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Abstract: Nanomedicine is the application of nanomater-
ials and nanotechnology to the development of novel phar-
maceuticals and drug delivery mechanisms. The present
study synthesized a functionalized nanocomposite (NC)
containing graphene oxide (GO), chitosan (Ch), manganese
(Mn), folic acid (FA), and brucine. The anticancer properties
of the synthesized GO/Mn/Ch/FA-Brucine NCs were evalu-
ated against liver cancer cells. GO/Mn/Ch/FA-Brucine NCs
were characterized using several characterization techni-
ques. The growth of HepG2 and Hep3B cells was analyzed
using the methylthiazolyldiphenyl-tetrazolium bromide assay.
The cell apoptosis was examined through dual staining. The
levels of inflammatory and oxidative stress biomarkers
were measured using the corresponding assay kits. Various
characterization assays revealed the formation of crystalline
GO/Mn/Ch/FA-Brucine NCs with tetragonal and agglomerated
morphologies, various stretching and bonding, and an average
particle size of 136.20 nm. GO/Mn/Ch/FA-Brucine NCs have
effectively inhibited the viabilities of HepG2 and Hep3B cells.
The NCs increased thiobarbituric acid reactive substances and
reduced antioxidants and inflammatory mediators, thereby

promoting apoptotic cell death in HepG2 cells. Our findings
indicate that GO/Mn/Ch/FA-Brucine NCs can inhibit viability
and promote apoptosis in liver cancer HepG2 cells.
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1 Introduction

Liver cancer is the third major cause of mortality world-
wide, despite extensive research efforts devoted to its
treatment. The prevalence of this disease is higher among
males than females [1,2]. A report submitted to the World
Health Organization by the International Agency for
Research on Cancer has included the findings on the global
incidence of liver cancer in the year 2020, indicating that a
total of 905,700 individuals were diagnosed with this disease,
and out of this diagnosed population, 830,200 individuals died
due to liver cancer. According to the reports, it was projected
that the incidence and mortality rates of liver cancer may
increase by 55% by the year 2040 [3,4]. The major problem
with treating liver cancer is that it is usually identified at a
late stage. Therapeutic procedures, such as resection or trans-
plantation, can be applied only to a small percentage of
patients [5]. In order to address the limitations of current
techniques, there is an ongoing pursuit to identify new antic-
ancer drugs that exhibit enhanced efficacy while minimizing
adverse effects. Several targeted therapeutics have been iden-
tified for the management of liver cancer; nevertheless, their
effectiveness against cancer cells has been limited [6].

Nanocomposite (NC) materials consist of many phases,
each exhibiting dimensions at the nanoscale ranging from
one to three nanometers. The understanding of the relation-
ship between structure and property is significantly impacted
by the proportion of surface area to volume of the material
employed in the formulation of NCs [7]. NCs offer a plethora
of innovative solutions for tackling challenges across diverse
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sectors such as medicine, foods and beverages, and electro-
nics. The physical attributes of the nanocrystals possess
potential usage in the advancement of new and potential
sensors for tumor detection, tumor imaging, and pharmaceu-
ticals for cancer treatment [8].

Ch, a naturally occurring polysaccharide, is commonly
present in certain seafood types, including shrimp, crab,
and crayfish, with the highest concentration found in their
shells. Ch possesses several key characteristics, namely biocom-
patibility, biodegradability, and non-toxicity [9,10]. Graphene
oxide (GO) exhibits hydrophilic properties and high dispensa-
bility in aqueous and organic solvents because of the occur-
rence of oxygen-containing functional groups [11]. Due to its
distinctive properties, GO exhibits significant promise in the
fields of nanomedicine and biomedical applications [12]. GO
has been the subject of study in the area of drug delivery
due to its significant hydrophobic surface area, which facili-
tates the loading of hydrophobic medicines through non-cova-
lent adsorption [13]. The large surface area of GO and the
existence of oxygenated functional groups facilitate the imple-
mentation of several techniques for modifying nanomaterials.
These techniques include chemical functionalization and the
application of molecules and polymers as coatings. These mod-
ifications are employed to design drug delivery systems [14].

