
nanotubes.1 Graphitic structures, such as graphite, graphene,
graphene oxide (GO) and its reduced form (rGO), are composed
of several layers, and the unique structure of graphene
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derivatives endows them with exceptional surface properties
such as high electrical and thermal conductivity, high surface
area, good mechanical strength, optical transparency, and
electronic mobility.2 Graphene-based nanomaterials are
emerging in several elds, such as energy,3 water disinfection,4

water desalination,5 optoelectronics,6 and biomedical
applications.7

Functionalization of graphene surfaces enhances physico-
chemical properties as well as homogeneous dispersion.8 The
graphene surface can be functionalized through covalent and
noncovalent approaches, such as amidation, esterication, 1,3-
dipolarcycloaddition, and halogenation, in addition to hydrogen
bonding, p–p stacking interactions, and hydrophobic
interactions.9–11 GO contains different oxygen functional groups,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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such as epoxy, hydroxyl, carboxyl, lactol, and carbonyl groups,
and the highly oxidized surface of graphene leads to stable
dispersions and antioxidant and biocompatible properties.12

These characteristics qualied GO as a promising candidate for
biomedical applications such as targeted drug delivery, bi-
osensing, diagnostics, regenerative medicine, bioimaging,
chemotherapeutics, gene therapy, and radiotherapy.13

Vinothini et al. demonstrated that the noncovalent func-
tionalization of GO with doxorubicin and rose bengal through
hydrophobic and p–p stacking interactions led to high anti-
cancer activity, as evaluated using the LDH assay, against MCF-7
breast cancer cells when exposed to 525 nm laser light irradia-
tion. The synergistic effect of the conjugation between GO and
the doxorubicin in the presence of rose bengal and the photo-
dynamic effect led to apoptotic cell death and higher anticancer
activity in comparison with the free drug doxorubicin.14 Haider
et al. revealed that GO covalently functionalized with peptides
exhibited high affinity to placenta-specic protein 1, which is
overexpressed on colorectal cancer cells, and the cancer treat-
ment effect of the nanoconjugate was demonstrated by
decreasing the invasiveness of HCT-116 and HT-29 cancer cells
by 62% and 38%, respectively and downregulating PLAC-1
expression by 33% and 53%, respectively.15

Ferrite nanoparticles are applied in biomedicine elds,
including anticancer, as antimicrobial agents and nanosensors,
and for drug delivery.16 Kohzadi et al. reported that GO func-
tionalized with superparamagnetic iron oxide nanoparticles
(SPION) and polyethylene glycol showed 50% cancerous cell
death against EJ138 human bladder carcinoma at 300 ppm
concentration, while the nanoconjugate of SPION with chitosan
led to SARSCoV-2 virus inhibition by 86%.17

Congo red molecules are known for their binding to b-sheet
structures of amyloid protein aggregates or bril proteins.18,19

Congo red can bind to the amyloid-b (Ab) proteins associated
with Alzheimer's disease, and it can be intercalated into the b-
sheet structure of Ab brils. The bonding between amyloid-like
proteins and Congo red molecules occurs through hydrogen
bonds established between the two b strands of amyloid bril
proteins and the nitrogen atoms of Congo red molecules,20 in
addition to the interaction between the two SO3

−1 functional
groups of Congo red molecules and two of the positively
charged amino acid residues located on two different amyloid
protein molecules.21 Congo red is widely used as a histological
dye to detect amyloid brils (including Ab-derived amyloids) in
brain tissue and in vitro amyloid-bril preparations.22 Howie
et al. showed that numerous pathologists utilize Congo red to
diagnose amyloidosis, asserting the prevailing view that Congo
red-stained amyloid exhibits apple-green birefringence under
polarized light, oen referred to as apple-green dichroism.23

Santiago et al. reported that many cancer types are related to
the accumulation of amyloid b inside tumors due to hyperpro-
duction of amylogenic proteins; the researchers concluded that
amyloid growth in glioma tumors is a part of the tumor's
environment, linked to the glial origin glioma cells, intra- and
extracellular walls of blood vessels, and adjacent astrocytic
endfeet, and might be utilized as an antigen for glioma
imaging, marking, as well as a target for the development of
© 2026 The Author(s). Published by the Royal Society of Chemistry
a new class of anti-tumor therapeutics.24 At the same time,
Nguyen et al. published a case report concerning a 60 year-old
woman with a right breast lesion, wherein amyloid nodal
deposits linked to calcications were observed aer biopsy
analysis, Congo red detected b-amyloid, and a characteristic
apple-green birefringence of the Congo red dye was observed
under polarized light.25

Ano Bom et al. demonstrated that mutant p53, commonly
found in 50% of cancers, may organize into amyloid oligomers
and brils in breast cancer tissues and in vitro due to a prion-
like aggregation of the misfolded protein, which could be
inhibited as a targeted cancer therapy.26

Amyloid-like b-sheet aggregates of mutant p53 are found in
cancer cells but are absent in normal cells. The well-known
ability of Congo red to bind b-sheet-rich amyloid structures
may facilitate selective recognition of these aggregates, poten-
tially interfering with mutant p53 aggregation, restoring partial
p53 transcriptional activity, and reducing tumor cell prolifera-
tion in vitro.26–29 Soragni et al. showed that amyloid-binding
molecules can partially inhibit mutant p53 aggregation,
reduce cytotoxic aggregates, and, in some contexts, restore
partial p53 function.30

Zhao et al. demonstrated the effect of chemodynamic
therapy caused by the magnetic carbon-coated NiFe2O4 nano-
catalyst ferrites that can catalyze Fenton-like reactions in tumor
microenvironments rich with H2O2, generating hydroxyl radi-
cals that could intensify Fenton reaction activity and kill cancer
cells.31

In this research, for the rst time, covalent conjugation of
the graphene surface with Congo red molecules was conducted
with subsequent incorporation of barium ferrite nanoparticles.
The produced rGO–Congo red–barium ferrite nanomaterial
(GCM) was characterized using different techniques and
compared with rGO–barium ferrite nanocomposite (GM),
covalently conjugated graphene oxide-Congo red (GC), and pure
compounds of graphene oxide (GO) and barium ferrite nano-
particles (M). The synthesized nanomaterials were character-
ized with several physicochemical methods such as infrared
spectroscopy (IR), X-ray diffraction (XRD), UV-visible spectros-
copy, thermogravimetric analysis (TGA), scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDX), high-resolution transmission electron microscopy
(HRTEM), vibrating sample magnetometry (VSM), size distri-
bution analysis, and z-potential analysis. The MTT assay was
used to study the cytotoxicity of the nanomaterials against
human colon cancer cells (HCT116) and human breast cancer
cells (MCF-7). Moreover, DNA fragmentation assays were used
to study the effect of the nanomaterials on the DNA content of
the cancer cells. At the same time, the mechanism of the
apoptotic pathway was investigated on a transcriptional level for
some apoptotic gene expressions. In addition, the nano-
materials were tested for their biocompatibility on Vero cells
(monkey kidney cells) as an in vitro model of normal cell
control. Moreover, an in silico study was conducted to examine
the molecular docking of the graphene structures on the cancer
cells and explore the molecular mechanism underlying the
observed apoptotic effect in our in vitro studies.
RSC Adv., 2026, 16, 9054–9084 | 9055
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2 Materials and equipment
2.1 Reagents

To carry out the synthesis of graphene derivatives, the following
reagents were used: graphite powder, sulfuric acid, sodium
nitrate, potassium permanganate, deionized water, hydro-
chloric acid, hydrogen peroxide, distilled water, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), N-hydrox-
ysuccinimide (NHS), Congo red dye, sodium hydroxide, barium
nitrate, iron nitrate nonahydrate, citric acid, ammonia solution
30%. All chemicals were of analytical grade and used without
further purication.

Cells were maintained in Dulbecco's Modied Eagle Medium
(DMEM), which was purchased from Sigma, Munich, Germany.
This mediumwas supplemented with fetal bovine serum (10%), L-
glutamine (1%), penicillin–streptomycin 100 IU per mL (1%) and
sodium bicarbonate (3%) purchased from Gibco, Merelbeke,
Belgium. Phosphate Buffer Saline (PBS) tablets and Trypsin–EDTA
were obtained from Thermo Fisher Scientic, Loughborough, UK.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) was purchased from Serva, Heidelberg, Germany. The
qPCR SYBR Green Kit was obtained from Thermo-USA.

Cell lines: Vero cells were purchased from Vaccination and
Sera Collection Organization (VACSERA), and the human cancer
cells HCT116 and MCF-7 were purchased from Nawah
company, Cairo, Egypt.