In the context of functionalization, GO exhibits a notable
benefit compared to other nanocarriers. This advantage pri-
marily relies on the abundant occurrence of carboxylic
groups, which facilitates the coupling of several molecules
compared to other nanocarriers like liposomes and solid lipid
nanoparticles. Furthermore, it has been observed that an
increased level of functionalization of GO can enhance the
functionality of the nanocarrier [15]. Brucine is a major bioac-
tive compound derived from the Strychnos nux vomica L.
seeds [16]. Several earlier studies have already revealed
that brucine demonstrated anticancer properties against var-
ious cancers [17–19]. The synthesis of GO-functionalized chit-
osan (Ch)-brucine NCs and their biological activities have not
been reported yet. Therefore, the current study aims at
synthesizing and characterizing the GO, Ch, manganese, bru-
cine, and folic acid (FA) functionalized NCs (GO/Mn/Ch/FA-
Brucine NCs) and evaluating their anticancer potentials
against liver cancer cells.

2 Materials and methods

2.1 Chemicals and reagents

The following chemicals, including GO, manganese nitrate,
Ch, FA, and brucine (C23H26N2O4), were purchased from

Sigma-Aldrich, USA. All assay kits to determine the bio-
chemical parameters were acquired from Thermofisher
and eBioscience, USA.

2.2 Synthesis of GO/Mn/Ch/FA-Brucine NCs

In 50mL of distilled water, 500mg of synthetic GO and 0.1M
of manganese(II) nitrate hexahydrate (Mn(NO3)2·6H2O) were
dissolved. The solution was then supplemented with 50mL of
distilled water, 0.5 g of Ch, and 1% acetic acid. To this mixture,
50mg of brucine was added, followed by 100mg of FA. NaOH
(0.1M) was then introduced drop-by-drop, and the suspension
was heated with magnetic stirring for 6 h at 60°C. The resul-
tant nanopowder was rinsedwith ethanol and distilled water.
To formulate GO/Mn/Ch/FA-Brucine NCs, we dried the preci-
pitate at 120°C for 1 h, followed by annealing of the nano-
powder at 200°C for 2 h.

2.3 Characterization of GO/Mn/Ch/FA-
Brucine NCs

The UV-vis spectrophotometer (Shimadzu-1700, Japan) was
used to analyze the synthesized GO/Mn/Ch/FA-Brucine NCs.
The spectral characteristics of the NCs were analyzed
within the wavelength range of 100–1,000 nm.

GO/Mn/Ch/FA-Brucine NCs were subjected to photolu-
minescence (PL) analysis using PL spectroscopy (F-2500 FL,
Hitachi).

The X-ray diffraction (XRD) analysis was performed
using the X’pert Pro PANalytical XRD machine. The NCs
were examined and scanned for 0.02–0.5 s and a voltage
of 40 kV and 45mA.

The Fourier-transform infrared spectroscopy (FT-IR)
study was conducted to investigate the stretching and
bonding present in GO/Mn/Ch/FA-Brucine NCs. The NCs
were analyzed using the Shimadzu-8400S (Japan) equip-
ment. A spectrum of the NCs was acquired using the KBr
disc technique at 4,000–500 cm−1.

The elemental profile of the NCs was analyzed using
energy-dispersive X-ray spectroscopy (EDX), whereas their
morphology and spatial distribution were analyzed using
scanning electron microscopy (SEM) (Carl Zeiss Ultra 55
FESEM).

The transmission electron microscopy (TEM) analysis
was conducted to examine the size and morphology of the
NCs (TECNAI F30, USA). The copper grid holding the NCs
was subjected to electronic radiation within a vacuum
environment. Images of the samples were obtained using
an electron beam.

2  Abdullah R. Alzahrani et al.



The distribution and size of the NCs were examined
using the Zeta sizer (Malvern, USA) dynamic light scat-
tering (DLS) apparatus.

2.4 Antimicrobial activity

The well diffusion technique was employed to examine the
antibacterial property of GO/Mn/Ch/FA-Brucine NCs against
various pathogens, including Bacillus subtilis, Staphylococcus
aureus, Proteus vulgaris, Klebsiella pneumoniae, Streptococcus
pneumoniae, Escherichia coli, and Candida albicans [20]. Each
strain was grown on an appropriate agar growth medium.
Following the inoculation, the wells were developed on the
agar surface using a sterile cork borer. Subsequently, the
NCs were introduced into the wells at concentrations of 1,
1.5, and 2 μg·mL−1. The plates were incubated for 24 h, and
the inhibitory zone diameter was then noted. Amoxicillin
was used as a positive control.

2.5 Cell collection and maintenance

The liver cancer HepG2 and Hep-3B cells were collected
from the ATCC, USA. Subsequently, the cells were grown
in a CO2 incubator at 37°C, using Dulbecco’s modified eagle
medium with 10% fetal bovine serum and 1% antimycotic
mixtures. Upon reaching 80% confluency, the cells were
subjected to trypsinization and used for further assays.