Molecular docking of Congo red and the graphene-based
nanostructures was conducted using the Molecular Operating
Environment (MOE) soware,32 a comprehensive molecular
modeling platform widely recognized for its robust tools in
protein–ligand docking, scoring, and visualization. The soware's
MMFF94X and AMBER10:EHT forceelds were used for ligand
and receptor energy minimization, ensuring accurate simulation
of molecular interactions within the active-site pocket.
Fig. 1 Proposed structure of the GO nanomaterial.33
2.2 Characterization equipment

The synthesized nanomaterials were identied using the following
techniques: The functional groups in the synthesized nanomaterials
were characterized using a Fourier-transform infrared (FTIR) spec-
trometer (a PerkinElmer Spectrum 65) within the wavenumber of
400–4000 cm−1. Thermal stability was investigated using a ther-
mogravimetric analyzer (LabSys Evo TGA) with a rate of 10 C min−1

under nitrogen atmosphere from room temperature to 600 °C. The
magnetic properties, including hysteresis curves, saturation
magnetization, and coercive eld, were estimated using a vibrating
sample magnetometer (VSM, Model: MSE-EZ9, Microsense, Lowell,
MA, USA) device in a 1.5 tesla eld at room temperature.

Morphology study was conducted using a eld-emission
scanning electron microscope (FE-SEM) (ZEISS-EVO 15) with
energy-dispersive X-ray analysis (EDX) for surface imaging and
elemental information, in addition to the high-resolution trans-
mission electron microscopy (HRTEM) (JEM 2100 HRT, Japan),
with an accelerating voltage of 200 kV and 0.2 nm resolution.

The crystal structure was recorded using X-ray diffraction
(Brucker D8 Discover, Germany) with an X-ray wavelength of
CuKa = 0.15140 nm. Ultraviolet-visible (UV/Vis) spectra were
9056 | RSC Adv., 2026, 16, 9054–9084
measured using a JENWAY 6850 UV/Vis spectrophotometer
(England). The size distribution and z-potentials of the nano-
particles were measured using a Malvern Zetasizer 3000.
3 Synthesis methods
3.1 Synthesis of GO

GO (Fig. 1) was synthesized from graphite via a modied
Hummers and Offeman oxidation method. Graphite powder (8 g)
was dispersed in sulfuric acid (250 mL) in an ice bath and stirred
for 20 min. KMnO4 (16 g) was then added slowly with stirring for
25 min, followed by the addition of NaNO3 (4 g) with continuous
stirring for 2 h at a temperature below 5 °C. The temperature was
gradually increased up to 45 °C for 1 hour. The reaction mixture
was then stirred slowly while adding 250 mL of deionized water,
and the temperature was elevated to 98 °C for 2 h, followed by
adding 450mL of deionized water and then 15mL of 30%H2O2 to
complete the oxidation process and remove excess KMnO4. The
GO residue was separated using ltration and washed repeatedly
with deionized water and 5% HCl until reaching a neutral pH
value for the GO precipitate, redispersed in deionized water,
ultrasonicated for 1 h, and nally dried at 65 °C for 8 h.33
3.2 Synthesis of graphene oxide functionalized with Congo
red molecules (GC)

GO powder (1 g) was dispersed in deionized water and ultra-
sonicated for 15 min, 0.3 g of EDC and 0.223 g of NHS were
added gradually with continuous stirring for 2 hours, and then
the pH of the mixture was raised to a slightly basic medium (pH
8) through the addition of 0.1 M NaOH with the subsequent
addition of 0.135 g of Congo red dye dissolved in deionized
water. The mixture was then stirred in a dark system for 24
hours, ltered, washed with deionized water several times until
it reached neutral pH, and separated for drying in a vacuum for
6 hours. The structure of GC is shown in Fig. 2.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.3 Synthesis of barium ferrite magnetic nanoparticles (M)

Barium ferrite was synthesized using the citrate sol–gel auto-
combustion method.34 Barium nitrate (0.002 mol) and iron
nitrate nonahydrate (0.024 mol) were dissolved in 100 mL of
deionized water, with the subsequent addition of 0.04 mol of
citric acid dissolved in the minimum amount of deionized
water. The solutions were stirred using a magnetic stirrer at
room temperature for 30 minutes, and ammonia solution was
added to get an alkaline medium with a pH value of 9. The
mixture was stirred using a magnetic stirrer and heated at 80 °C
until the transparent solution was converted into a viscous
brown gel with foaming. The temperature was then maintained
at 180 °C until the self-ignition process, which formed a loose
powder that was completely crushed and milled. The ground
powder was then calcined at 900 °C for 3 hours to form barium
ferrite magnetic nanoparticles, BaFe12O19.
3.4 Synthesis of reduced graphene oxide functionalized with
Congo red molecules and barium ferrite nanoparticles (GCM)

GC and M powders were mixed in a 1 : 1 weight ratio, crushed,
milled, and dispersed in deionized water. The mixture was
ultrasonicated for 20 minutes, then stirred for 5 hours at 140 °C.
The dispersion was allowed to settle to remove excess water,
Fig. 2 Proposed structure of the graphene oxide functionalized with Co

© 2026 The Author(s). Published by the Royal Society of Chemistry
heated to 250 °C in an oven, and nally ltered, dried at 70 °C,
and ground to give the GCM powder (Fig. 3).

3.5 Synthesis of reduced graphene oxide functionalized with
barium ferrite nanoparticles (GM)

GO powder (0.3 g) was dispersed in 100 mL of deionized water
and ultrasonicated for 15 minutes, a mixture of barium nitrate
(0.002 mol), iron nitrate nonahydrate (0.024 mol), and citric
acid (0.05 mol) was dissolved in deionized water and added to
the GO dispersion, with continuous stirring using a magnetic
stirrer at room temperature for 30 minutes. The pH of the
mixture was elevated to 9 to obtain an alkaline medium using
ammonia solution, which was then stirred continuously during
heating at 90 °C until a viscous and foamy gel was obtained. The
temperature was raised to 190 °C to complete the auto-
combustion reaction. A loose powder was formed, which was
fully ground and sintered at 950 °C for 3 hours (Fig. 4).

4 In vitro study
4.1 MTT assay

The cytotoxic effect of the studied materials was assessed
against the proliferation of human colon cancer cells (HCT116)
and human breast cancer cells (MCF-7) using an MTT
ngo red molecules (GC).

RSC Adv., 2026, 16, 9054–9084 | 9057
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Fig. 3 Proposed structure of the reduced graphene oxide functionalized with Congo red molecules and barium ferrite nanoparticles (GCM).
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colorimetric assay. Moreover, all compounds were tested on
Vero cells (monkey kidney cells) as a model of normal control to
evaluate their anti-proliferative activity towards non-cancerous
cells.35

The assay relies on the reduction of tetrazolium salts into their
insoluble formazan crystals that can be solubilized and
measured spectrophotometrically.36 First, the cells were seeded
into a 96-well plate with a density of 104 cells per well and
Fig. 4 Proposed structure of the reduced graphene oxide function-
alized with barium ferrite nanoparticles (GM).

9058 | RSC Adv., 2026, 16, 9054–9084
incubated overnight at 37 °C with 5%CO2. The following day, the
cells were treated with serial dilutions of all compounds sepa-
rately. Aer 48 hours of incubation, 30 mL of 5 mgmL−1 MTT was
added to each well and then incubated at 37 °C for 3 hours. The
media was carefully removed, and 200 mL of dimethyl sulfoxide
was added to each well to dissolve the insoluble formazan crys-
tals. The absorbance was read at 570 nm using a multimode
microplate reader (CLARIO star Plus, BMG LABTECH, Germany).
The IC50 was calculated using non-linear regression analysis
(log(inhibitor) vs. normalized response–variable slope) with
GraphPad Prism soware version 9.37
4.2 Morphological examination

Morphological changes were assessed aer treatment of all the
cells with the tested materials for 48 h, using an inverted
microscope to conrm MTT results.
4.3 DNA fragmentation

Fragmentation of cellular DNA was investigated following
individual treatment of the HCT116 cells with the IC50 of the
tested materials in parallel with untreated cells (control) and
incubated for 24 h. A xed amount (350 ng) of cellular DNA
extracted from treated and untreated cells using a Genomic
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00520a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
1:

22
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DNA Purication Kit (Amersham Biosciences) was subjected to
1.5% agarose gel electrophoresis in Tris–acetate buffer pH 8.2,
and stained with 0.5 mg mL−1 ethidium bromide. The bands
were examined under UV transillumination. Smearing, or the
presence of many low molecular weight DNA fragments, is
a characteristic feature of apoptotic cells.38
4.4 Effect of the tested materials on the expression of some
apoptotic genes on a transcriptional level

4.4.1. Nucleic acid extraction. A Gene Jet RNA purication
kit (Thermo Scientic, Inc, USA) was used for total RNA
extraction according to the manufacturer's instructions, as used
in our previous study. First-strand cDNA was synthesized using
oligodT primers and the RevertAid Reverse Transcriptase kit
(Thermo Scientic, USA).
Fig. 5 IR spectra of GO (A), GC (B), GCM (C), and GM (D).

© 2026 The Author(s). Published by the Royal Society of Chemistry
4.4.2. Quantitative real-time PCR. Quantitative PCR (Q-
PCR) was performed by using 12.5 mL SYBR Green reagent
(Thermo Scientic, USA), 2 mL of synthesized cDNA, 3 mL of each
primer of caspase-3, BCL2, BAX, and P53 genes, and b-actin,
a housekeeping gene, was used as an internal control, and 4.5
mL of molecular-grade water in a total volume of 25 mL. Q-PCR
was run in a quantitative real-time detection system (Applied
Biosystems 7500 Fast Real-Time PCR system Thermal Cycling
Block, USA). Amplication was performed under the following
conditions: 1 minute at 95 °C, 40 cycles of 95 °C for 1 minute
and 58 °C for 1 minute and 72 °C for 2 minutes. Post-
amplication melting temperature (Tm) analysis clearly differ-
entiated nonspecic PCR products. Negative controls (non-
template water instead of cDNA) were also included to
conrm the lack of reagent DNA contamination.
RSC Adv., 2026, 16, 9054–9084 | 9059
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The Q-PCR data were analyzed using the comparative CT
method. Briey, the difference in cycle threshold, DCT, was
determined as the difference between the tested gene and
human b-actin. We then obtained DDCT by nding the differ-
ence between the two groups. The fold change (FC) was calcu-
lated as 2−DDCT.39
5 In silico study
5.1 Computational environment and soware

Molecular docking studies were performed using the Molecular
Operating Environment (MOE) soware package, version
2008.10 (Chemical Computing Group, Montreal, Canada). All
computational procedures, including ligand preparation,
protein renement, conformational analysis, and docking
simulations, were carried out on a workstation running the
Windows 10 operating system, ensuring consistent and repro-
ducible performance throughout the workow.
5.2 Choosing a docking target

Selecting an appropriate docking target is one of the most
critical steps in obtaining meaningful, reliable, and biologically
relevant molecular docking results. Yet, this task is oen chal-
lenging for medicinal chemists due to the vast number of
potential protein targets and the complexity of biological
systems. To address this, computational target prediction tools
such as TargetNet40 provide valuable guidance. TargetNet is an
open-access web server designed to predict the binding spec-
trum of small molecules by simultaneously generating a vast
number of QSARmodels derived from extensive chemogenomic
datasets. Upon submission of a compound, the platform eval-
uates its potential interactions across 623 human proteins,
Fig. 6 XRD spectra of GO, GC, GCM, GM, and M.

9060 | RSC Adv., 2026, 16, 9054–9084
producing a comprehensive drug–target interaction prole that
can serve as a powerful decision-making tool in selecting
a biologically plausible docking target.41 In the present study,
the SMILES notation of the sodium-free Congo red molecule
was submitted to the TargetNet platform using default param-
eters present on the web page to identify the most probable
protein targets for subsequent molecular docking analysis.
5.3 Target protein retrieval and preparation

The three-dimensional crystal structure of the target protein
was downloaded from the Protein Data Bank.42 This structure
should include a selective co-crystallized ligand, allowing the
use of the crystallographic ligand for docking protocol valida-
tion. Aer importing the structure into MOE, the protein
structure was prepared through the following steps.

5.3.1. Initial structure inspection. The structure was
checked for chain completeness, missing residues, steric
clashes, and unnatural geometries.

5.3.2. Protonation and charge assignment. Protonation
states of amino acid residues were assigned using the
Protonate-3D tool. Partial atomic charges were then assigned
automatically.

5.3.3. Duplicates, solvent and ion removal. Duplicates,
crystallographic water molecules, sodium and sulphate ions
were removed to avoid interference during docking.

5.3.4. Energy minimization. The cleaned protein structure
was energy-minimized using the Amber10:EHT hybrid force
eld, which combines AMBER parameters for biomolecules and
Extended Hückel Theory (EHT) for small molecules.43 Minimi-
zation was performed with default convergence criteria to
relieve steric strain while maintaining native binding-site
geometry.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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5.4 Ligand construction and preparation

Ligand preparation included the depiction of a small repre-
sentative structure for rGO, sodium-free Congo red, and a small
representative sector of GC structure on MOE. All ligands were
protonated and assigned partial charges in MOE, followed by
energy minimization using the MMFF94X force eld, which is
well-suited to optimizing organic molecules and nanoscale
carbon-based structures.44 This process ensured that all ligand
geometries were energetically stable prior to docking.
Fig. 7 EDX analysis of GO (A), GC (B), GCM (C), GM (D), and M (E).

© 2026 The Author(s). Published by the Royal Society of Chemistry
5.5 Docking protocol validation

To validate the docking protocol, the native co-crystallized
ligand present in the downloaded protein structure was
extracted and re-docked into the active site. Conformers of the
ligand were generated through systematic rotation around
rotatable bonds. The Triangle Matcher algorithm was used to
place the ligand within the binding pocket, and initial poses
were scored using the London dG scoring function. The highest-
ranking poses were then rened by energy minimization inside
RSC Adv., 2026, 16, 9054–9084 | 9061
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the active site and subsequently re-scored. Agreement between
the re-docked pose and the crystallographic conformation was
assessed to ensure that the docking method could reliably
reproduce experimentally observed intermolecular interactions.
5.6 Docking of prepared ligands

Following method validation, docking simulations for Congo
red and graphene structures were performed using the same
computational protocol. For each ligand, multiple conforma-
tions were generated and screened for optimal interaction with
the active site of the target protein. Binding poses were priori-
tized based on predicted binding free energies and favorable
electrostatic, hydrophobic, and hydrogen-bonding interactions
with key residues in the catalytic pocket. The top-scoring poses
were selected for further evaluation. Visualization of ligand–
protein interactions was conducted within MOE to analyze
hydrogen bonding, hydrophobic contacts, p–p stacking, and
steric complementarity, providing a structural basis for inter-
preting the affinity and binding behavior of each ligand toward
the target protein.
Fig. 8 UV-Vis spectra of GO, Congo red, and GC (A), and M, GM, and
GCM (B).
6 Results and discussions
6.1 Characterization of the nanomaterials

6.1.1. Infrared spectroscopy. Fig. 5 shows the IR spectra of
GO (A), GC (B), GCM (C), and GM (D). In the GO spectrum, the
broad peak at around 3400 cm−1 and the peak at about
1918 cm−1 are attributed to the O–H and C]O stretches of the
carboxylic groups, respectively. The two peaks at 2900 cm−1 and
2825 cm−1 are related to the C–H stretches, while the two peaks
around 1345 cm−1 and 1228 cm−1 are ascribed to the C–H and
O–H bends, respectively. At the same time, the two peaks at
1136 cm−1 and 1080 cm−1 are assigned to the stretches of the C–
OH phenolic and C–O–C epoxy groups, respectively. In the GC
spectrum, the two peaks with spikes at around 3490 cm−1 and
3344 cm−1 are attributed to the N–H stretches of the amine and
amide groups of Congo red molecules due to amidation reac-
tion with the GO surface; at the same time, the peak located at
1680 cm−1 represents the C]O stretch of the amide groups.
The peaks around 1335 cm−1, 610 cm−1, and 546 cm−1 are
assigned to the N–H bends of the amide and amine groups, with
the C–N stretch at about 1060 cm−1 and the C–S stretch of the
Congo red molecules at 771 cm−1. The peak around 1572 cm−1

is characterized as the C]C stretch of the aromatic domains,
while the peak present at 916 cm−1 is specic for the C–O
stretch of the hydroxyl and epoxy groups on the graphene
surface.

In the GCM spectrum, the broad peak at 3321 cm−1 and the
peak at 1688 cm−1 are attributed to the N–H and C]O stretches
of the amide groups of the Congo red molecules; the amide
group was shied to slightly higher values due to the func-
tionalization with barium ferrite nanoparticles. At the same
time, the peaks located at 796 cm−1, 1040 cm−1, and 1379 cm−1

are related to the stretching frequencies of C–S, C–N, and N–H
bonds of the Congo red molecule conjugated with the graphene
surface, respectively. The two peaks at 957 cm−1 and 1158 cm−1
9062 | RSC Adv., 2026, 16, 9054–9084
correspond to functional groups with C–O stretch and C–H
bend on the GCM surface, while the peak around 1515 cm−1 is
assigned to the aromatic domains, and the two peaks at
577 cm−1 and 529 cm−1 are related to the Ba–O and Fe–O bonds
of the barium ferrite nanoparticles.45 In the GM spectrum, the
broad peak with low intensity at 3374 cm−1, which is assigned to
O–H stretch, reveals that the O–H bonds were reduced. Impor-
tantly, the appearance of the peak around 1739 cm−1 is attrib-
uted to the C]O stretching of the remaining carbonyl groups.