2.6 MTT assay

The assessment of HepG2 and Hep3B cell viability fol-
lowing treatment with GO/Mn/Ch/FA-Brucine NCs was con-
ducted using the methylthiazolyldiphenyl-tetrazolium
bromide assay [21]. Both cells were cultured separately in
96-well plates at a cell population of 5 × 103 cells/well for
24 h. Later, the cells were exposed to varying doses of the
NCs (2, 4, 6, 8, 10, and 12 µg) for 24 h. Approximately 20 µL of
MTT reagent was introduced to each well and incubated
for 4 h. The developed formazan deposits were subse-
quently liquefied in 100 µL of dimethyl sulfoxide, and the
absorbance was recorded at 570 nm.

2.7 Dual staining

The dual staining technique [22] was used to assay the
apoptotic cell death in HepG2 cells following treatment
with GO/Mn/Ch/FA-Brucine NCs. The cells were grown on
a 24-well plates for 24 h, with a cell population of 5 × 105

cells/well. The NCs were subsequently treated at concen-
trations of 6 and 8 µg for 24 h. Later, the cells were stained
using acridine orange/ethidium bromide) dye (100 μg·mL−1,
1:1 ratio) for 5 min. Following the staining process, the
fluorescence intensity was assessed using a fluorescent
microscope.

2.8 Quantification of oxidative stress
markers

The concentrations of thiobarbituric acid reactive sub-
stances (TBARS) and the antioxidants (glutathione [GSH],
superoxide dismutase [SOD], and catalase [CAT]) in the cell
lysates of both untreated and NC-treated HepG2 cells were
quantified using commercially available assay kits. These
assays were performed according to the suggested proto-
cols provided by the kit’s manufacturer (ThermoFisher
Scientific, USA).

2.9 Measurement of inflammatory marker
levels

The levels of tumor necrosis factor alpha (TNF-α), nuclear
factor Kappa-light-chain-enhancer of activated B cells (NF-
κB), cyclooxygenase-2 (COX-2), and interleukin-6 (IL-6) in the
cell lysates of both untreated and NC-treated HepG2 cells
were measured using the assay kits. These assays were per-
formed according to the suggested protocols provided by the
kit’s manufacturer (ThermoFisher Scientific, USA).

2.10 Statistical analysis

Dara are illustrated as the mean ± SD of three individual
measurements, which were examined using the GraphPad
Prism software. The values of the treatment groups were
analyzed using one-way ANOVA and Duncan’s multiple
range test (DMRT) to measure significant variations, which
was set at p < 0.05.

3 Results

3.1 Characterization of GO/Mn/Ch/FA-
Brucine NCs

Figure 1a depicts the results of the UV-visible spectrum
analysis for the synthesized GO/Mn/Ch/FA-Brucine NCs.
The absorbance at several wavelengths (100–1,000 nm)
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revealed that the highest absorbance peaks occurred at 266
and 300 nm, verifying the NCs’ synthesis (Figure 1a).

Figure 1b depicts the PL analysis of GO/Mn/Ch/FA-Bru-
cine NCs. The excitations of the NCs occurred at 369.90,
433.98, and 480.42 nm. The PL spectrum provides informa-
tion regarding the crystal mode, surface characteristics,
and structural flaws of the NCs. The peaks at 369.90 nm

suggest the recombination of free excitons. The green emis-
sion at the 433.98 nm peak can be because of the existence
of interstitial oxygen vacancies. The green emission at
480.42 nm indicates that the NCs included a solitary ionized
oxygen vacancy (Figure 1b).

The purity and crystalline nature of GO/Mn/Ch/FA-
Brucine NCs were assessed through the XRD analysis

Figure 1: UV-visible spectroscopy and PL analysis of the synthesized GO/Mn/Ch/FA-Brucine NCs. The analysis of absorbance at several wavelengths
(100–1,000 nm) revealed that the highest absorbance peak occurred at 266 and 300 nm (a). The wavelengths at which the excitations of the
synthesized GO/Mn/Ch/FA-Brucine NCs occurred were determined to be 369.90, 433.98, and 480.42 nm, respectively, which reveals the crystal mode,
surface characteristics, and structural flaws shown by the synthesized GO/Mn/Ch/FA-Brucine NCs (b).