The C]C stretches of the aromatic domains appear at
1593 cm−1. The two peaks at about 626 cm−1 and 590 cm−1 are
attributed to the Ba–O and Fe–O bonds of the barium ferrite
nanoparticles,46 while the other bonds remaining on the gra-
phene surface are characterized through the appearance of the
following peaks: 1593 cm−1 (aromatic domains), 1374 cm−1 (C–
OH carboxylic groups), 1165 cm−1 (C–OH phenolic groups), and
1030 cm−1 (epoxy groups). It is observed that the oxygen func-
tional groups on the GO surface are reduced aer the formation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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of GCM and GM nanoparticles due to the synthesis conditions;
this is conrmed by the decrease in intensity of the broad peak
around 3400 cm−1.47,48

6.1.2. X-ray diffraction. Fig. 6 demonstrates the XRD
spectra of GO, GC, GCM, GM, and M. The peak at 2q = 26.5° is
specic to the 002 plane of graphite, while, aer oxidation, it
shied to 2q = 11.5°, characteristic of the 001 plane of GO,
conrming the oxidation of the graphite to GO. Aer the ami-
dation reaction with Congo red molecules, the 001 plane of the
Fig. 9 TGA curves of GO, GC, GM, GCM, and M.

Fig. 10 Particle size distribution of GO, GC, GCM, GM, and M in an aqu

© 2026 The Author(s). Published by the Royal Society of Chemistry
GO was shied to lower values at 2q = 10.6° in GC due to an
increase in the interlayer distances aer the conjugation, in
addition to the appearance of another peak around 2q = 31.2°
due to the functionalization with Congo redmolecules. In theM
spectrum, the peaks at 2q = 30.40°, 32.46°, 34.63°, 37.48°,
40.35°, 42.64°, 53.73°, 55.91°, 56.94°, 62.08°, 63.68°, 64.71°,
68.03°, 73.17°, and 79.01°, which refer to the planes 110, 107,
114, 203, 205, 206, 215, 217, 2011, 2110, 220, 2014, 307, 317, and
3110 indicate that the crystal structure is related to the single
eous dispersion (C = 1 g L−1).

RSC Adv., 2026, 16, 9054–9084 | 9063
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phase of M-type hexagonal barium ferrite BaFe12O19, according
to the standard card 01-074-1121.49 In the GM spectra, the 001
plane of the GO peak shied to higher values as a broad peak
around 2q = 24.5°, which is related to the reduction of the
graphene surface to rGO during the synthesis of GM.

At the same time, for the other peaks present at 2q = 30.29°,
30.85°, 32.81°, 35.66°, 38.51°, 40.80°, 52.01°, 54.07°, 55.09°,
61.84°, 66.31°, 71.35°, and 77.28°, which are related to the
barium ferrite phase, it is noted that the shi in the position
and intensity of the peaks from the pure barium ferrite spectra
is related to the functionalization of graphene surface with the
barium ferrite nanoparticles. Simultaneously, in the GCM
spectrum, the peaks at 2q = 18.5° and 24.45° are attributed to
the graphene structure, and the graphene peak of GC at 2q =

10.6° was shied to higher values with a broad peak around 2q
= 24.45° for rGO domains, conrming the reduction of the
functional groups aer GCM formation. The shi from 2q =

31.2° in GC to 18.5° in GCM can be attributed to the presence of
Congo red molecules aer functionalization of GC with the
barium ferrite nanoparticles. Moreover, the presence of the
peaks at around 30.05°, 31.20°, 32.57°, 36.92°, 39.66°, 42.06°,
45.66°, 48.69°, 57.05°, 58.18°, 58.99°, 64.25°, 68.83°, 77.40°,
79.22° is related to the barium ferrite phase, with some shis in
the position and intensity of the peaks owing to the function-
alization on the GCM surface.

6.1.3. Energy-dispersive X-ray spectroscopy. Fig. 7 shows
the energy-dispersive X-ray (EDX) analysis for GO (A), GC (B),
GCM (C), GM (D), and M (E). The EDX spectra display the
presence of oxygen in addition to the carbon, owing to the
oxygen functional groups on the GO surface. Simultaneously, in
the GC spectrum, in addition to the detection of carbon and
oxygen, nitrogen and sulfur were also conrmed, proving the
Fig. 11 z-Potentials of GO, GC, GCM, GM, and M in an aqueous dispers

9064 | RSC Adv., 2026, 16, 9054–9084
functionalization of GO with Congo red molecules. Further-
more, the GCM spectrum exhibits peaks related to carbon,
oxygen, nitrogen, iron, barium, and sulfur, which substantiate
the successful functionalization of GC with barium ferrite
nanoparticles. Additionally, in the GM spectrum, peaks attrib-
uted to carbon, oxygen, iron, and barium are detected, con-
rming the formation of barium ferrite nanoparticles
composited with the graphene surface. Moreover, the M spec-
trum reveals the presence of oxygen, iron, and barium, proving
the formation of barium ferrite. The presence of a carbon peak
is due to the carbon grid of the sample holder.50

6.1.4. UV-visible spectroscopy. Fig. 8 illustrates the UV-
visible spectra of water dispersions of GO, Congo red, and GC
(Fig. 8A), and M, GM, and GCM (Fig. 8B). Fig. 8A reveals that the
GO spectrum shows two absorbance peaks, one at 229 nm and
a shoulder peak at around 298 nm, corresponding to the p /

p* and n / p* transitions of C–C and C]O bonds, respec-
tively, conrming the oxidation of the graphene surface.51,52 The
UV-Vis spectrum of pure Congo red displays the presence of
three peaks at about 230 nm, 320 nm, and 487 nm,53 while in the
GC spectrum, aer the conjugation of the GO surface with
Congo red, the three peaks were shied to higher values, at
237 nm, 348 nm, and 531 nm, with smaller intensities with
a shi of the GO peak to a lower value of around 197 nm due to
the functionalization of GO with Congo red molecules.

Fig. 8B shows the UV-Vis spectrum of M, which contains two
absorbance peaks at around 215 nm and 340 nm for barium
ferrite nanoparticles. Several factors affect the shi in the
absorbance values, such as grain size, band gap, oxygen de-
ciency, impurities, and surface effects.54 The peak at 340 nm in
pure barium ferrite shied to higher values in GM (350 nm) and
GCM (357 nm) due to the functionalization of barium ferrite
ion (C = 1 g L−1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Magnetic hysteresis loops of (A) M, GCM, and GM, and (B) GO
and GC.
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surface with GO in the GM nanomaterials, and also with GC in
the GCM nanoparticles. At the same time, the absorbance peak
for M around 215 nm was shied to slightly higher values in
GM, at 218 nm, and also to 231 nm in GCM. Moreover, the
absorbance peaks around 297 nm, 415 nm, and 461 nm in GCM
are attributed to the Congo red molecules included in the GCM
structure, which appear with shis in the positions of the
absorbance peaks due to the functionalization with barium
ferrite nanoparticles. The two peaks around 268 nm in both GM
and GCM are attributed to the p / p* transitions assigned to
the restoration of the p bonds owing to the reduction of the
graphene surface.52,55–57

6.1.5. Thermogravimetric analysis. Fig. 9 displays the TGA
curves for GO, GC, GM, GCM, and M at room temperature up to
600 °C. Barium ferrite nanoparticles show high thermal stability
within this temperature range. At the same time, the GO curve
displays gradual degradation with a sudden breakdown at 205 °
C due to the release of GO functional groups; further degrada-
tion is observed at 507 °C, which is assigned to the decompo-
sition of the basic structure of the carbon skeleton.58 It is noted
that the covalent functionalization of GO with Congo red
molecules in the GC nanomaterial leads to higher thermal
stability; it began to break down slowly with the degradation of
the various functional groups associated with GO and Congo
red molecules. Moreover, a rapid degradation is observed at
540 °C, when the carbon skeleton of the GC nanomaterial
begins to decompose.

The functionalization of GC with barium ferrite nano-
particles led to an increase in GCM thermal stability. Two mass-
loss steps were recorded; the rst mass diffraction range is from
270 °C to 320 °C, which is related to the decomposition of the
different functional groups of the graphene surface and the
Congo red molecules, while the second range of mass loss is
located between 360 °C and 475 °C, which is associated with the
decomposition of the graphene carbon structure. In compar-
ison, GM reveals greater thermal stability, with a mass loss
between 330 °C and 475 °C, which is attributed to the break-
down of the graphene carbon-based skeleton. The weight loss
percent is presented in Fig. 9.

6.1.6. Size distribution and z-potentials. Fig. 10 indicates
the size distribution of the aqueous dispersions of GO, GC,
GCM, GM, and M. Analysis of the obtained size distributions
reveals that the nanoparticles of GO, GC, GCM, GM, andM have
sizes of around 305 nm, 270 nm, 210 nm, 138 nm, and 66 nm,
respectively. At the same time, the z-potentials obtained were
−41 mV, −34 mV, −25 mV, −15 mV, and −5 mV for GO, GC,
GCM, GM, and M, respectively (Fig. 11). These values prove that
GO, GC, and GCM exhibit higher dispersion stability, which is
associated with the various functional groups on their surfaces,
while GM and M showed less dispersion stability.

6.1.7. Vibrating sample magnetometry. Fig. 12 demon-
strates the magnetic hysteresis loops of (A) M, GCM, and GM,
and (B) GO and GC via the VSM technique at room temperature.
Fig. 12A shows that barium ferrite has higher saturation
magnetization (Ms) and coercivity (Hc) than GCM and GM. Ms

values are 59 emu g−1, 35 emu g−1, and 25 emu g−1 for M, GCM,
and GM, respectively. It is evident that M has Ms value that is
© 2026 The Author(s). Published by the Royal Society of Chemistry
consistent with prior reports,59 and the reduction inMs value for
GCM and GM is attributed to the presence of spin disordered
surface layers60 due to the existence of defects as multiple pores
found on the graphene surface as observed from the SEM
pictures with the magnetic nanoparticles spread inside and
outside the pores, in addition to the decreased size of magnetic
nanoparticles in GM and GCM as a result of the synthesis
process, this can disrupt the magnetic spin orientation. The
incorporation of graphene domains with magnetic nano-
particles can lead to a random orientation of spins; thus,
a decrease in the saturation magnetization was observed for the
graphene ferrite composites.61

Hc for barium ferrite is around 2183 Oe, whereas for GCM
and GM, it was signicantly reduced to 212 Oe and 147 Oe,
respectively. It is observed that M, GM, and GCM have ferri-
magnetic properties; while M shows hard magnetic behavior,
GCM and GM exhibit so magnetic character with larger Ms for
GCM than for GM. This can be ascribed to the functionalization
of the graphene surface with Congo red molecules with
RSC Adv., 2026, 16, 9054–9084 | 9065
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Fig. 13 SEM study for GO (A), GC (B), GCM (C), GM (D), and M (E).
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increased interlayer distances and less magnetic spin
disorder.60 The reduction in the Ms value aer incorporation of
graphene with barium ferrite was previously reported.62 On the
other hand, Fig. 12B illustrates that GO and GC bear
9066 | RSC Adv., 2026, 16, 9054–9084
predominantly diamagnetic characteristics; the diamagnetic
response of graphene oxide was introduced in different
studies.63–65 A diamagnetic material is weakly repelled by an
external magnetic eld, an effect that arises from slight changes
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 HRTEM images for GO (A), GC (B), GCM (C), GM (D), and M (E).
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in the orbital dynamics of electrons, leading to a weak magnetic
response.66

It is noted that the integration of barium ferrite with rGO or
GC can soen the hard ferrimagnetic material; this feature can
qualify both GM and GCM for future applications in the eld of
© 2026 The Author(s). Published by the Royal Society of Chemistry
nanorobots owing to the ease of magnetization and demagne-
tization, which facilitates precise external control and pro-
pulsion, in addition to decreased aggregation and lower toxicity.
This so ferrimagnetic nature can also avoid uncontrolled
attractions between particles inside blood vessels or tissues,
RSC Adv., 2026, 16, 9054–9084 | 9067
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which is promising for biomedical robotic applications, espe-
cially for minimally invasive medicine, targeted drug delivery,
imaging, hyperthermia, and theranostics.67–71 An external
magnetic eld can also be used to remove the robotic magnetic
material from the body aer task completion.72

6.1.8. Scanning electron microscopy. Fig. 13 illustrates the
morphology of GO (A), GC (B), GCM (C), GM (D), andM (E) using
SEM analysis. From Fig. 13, it is clear that the GO akes appear
Fig. 15 IC50 of the tested compounds on the HCT 116 cell line.

Fig. 16 IC50 of tested compounds on the MCF-7 cell line.

9068 | RSC Adv., 2026, 16, 9054–9084
as separated sheets with sharp edges, while aer functionali-
zation with Congo red molecules, the graphene akes in GC
were transformed into soer sheets with a shiny surface; this
can be attributed to the distinguished optical and uorescence
properties of Congo red molecules attached to the graphene
surface.73 The morphology study of the GCM and GM surfaces
demonstrates the appearance of pores or voids of different sizes
that load tiny particles of the barium ferrite nanomaterial inside
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 IC50 of tested compounds on the Vero, HCT 116, and MCF-7 cell lines

Compound IC50 (mg mL−1) on Vero cells IC50 (mg mL−1) on HCT116 IC50 (mg mL−1) on MCF-7

GO >100 45.6 89
M >100 53 16
GM >100 24 22.5
GC >100 49.6 >100
GCM >100 34 37
C >100 >100 >100
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and outside the cavities. Furthermore, the SEM analysis for
barium ferrite nanoparticles demonstrates hexagonal shapes
with higher particle size of M in comparison with the ferrite
nanoparticles distributed on GM and GCM because of being
incorporated in different synthesis conditions in the presence
of graphene sheets.

6.1.9. High-resolution transmission electron microscopy.
Fig. 14 indicates the results of the morphology study using
HRTEM for GO (A), GC (B), GCM (C), GM (D), and M (E). The GO
Table 2 Concentration of cellular DNA of HCT116 treated with the
selected materials

No Sample Conc. ng mL−1

1 Ladder 100 bp
2 Cell control 137.2
3 M 126.9
4 GM 108
5 GCM 59.4
6 GO 130
7 GC 98.8

Table 3 Concentration of cellular DNA of MCF-7 treated with the
selected materials

No Sample Conc. ng mL−1

1 Ladder 100 bp
2 Cell control 279.4
3 C 192.8
4 GO 93.3
5 GM 149.2
6 GCM 133
7 GC 52.8
8 M 168

Table 4 Quantitation of the expression of some apoptotic genes after 2

Treatment Caspase 3 RQ 2 BCL2 RQ 2−D

Cell control 1 1
GO 0.62 23.5
M 1.64 2.02
GM 2.56 0.52
GC 2.37 0.9
GCM 8.45 0.80

a RQ < 1 is considered downregulation, whereas RQ > 1 is considered upr

© 2026 The Author(s). Published by the Royal Society of Chemistry
image presented in Fig. 14A shows that GO is made up of several
akes. At the same time, Fig. 14B showsmore transparent layers
for GC related to increased interlayer distances, with the
appearance of some agglomerations due to the functionaliza-
tion of GO with Congo red molecules. Meanwhile, the GCM
image, displayed in Fig. 14C, shows agglomerations of dark
spots of around 11 nm homogeneously distributed all over the
GCM surface, conrming the successful functionalization of GC
with barium ferrite nanoparticles. Fig. 14D demonstrates that
the GM surface has dark spots uniformly distributed on the
graphene surface with a diameter of 21 nm, proving the func-
tionalization of graphene with barium ferrite nanoparticles;
furthermore, GCM seems to have a soer aspect when
compared with GM. Finally, Fig. 14E shows the morphology of
the barium ferrite nanoparticles, with hexagonal shapes and
particle sizes of around 73 nm. The decreased particle size of
barium ferrite in GM and GCM in comparison with M is
attributed to the different synthesis conditions of each. Pure
barium ferrite was prepared using the sol–gel auto-combustion
method and calcined at 900 °C. GCM was prepared aer strong
mechanical forces were applied to the GC–barium ferrite
mixture, reducing its particle size. For GM, the incorporated
barium ferrite nanoparticles were synthesized through a one-
pot in situ synthesis in which GO was included with the sol–
gel auto-combustion process. The entrapment of the ferrite
particles on the graphene surface can protect the ferrite nano-
particles from agglomerations caused by elevating the temper-
ature during calcination.
6.2 Bioactivity study

6.2.1. MTT assay. Fig. 15 and 16 and Table 1 present the
IC50 values of the GO, GC, M, GM, GCM, and pure Congo red
molecules (C) on the human cancer cells (HCT 116 and MCF-7)
and Vero normal cells. Analysis of the results revealed that GM
4 h of cell exposure on a transcriptional level for HCT116a

DCT−DDCT Bax RQ 2 P53 RQ 2−DDCT−DDCT

1 1
0.44 0.34

17.26 8.16
5.5 7.51
2.46 200.85

245.5 8.11

egulation.
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Table 5 Quantitation of the expression of some apoptotic genes after 24 h of cell exposure (caspase 3, Bax and anti-apoptotic BCL2, and P53)
on a transcriptional level for MCF-7a

Treatment Caspase 3 RQ 2 BCL2 RQ 2−DDCT−DDCT Bax RQ 2 P53 RQ 2−DDCT−DDCT

Cell control 1 1 1 1
C 6.5 0.29 1.55 1.21
GO 139.1 0.059 12.55 1.63
GM 28.64 0.00025 91.13 1.05
GCM 2.44 0.76 1.14 3.11
GC 25.28 0.053 3.2 1.74
M 3.45 0.075 2.78 1.23

a RQ < 1 is considered downregulation, whereas RQ > 1 is considered upregulation.