Figure 2: XRD and FT-IR analysis of the synthesized GO/Mn/Ch/FA-Brucine NCs. The peaks corresponding to the crystalline form of GO/Mn/Ch/FA-
Brucine NCs were seen at specific crystallographic orientations, such as (222), (400), (440), and (622) (a). The FT-IR analysis revealed the occurrence of
the specific functional groups present in the synthesized GO/Mn/Ch/FA-Brucine NCs (b).
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(Figure 2a). The peaks corresponding to the crystalline
form of the NCs were seen at specific crystallographic
orientations, such as (222), (400), (440), and (622) (Figure 2a).

The FT-IR study was conducted to analyze the specific
functional groups in GO/Mn/Ch/FA-Brucine NCs. The outcomes
of this study are depicted in Figure 2b. The FT-IR spectra of the
GO/Mn/Ch/FA-Brucine NCs exhibited a diverse range of peaks
distributed across different frequencies. Major peaks at 3,565
and 3,468 cm−1 may be due to the vibrational band arising from
the stretching motion of the O–H bond. The peaks at 2,922,
2,513, 2,444, and 2,142 cm−1 indicate the hydroxyl stretching.
The peaks at 1,771, 1,618, 1,538, 1,420, 1,361, and 1,064 cm−1 cor-
respond to the bending vibrations of C–H and C–O bonds,
respectively. The peaks at 901, 842, 599, and 456 cm−1 corre-
spond to H–O bonds.

The structure and appearance of the NCs were assessed
using SEM, whereas their elemental constituents were
determined using EDX spectroscopic analysis. The SEM
microphotographs (Figure 3a) revealed that the NCs exhibited
tetragonal and agglomerated morphological characteristics.

The EDX analysis on the NCs revealed distinct peaks, sug-
gesting the existence of carbon, nitrogen, and oxygen
elements (Figure 3b).

The TEM images of GO/Mn/Ch/FA-Brucine NCs (Figure 4)
revealed that the NCs exhibited cuboidal morphologies with
an average diameter of 63 nm. The crystallization of the NCs
was confirmed by examining selected area electron diffrac-
tion (SAED) patterns.

The DLS analysis was used to investigate the disper-
sion and particle size of the NCs (Figure 5), and the results
revealed a reduced dispersion pattern with an average
particle size of 136.20 nm.

3.2 Antimicrobial effects of GO/Mn/Ch/FA-
Brucine NCs

The well diffusion technique was used to analyze the antimicro-
bial effects of GO/Mn/Ch/FA-Brucine NCs against several patho-
gens, including B. subtilis, S. aureus, P. vulgaris, K. pneumoniae,

Figure 3: SEM and EDX analysis of the synthesized GO/Mn/Ch/FA-Brucine NCs. The SEM images revealed that the GO/Mn/Ch/FA-Brucine NCs
exhibited tetragonal and agglomerated morphological characteristics (a). EDX analysis of the GO/Mn/Ch/FA-Brucine NCs showed different peaks,
which suggests that carbon, nitrogen, and oxygen are present (b).
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S. pneumoniae, E. coli, and C. albicans (Figure 6). The NC treat-
ment with varying concentrations exhibited remarkable antimi-
crobial efficacy against all examined pathogens, corroborating
the results observed with amoxicillin. The growth of several

pathogens, particularly E. coli, S. aureus, and C. albicans, was
effectively suppressed by GO/Mn/Ch/FA-Brucine NCs. This sup-
pression was demonstrated by the highest inhibition zone
observed in these pathogenswhen exposed to theNCs (Figure 7).

Figure 4: TEM analysis of the synthesized GO/Mn/Ch/FA-Brucine NCs. The TEM images revealed that the fabricated GO/Mn/Ch/FA-Brucine NCs
exhibited cuboidal morphologies with an average diameter of 63 nm. The validation of the crystallization of the GO/Mn/Ch/FA-Brucine NCs was
confirmed through the examination of the SAED patterns.

Figure 5: DLS analysis of the synthesized GO/Mn/Ch/FA-Brucine NCs. The findings from the DLS study revealed a reduced dispersion pattern with an
average particle size of 136.20 nm.
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3.3 Effect of GO/Mn/Ch/FA-Brucine NCs on
the HepG2 and Hep3B cell viability

The cytotoxic effects of GO/Mn/Ch/FA-Brucine NCs on HepG2
andHepB3 cells are shown in Figure 8. The NC treatment with
varying doses (2, 4, 6, 8, 10, and 12 µg) considerably decreased

the proliferative capacity of HepG2 and Hep3B cells. At higher
concentrations of GO/Mn/Ch/FA-Brucine NCs, cell viability
was markedly decreased in HepG2 cells than in Hep3B cells.
The IC50 value of GO/Mn/Ch/FA-Brucine NCs for HepG2 cells
was 6 µg; therefore, 6 and 8 µg were selected as IC50 and high
doses of the NC for further assays, respectively.