Fig. 17 Quantitation of the expression of some apoptotic genes after
24 h of cell exposure on a transcriptional level.
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and GCM exhibited the highest potency, with IC50 values of 24
and 34 mg mL−1, respectively, for HCT, 116 and 22.5 and 37 mg
mL−1, respectively, for MCF-7 cells, indicating their anti-
proliferative activity against the tested cancer cells.
Regarding M, it demonstrated high antiproliferative activity
against MCF-7 (IC50 = 16 mg mL−1) but a weaker effect on
HCT116 (IC50 = 53 mg mL−1). GO and GC demonstrated
moderate cytotoxicity (IC50 = 45.6 and 49.6 mg mL−1, respec-
tively, for HCT 116, and 89 and >100 mg mL−1, respectively, for
MCF-7). In contrast, Congo red (C) was safe for all the tested
cancer cells (IC50 > 100 mg mL−1). Regarding the results on Vero
cells as a model of normal cells, all tested compounds were safe
(IC50 > 100 mg mL−1). These observations demonstrate how
physicochemical properties and the design of the nano-
materials affect the cellular interactions, which, in turn, affect
uptake via the cell membrane, resulting in varying degrees of
cell viability.74

In addition, results might indicate a synergistic effect of
combining the graphene surface with the magnetic nano-
materials, which leads to enhanced anti-proliferative activity
because it may target multiple cellular pathways, maximizing
their effect on cancer cells without harmful impact on normal
cells. Furthermore, Congo red functionalization (GCM) showed
comparable efficacy to GM, suggesting its role as a targeting
ligand that leverages both the surface morphology and the so
magnetic properties of the nanomaterial system to enhance
therapeutic delivery without compromising safety.17 It is
observed that whereas pure Congo red did not show cytotoxicity
for any of the cancer cells, the moderate antiproliferative
activity of graphene derivatives (GO and GC) increased aer
combination with barium ferrite in both GM and GCM. This
observation can conrm the synergistic effect of the graphene
surface and the barium ferrite nanoparticles as cytotoxic agents
for cancer cells. The Congo red conjugation with the graphene
surface can enhance the specicity for cancer cells through
binding to the b sheets of amyloid-like aggregates in cancer
cells, which are not found in normal cells. This can enhance the
ability of the hybrid nanomaterial to detect and target cancer
cells and inhibit mutant p53 aggregation, thereby restoring its
transcriptional activity and suppressing the growth of the tumor
while decreasing the cytotoxicity toward normal cells.26–29 The
targeting ability of Congo red molecules, alongside the high
surface area of graphene sheets and the Fenton reaction activity
9070 | RSC Adv., 2026, 16, 9054–9084
enhanced by the ferrite nanoparticles,31 increases the ability of
GCM nanomaterials to act as antiproliferating agents to
suppress cancer growth. Moreover, the acquired so ferrimag-
netic behavior due to reduced coercivity can facilitate GCM
applications inmagnetic hyperthermia for cancer treatment.75,76

The unique cytotoxicity exhibited by magnetic nanoparticles
is due to the specic redox nature of tumors. All malignant cells
maintain a high basal level of hydrogen peroxide (H2O2) in
comparison to normal cells.77,78 Iron oxide nanoparticles, in
particular iron-based ferrites, can take advantage of this
disparity using Fenton reactions. In these reactions, the Fe2+/
Fe3+ ions on the surface of the NPs also react with H2O2 to
produce hydroxyl radicals ($OH), which are the most toxic
ROS.79,80 As a result of the high endogenous H2O2 levels in the
tumor environment, this catalytic process is notably enhanced
in cancer cells. The resulting increase in $OH generation results
in intense oxidative stress, inducing cell apoptosis.81–83

Morphological examination conrmed such harmful effects
on the tested cell lines. Based on IC50 results, further analysis
on a molecular level was performed for all the tested materials
on both cancer cell lines.

6.2.2. DNA fragmentation. The nature of cell death on
a molecular level was investigated using a DNA fragmentation
assay. Regarding HCT116 (colon cancer cell line), GCM (gra-
phene–Congo red–barium ferrite) showed themost pronounced
DNA damage, reducing DNA concentration to 59.4 ng mL−1
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(versus 137.2 ng mL−1 for untreated cells), but GC and GM
induced lesser effects (98.8 and 108 ng mL−1, respectively) as
shown in Table 2. For MCF-7 (breast cancer cell line), GC
exhibited the highest activity, reducing DNA content to 52.8 ng
mL−1 (versus 279.4 ng mL−1 for untreated cells) as shown in
Table 3. In contrast to the effect on the HCT116 cell line, GCM
showed a moderate effect on the MCF-7 cell line, where the DNA
content was 133 ng mL−1. These results align with the cyto-
toxicity trends observed in the MTT assay, conrming that
Congo red-functionalized nanomaterials (GC/GCM) preferen-
tially target cancer cell DNA.

6.2.3. Quantitative apoptotic gene expression, detected
using the RT-PCR assay on tested cancer cells. The apoptotic
Fig. 19 3D-visualization showing the alignment of the docked and the

Fig. 18 Quantitation of the expression of some apoptotic genes after
24 h of cell exposure (caspase, Bax and anti-apoptotic BCL2, and P53)
on a transcriptional level for MCF-7.

© 2026 The Author(s). Published by the Royal Society of Chemistry
effect was investigated using qRT-PCR analysis to examine the
mechanism of the anti-proliferative activity of the nano-
materials against HCT116 and MCF-7 cell lines. The results
showed that the nanomaterials induced apoptosis via the
intrinsic caspase-dependent pathway with the following details:

Pro-apoptotic markers, including mRNA expressions of cas-
pase 3, BAX, and P53 genes, were up-regulated (RQ > 1) in both
cell lines (Tables 4 and 5, Fig. 17 and 18). For HCT116, GCM
triggered the highest caspase 3 and Bax expressions (RQ = 8.45
and 245.5, respectively), whereas on MCF-7, GO induced
extreme caspase 3 (RQ = 139.1), while GM induced the
expression of Bax (RQ = 91.13). Regarding the anti-apoptotic
marker, BCL2 was downregulated (RQ < 1) across all treat-
ments, notably for the MCF-7 cell line, and GM showed the
strongest suppression of BCL2 expression (RQ = 0.00025). All
the results matched; thus, GM/GCM drive mitochondrial
dysfunction by upregulating Bax and downregulating BCL2
gene expression. Further insightful analysis on other apoptotic
gene proles and cell cycle analysis is needed to identify the
exact targets that can effectively control the proliferation of
human colon cancer cell lines and human breast cancer cells.

6.3 In silico studies

6.3.1. Docking target. Among the predicted proteins,
P08575, corresponding to Receptor-type Tyrosine-Protein
Phosphatase C (PTPRC/CD45), exhibited a probability value of
1.0, indicating maximal condence in the predicted interaction.
This strong prediction suggests that the compound aligns
closely with the QSAR models associated with CD45, making
P08575 a compelling biological target. CD45 is a leukocyte-
specic receptor-type tyrosine phosphatase that regulates Src-
family kinases, which serve as key upstream controllers of
co-crystallized ligand in the pocket of the active site of the receptor.

RSC Adv., 2026, 16, 9054–9084 | 9071
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major oncogenic pathways, including PI3K/AKT, MAPK/ERK,
and JAK/STAT.84–86 Dysregulation of these pathways is well
recognized in cancer biology for promoting survival, prolifera-
tion, resistance to apoptosis, and malignant
transformation.87–90 Altered CD45 activity, as noted in several
hematological malignancies, can enhance proliferative
signaling and suppress apoptotic pathways. Conversely,
modulation of CD45 function can restore apoptotic responses
by activating p53, increasing caspase-3 activity, and shiing the
BAX/Bcl-2 ratio towards a pro-apoptotic state, collectively
contributing to antiproliferative effects. Thus, a compound
predicted to strongly interact with CD45 may inuence these
apoptotic and antiproliferative pathways, reinforcing the
mechanistic relevance of selecting P08575 as a docking target.

To translate the predicted target identity into a structural
model for docking, the Protein Data Bank entry 2ZOQ was
chosen.91 The 2ZOQ crystal structure corresponds directly to the
catalytic D1 domain of CD45;85,92 the same protein was identi-
ed by TargetNet under UniProt P08575.93 This structure
provides the experimentally resolved three-dimensional
conformation of the active phosphatase domain responsible
for substrate dephosphorylation and modulation of down-
stream oncogenic signaling pathways. Because 2ZOQ represents
the functional region of CD45 and offers a high-quality, X-ray-
derived protein structure, it is an appropriate and scienti-
cally justied model for docking studies.94 Its direct corre-
spondence to the predicted target ensures consistency between
the computational target prediction and the structural docking
Fig. 20 2D depiction showing the relative binding of the co-crystallized
2ZOQ protein.

9072 | RSC Adv., 2026, 16, 9054–9084
analysis, enabling accurate investigation of the potential
binding interactions of the sodium-free Congo red molecule
with CD45.

5-Iodotubercidin is a known small-molecule inhibitor of
several protein kinases, including adenosine kinase (ADK) and
certain tyrosine kinases, and has been reported to exhibit
cytotoxic and pro-apoptotic effects in various cancer cell
models.95

5-Iodotubercidin has been shown to interact with ATP-
binding sites of kinases and phosphatases, which share struc-
tural similarity with the catalytic domain of CD45. This makes it
a relevant reference compound for in silico docking studies with
2ZOQ, a crystal structure of the CD45 phosphatase domain.

6.3.2. Docking validation. Validation of the docking
protocol was rst performed by re-docking 5-iodotubercidin,
the native anticancer inhibitor co-crystallized in the CD45
structure (PDB ID: 2ZOQ), into the protein's active site. The re-
docked ligand adopted a binding orientation highly compa-
rable to the experimentally observed conformation, conrming
the reliability of the docking procedure. As illustrated in Fig. 19,
the docked pose aligned closely with the co-crystallized ligand
within the active-site pocket, effectively reproducing the estab-
lished pharmacophore interactions. The calculated root-mean-
square deviation (RMSD) between the crystallographic ligand
and the re-docked pose was 0.20 Å, indicating excellent struc-
tural overlap. RMSD values below 2 Å are generally considered
indicative of a robust and reliable docking protocol;96 therefore,
this exceptionally low RMSD conrms that the applied docking
structure and the docked structure with the active site residues of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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settings are appropriate for predicting ligand binding in the
CD45 active site. The docking score of the re-docked compound
was −15.00 kcal mol−1, further suggesting favorable binding
affinity and accurate pose prediction.

The interaction analysis between the ligand and the CD45
active site (2ZOQ) indicates a strong correspondence between the
co-crystallized and docked ligand poses. All key hydrogen-bonding
interactions observed in the co-crystallized ligand were success-
fully reproduced in the docked ligand, with only minor variations
in bond distances, as illustrated in the 2D depiction (Fig. 20).

Quantitative comparison of the binding interactions is pre-
sented in Table 6, which summarizes the hydrogen-bond
distances and corresponding interaction energies for both the
co-crystallized and docked ligands. The slight variations in
hydrogen-bond lengths and energies reect minor adjustments
in binding geometry during computational optimization, yet
the core interactions remained intact. Collectively, these nd-
ings conrm that the chosen docking protocol reliably repro-
duces experimentally validated binding modes, supporting its
Table 6 Quantitative interaction of both the co-crystallized ligand and it

Ligand atom Receptor residue Interaction type

Co-c

Dista

O50 1 OD2 ASP 184 (A) H–donor 2.41
N6 22 O ASP 123 (A) H–donor 2.75
O20 27 OD2 ASP 128 (A) H–donor 2.52
O30 31 O SER 170 (A) H–donor 2.51
N1 17 N MET 125 (A) H–acceptor 3.09
O20 27 NZ LYS 131 (A) H–acceptor 2.77

Fig. 21 3D-visualization showing the stereo fitting of Congo red in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
use for subsequent docking simulations with the test ligands
involving Congo red, and the representative small graphitic
sectors of GC and rGO included in GCM and GM platforms,
respectively (aer excluding barium ferrite nanoparticles).

For instance, the H–donor interaction between O50 and OD2
of ASP 184 slightly increased from 2.41 Å to 2.60 Å upon dock-
ing, while interactions with ASP 123, ASP 128, and SER 170
showed minimal distance changes (<0.25 Å). The H–acceptor
contacts with MET 125 and LYS 131 were maintained with
negligible variation. Interaction energies of the docked ligand
were generally comparable to or slightly more favorable than
those of the co-crystallized ligand, notably the O20–OD2 (ASP
128) and O30–O (SER 170) interactions, which became more
stabilizing. Overall, these ndings conrm that the docking
protocol accurately reproduced the native binding mode,
maintaining key hydrogen bonds within the active site and
supporting the reliability of subsequent docking predictions
(Table 6).
s re-docked structure with amino acid residues of the 2ZOQ active site

rystallized ligand Docked ligand

nce (Å) Distance (Å)
E (kcal mol−1)
report 1

E (kcal mol−1)
report 2

2.60 11.2 −2.6
2.81 −1.8 −1.0
2.70 −2.7 −4.6
2.75 0.3 −2.9
3.09 −3.8 −3.8
2.89 −1.5 −1.1

pocket of the active site of 2ZOQ.
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6.3.3. Molecular docking of Congo red. Following valida-
tion of the docking protocol, Congo red was docked into the
active site of the target protein using the established compu-
tational pipeline. The resulting docked pose demonstrated
a strong and well-dened t within the active-site cavity, indi-
cating favorable steric complementarity and appropriate ligand
orientation. As illustrated in Fig. 21, the ligand occupies the
Fig. 23 2D depiction showing the binding modes of the Congo red stru

Fig. 22 3D-visualization showing the alignment of Congo red and the c

9074 | RSC Adv., 2026, 16, 9054–9084
same binding pocket as the reference inhibitor, maintaining
a stable position.

The alignment of Congo red with the co-crystallized inhib-
itor further supports the reliability of the docking model.
Structural superposition (Fig. 22) demonstrated that Congo red
closely overlaps with the reference ligand within the active-site
pocket, indicating that it adopts a biologically relevant binding
cture and the target protein residues.

o-crystallized inhibitor in the pocket of the active site of 2ZOQ.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 24 3D-visualization showing the stereo fitting of rGO in the pocket of the active site of the receptor.
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orientation. The calculated RMSD of 1.98 Å between the
experimental ligand and the predicted Congo red pose falls
within the accepted threshold for reliable docking validation,
conrming the consistency of the docking protocol. Moreover,
Congo red achieved a docking score of −22.10 kcal mol−1,
Fig. 25 2D-visualization showing the alignment of GO and the co-cryst

© 2026 The Author(s). Published by the Royal Society of Chemistry
reecting a strong predicted binding affinity and reinforcing its
potential as an effective binder to the target protein.

The ligand interaction analysis revealed several key stabi-
lizing contacts between the docked compound and residues
within the active site of the target protein (Fig. 23). The ligand
allized inhibitor in the pocket of the active site of 2ZOQ.
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Fig. 27 3D-visualization showing the stereo fitting of GC in the pocket of the active site of the receptor.

Fig. 26 2D depiction showing the binding modes of the rGO structure with protein residues of 2ZOQ.
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Fig. 28 A 2D-visualization showing the alignment of the GO and the co-crystallized inhibitor in the pocket of the active site of 2ZOQ.
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established multiple hydrogen-bond acceptor interactions,
including those between atom N16 and MET125 (2.92 Å), O59
and ASN171 (2.68 Å), and O60 and LYS181 (2.85 Å), each
contributing favorably to the overall binding stability, with
interaction energies ranging from −0.8 to −2.3 kcal mol−1. In
addition to these hydrogen bonds, the ligand formed notable
ionic interactions, particularly with LYS168 through atoms O58
and O59 at distances of 3.51 Å and 3.16 Å, respectively, with the
latter showing a strong interaction energy of −3.5 kcal mol−1.
Further ionic contact was observed between O60 and LYS181
(3.89 Å), contributing additional stabilization. Collectively,
these hydrogen-bonding and ionic interactions highlight the
strong electrostatic complementarity between the ligand and
the active-site residues, supporting the predicted affinity infer-
red from the docking results.

Overall, the docking results suggest that Congo red exhibits
a strong and stable binding mode within the 2ZOQ active site,
supported by favorable energy scores and hydrogen-bond and
ionic interactions. These ndings indicate that Congo red has
the potential to interact effectively with 2ZOQ and may serve as
a promising scaffold for the development of CD45-targeting
inhibitory systems.

6.3.4. Molecular docking of rGO. Docking simulations of
rGO (small sector of GM) with the 2ZOQ revealed a stable and
© 2026 The Author(s). Published by the Royal Society of Chemistry
well-dened binding pose within the active-site cavity. As shown
in Fig. 24, the rGO fragment adopted a conformation that ts
appropriately within the catalytic pocket, demonstrating favor-
able steric compatibility with the receptor surface. Despite its
extended aromatic structure and polar oxygen surface func-
tionalities, rGO was able to assume a stable orientation that
allowed effective interactions with key residues of the binding
site.

Superposition of the rGO docked pose with the co-
crystallized inhibitor further conrmed the reliability of the
predicted binding mode. As illustrated in Fig. 25, rGO aligns
within the active-site region in a manner highly consistent with
the reference ligand, demonstrating strong spatial agreement
between the two structures. This alignment is quantitatively
supported by the acceptable RMSD value of the selected pose
(1.99 Å), which indicates a high degree of structural similarity
and reinforces the validity of the docking results.