Figure 6: Antimicrobial activity of the synthesized GO/Mn/Ch/FA-Brucine NCs. The treatment of various concentrations of the synthesized GO/Mn/Ch/FA-
Brucine NCs effectively decreased the growth of tested pathogens, particularly E. coli, S. aureus, and C. albicans, which were more sensitive to the NCs.

Figure 7: Antimicrobial activity of the synthesized GO/Mn/Ch/FA-Brucine NCs. The data were given as a mean ± SD of triplicates. The results were
statistically studied by one-way ANOVA and DMRT assays using the GraphPad Prism software. Values not sharing common superscript and data were
significantly different from control at p < 0.01.
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3.4 Effect of GO/Mn/Ch/FA-Brucine NCs on
the apoptosis in HepG2 cells

The findings of the dual staining analysis of apoptotic cell
death are indicated in Figure 9. The NC treatment at 6 and
8 µg resulted in more yellow and orange fluoresced cells,
respectively, than the untreated cells. The green fluoresced
cells in the control well represent normal viable cells,
whereas the increased yellow and orange fluoresced cells
in the NC-treated wells indicate the existence of more early
and late apoptotic cells, respectively.

3.5 Effect of GO/Mn/Ch/FA-Brucine NCs on
the oxidative and antioxidative
biomarkers in HepG2 cells

The NC treatment on the levels of TBARS and antioxidants
(GSH, CAT, and SOD) in HepG2 cells are depicted in

Figure 10. The NC treatment of HepG2 cells at 6 and 8 µg
considerably increased the TBARS levels. Furthermore,
the NCs at 6 and 8 µg effectively reduced the GSH, CAT,
and SOD levels in HepG2 cells. There was a considerable
reduction in antioxidants and an upsurge in oxida-
tive stress upon the NC treatment with HepG2 cells
(Figure 10).

3.6 Effect of GO/Mn/Ch/FA-Brucine NCs on
the inflammatory marker levels in the
HepG2 cells

The levels of inflammatory markers (TNF-α, NF-κB, COX-2,
and IL-6) were evaluated in untreated and NC-treated
HepG2 cells (Figure 11). Compared with the control cells,
the NC treatment at 6 and 8 µg significantly decreased the
levels of TNF-α, NF-κB, COX-2, and IL-6 in HepG2 cells.

Figure 8: Effect of GO/Mn/Ch/FA-Brucine NCs on the viability of HepG2 and Hep3B cells. The data were given as a mean ± SD of triplicates. The results
were statistically studied by one-way ANOVA and DMRT assays using the GraphPad Prism software. Values not sharing common superscript
significantly differ from control at p < 0.01.
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Figure 9: Effect of GO/Mn/Ch/FA-Brucine NCs on the apoptosis in the HepG2 cells. The GO/Mn/Ch/FA-Brucine NCs-treated HepG2 cells demonstrated
a higher number of cells with yellow and orange fluorescence, which represent the occurrence of apoptotic events. Magnification: 20×; scale
bar: 50 µm.

Figure 10: Effect of GO/Mn/Ch/FA-Brucine NCs on the oxidative and antioxidative biomarkers in the HepG2 cells. The data were given as a mean ± SD
of triplicates. The results were statistically studied by one-way ANOVA and DMRT assays using the GraphPad Prism software. “**” denotes that values
are significantly different from control at p < 0.01.
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4 Discussion

Nanomedicine employs nanomaterials and nanotechnology
to develop novel pharmaceuticals and delivery mechanisms
with the aim of enhancing the effectiveness of current ther-
apeutic approaches. Nanomedicines possess several advanta-
geous characteristics in the field of cancer research, including
their diminutive size and remarkable drug release profiles.
These attributes give them significant capacity to address
the limitations associated with existing chemotherapeutic
treatments. Significantly, nanomaterials have the ability to
enhance the effectiveness of chemotherapeutic drug-loaded
therapies and mitigate the adverse effects of these drugs
by accurate targeting [23]. There is evidence supporting the
enhanced therapeutic effectiveness and reduced adverse

effects of anticancer treatments through the utilization of
nanomaterial-based drug delivery systems [24]. Various
challenges, such as limited ability to penetrate tumors,
non-specific accumulation in tissues, premature release
of drugs into tissues, and uncontrolled drug release at
the intended site, can be addressed through the utiliza-
tion of drug delivery systems that have been effectively
studied in human and animal models [25].