The docked ligand displayed a strong and energetically
favorable binding prole, as reected by its docking score of
−19.29 kcal mol−1. Detailed interaction analysis illustrated in
Fig. 26 revealed a network of stabilizing contacts within the
active site, including several hydrogen–donor interactions with
CYS183 (C8, O47, O53) and a key H–donor bond between O57
and ASP184. Notably, interaction with ASP184 is highly
RSC Adv., 2026, 16, 9054–9084 | 9077
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signicant because this residue also forms a hydrogen bond
with the co-crystallized ligand, highlighting its central role in
ligand recognition and active-site stabilization. The ligand
further engaged in strong hydrogen–acceptor interactions with
LYS131 (O45, 2.56 Å, −5.5 kcal mol−1) and GLN122, with the
LYS131 interaction being particularly important, as it is likewise
conserved in the binding mode of the reference inhibitor. This
conservation of interactions with ASP184 and LYS131
strengthens condence in the predicted binding pose and
supports its biological relevance. Additionally, a p–H interac-
tion between the aromatic ring and VAL56 contributed
supplementary hydrophobic stabilization. Together, these
interactions demonstrate that the ligand binds in a manner
consistent with essential active-site features, reinforcing the
validity of the docking results.

Although the overall binding affinity of rGO is lower than
that of Congo red, its ability to form multiple stabilizing inter-
actions and penetrate the active-site cavity supports the poten-
tial relevance of graphene-based structures in modulating the
2ZOQ function.

6.3.5. Molecular docking of GC. Docking analysis of the GC
(small sector of GCM) against the 2ZOQ active site demon-
strated a highly stable and energetically favorable binding
conguration. The conjugate accommodated the catalytic
pocket with a strong steric complementarity and appropriate
orientation toward key catalytic residues, as shown in Fig. 27.
The calculated docking score of −22.92 kcal mol−1 indicates
Fig. 29 2D depiction showing the binding modes of the graphene oxid

9078 | RSC Adv., 2026, 16, 9054–9084
a remarkably high binding affinity when compared to the native
ligand and individual components, suggesting a synergistic
enhancement in interaction strength upon conjugation.

Superposition of the GC docked pose with the co-crystallized
inhibitor further conrmed the reliability of the predicted
binding mode. As illustrated in Fig. 28, GC aligns within the
active site region in a manner closely consistent with the
reference ligand, demonstrating strong spatial agreement
between the two structures. This structural overlap is quanti-
tatively supported by the RMSD value of the selected pose (1.48
Å), which falls well within the accepted threshold for reliable
docking and indicates that both ligands occupy highly similar
positions within the active site.

The binding stability of the GC–protein complex is rein-
forced by a network of intermolecular interactions distributed
across key catalytic residues within the active site (Fig. 29). The
ligand forms multiple hydrogen-bonding interactions,
including H–donor contact with ASP128 (3.43 Å,
−0.8 kcal mol−1), and several H–acceptor interactions with
residues, such as ARG208 (3.38 Å and 3.11 Å, −0.6 and
−2.0 kcal mol−1), LYS131 (3.41 Å, −1.3 kcal mol−1), ALA52 (2.83
Å, −4.2 kcal mol−1), LYS168 (3.19 Å, −1.4 kcal mol−1), and
THR207 (3.39 Å, −0.7 kcal mol−1). In addition to hydrogen
bonding, strong ionic interactions were detected with positively
charged residues, particularly LYS131 (−2.2 kcal mol−1) and two
contacts with LYS168 (2.85 Å and 3.19 Å, −5.6 and
−3.3 kcal mol−1), indicating substantial electrostatic
e–Congo red conjugate in the 2ZOQ protein active site.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stabilization. Collectively, these interactions—especially those
involving ASP128, LYS131, and LYS168—underscore the robust
anchoring of the ligand within the active site and contribute to
the overall stability and affinity of the docked complex.

The combination of these interactions creates a robust
binding network spanning essential residues, including
ASP128, ARG208, LYS131, ALA52, LYS168, and THR207, with
ASP128 and LYS131 key residues being functionally critical
within the 2ZOQ catalytic domain. These residues collectively
provide hydrogen-bonding, ionic stabilization, and polar
contacts that rmly anchor the conjugate within the active-site
pocket. The distribution and strength of these stabilizing
interactions highlight the high affinity of the conjugate for
2ZOQ, emphasizing its potential as a potent inhibitor. Overall,
the conjugate not only ts favorably within the active-site cavity
but also establishes an extensive and energetically signicant
interaction network, indicating substantial biological relevance
and promising inhibitory capability.

7 Conclusion

For the rst time, rGO was covalently functionalized with Congo
red molecules via amidation coupling, followed by noncovalent
combination with barium ferrite nanoparticles (GCM), as tumor
suppressor agents against breast and colon cancers. GCM was
compared with rGO–barium ferrite nanoparticles (GM) that
were synthesized with a one-pot in situ sol–gel method, GO–
CONH–Congo red molecules (GC), and the pure reagents GO
and barium ferrite nanoparticles (M). Various physicochemical
characterization methods were applied to identify the synthe-
sized nanomaterials, including IR, XRD, UV-Vis spectroscopy,
TGA, SEM, EDX, TEM, VSM, size distribution, and z-potentials.
The results showed the successful formation of amide bonds
between the GO surface and the Congo red molecules using
EDC/NHS coupling, and the surface of GO was reduced to rGO
during the synthesis of GCM and GM. Barium ferrite nano-
particles were synthesized using the sol–gel auto-combustion
method, and SEM pictures showed the spread of M on GCM
and GM surfaces and also inside the voids, Ms values for M (59
emu g−1) > GCM (35 emu g−1) > GM (25 emu g−1), the decrease
in saturation magnetization can be ascribed to the presence of
random spin orientation as a result of graphene domains that
have surface defects and cavities produced during the synthesis
process. M, GCM, and GM exhibit coercivity values of 2183 Oe,
212 Oe, and 147 Oe, respectively, which conrm the hard
magnetic properties of M and the so magnetic character of
GCM and GM.

MTT assays demonstrated that both GM and GCM exhibit
potent and selective anti-proliferative activity against human
colon and breast cancer cell replication without affecting
normal cells. Safe action was observed for pure Congo red
molecules on all cancer cells, while the magnetic graphene
structures involved in GM and GCM demonstrated efficient
inhibition for the growth of both types of cancer cells. This
conrms the role of ferrite nanoparticles loaded on graphene
substrates as antiproliferative agents against replication of
cancer cells by catalyzing Fenton-like reactions activity inside
© 2026 The Author(s). Published by the Royal Society of Chemistry
the H2O2-rich cancer cell microenvironment, leading to oxida-
tive stress and ferroptosis. This reactivity is enhanced by the
ferrite particle size and the concentration of H2O2 inside the
cancer cells and can explain the observed variation in cytotoxic
activity of M, which is potent against MCF-7 (IC50 = 16 mg
mL−1), moderate against HCT116 (IC50 = 53 mg mL−1) and non-
toxic to normal Vero cells (IC50 > 100 mg mL−1).

Molecular studies conrmed that the cytotoxicity of GC and
GCM is exerted through a mechanism of severe DNA damage,
culminating in intrinsic caspase-dependent apoptosis. To
advance these compounds toward clinical relevance, essential
in vivo investigations are now warranted.

To optimize the molecular design of such materials for
application in cancer theranostics, the Congo red molecules
covalently attached to the graphene surface can enhance the
material specicity for cancer cells, without affecting the
normal cells, by binding to the b-sheet amyloid-like aggregates
of mutant p53 that are intensied in cancer cell microenvi-
ronments. The high surface area of graphene sheets, which
contain various voids capable of encapsulating ferrite nano-
particles, helps preserve their uniform distribution on the gra-
phene substrate and enhances catalytic activity in Fenton
reactions. Additionally, functionalization of the graphene
surface and the reduction in particle size of magnetic ferrite
nanoparticles – achieved by optimizing synthesis conditions –

resulted in so magnetic properties, smaller ferrite particle
sizes were obtained on GCM (z11 nm) and GM (z21 nm)
compared to M (z66 nm). These properties qualify the
designedmagnetic graphene nanomaterials, especially GCM, as
smart theranostics nanorobots that can be externally controlled
by a magnetic eld. The so magnetic properties facilitate
magnetization and demagnetization of its surface, preventing
the accumulation of the magnetic nanoparticles aer removal
of magnetism, and reducing the cytotoxicity that can accom-
pany the residual magnetism, allowing enhanced magnetic
hyperthermia, bioimaging, targeted drug delivery, biosensors,
and theranostics applications. Molecular docking studies
demonstrated that the GC sectors conrmed the highest dock-
ing score (−22.92 kcal mol−1), indicating a synergistic
improvement in binding affinity upon conjugation, and
possible interference with CD45-regulated signaling pathways
that can contribute to the observed anticancer effects.
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