Chemotherapeutic treatments involve the administra-
tion of drugs through injection or ingestion, which exert
their effects throughout the body. Nevertheless, significant
efforts have been dedicated by the pharmaceutical sector
toward the advancement of methodologies that enhance
the selectivity of anti-cancer medications, thereby mini-
mizing the adverse effects associated with systemic

Figure 11: Effect of GO/Mn/Ch/FA-Brucine NCs on the inflammatory marker levels in the HepG2 cells. The data were given as a mean ± SD of
triplicates. The results were statistically studied by one-way ANOVA and DMRT assays using the GraphPad Prism software. “**” denotes that values are
significantly different from control at p < 0.01.
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therapy [26]. In the present scenario, the functionalization
of nanocarrier surfaces has emerged as a feasible option to
enhance the efficiency of drug delivery to targeted loca-
tions and minimize the dosage of delivered pharmaceuti-
cals. Promising outcomes were achieved by the utilization
of screening tests conducted both in vitro and in vivo,
employing nanomaterials that were functionalized with
several active constituents such as Ch and FA. FA is a che-
mical that has a strong binding affinity for tumor cells,
thereby facilitating the uptake of nanomaterials [27].

The potential for reduced toxicity and wide-ranging
applicability makes it a promising agent for drug delivery
and anticancer purposes [28]. The evaluation of the toxicity
of a drug candidate is highly recommended in the clinical
environment of cancer treatment due to its time-con-
suming and complex nature [29]. Therefore, in this study,
the cytotoxicity of the synthesized GO/Mn/Ch/FA-Brucine
NCs was evaluated against HepG2 and Hep3B cells. The
findings of the MTT assay confirmed that the GO/Mn/Ch/FA-
Brucine NCs treatment substantially diminished the growth
of both HepG2 and Hep3B cells, which evidence the cytotoxi-
city of GO/Mn/Ch/FA-Brucine NCs to liver cancer cells.

Apoptosis, often known as programmed cell death, is
of utmost importance to the cell cycle mechanisms and is
characterized by nuclear fragmentation, cell shrinkage,
mRNA degradation, DNA fragmentation, and the formation
of membrane-bound protrusions known as blebs [30].
Apoptosis serves as the principal mechanism that plays a
pivotal role in regulating cellular homeostasis by regu-
lating cell growth and death, thereby preventing the devel-
opment of uncontrolled cellular proliferation, commonly
known as cancer [31]. The deregulation of apoptosis has
profound implications for the growth of cancer. The varia-
tion between the rate of cell proliferation and cell death is
widely recognized as a defining characteristic of malignant
tumors [32]. Hence, it is imperative to maintain cellular
homeostasis by balancing the rates of cell growth and
cell death in order to support regular physiological func-
tions. The development of novel therapeutic approaches
that specifically target the apoptotic process in cancer
treatment is a promising technique. The current results
proved that treatment with synthesized GO/Mn/Ch/FA-Bru-
cine NCs effectively induced apoptotic cell death in the
HepG2 cells.

Cells undergoing apoptosis exhibit the formation of
large vesicles, known as apoptotic bodies, which contain
a distinct phospholipid known as phosphatidylserine. This
phospholipid serves as a signaling molecule, effectively
alerting adjacent cells, which is characterized as an early
apoptotic mechanism. Late apoptosis is a state that is irrever-
sible in nature and is distinguished by the full disaggregation

of the cytoskeleton, permeation of the cell, and disintegration.
The benefits of inducing apoptosis in cancer cells depend on
the ability to prevent an inflammatory reactions [33]. Apop-
totic bodies are generated as a result of the apoptotic process
and are utilized by phagocytic cells, which play a crucial role
in preventing cancer cell growth [34]. The findings of the dual
staining assay revealed the occurrence of apoptotic cell death
in the GO/Mn/Ch/FA-Brucine NCs-treated HepG2 cells with
distinct morphological changes.

The metabolic level of tumor cells are higher than
those of non-malignant cells, mostly due to their rapid
proliferation rate. As a result, there was an increase in
the generation of reactive oxygen species (ROS) and other
free radicals. The significance of ROS in cancer cell meta-
bolism is of utmost importance. Over accumulation of
endogenous ROS can contribute to the growth of cancer
by causing DNA impairments and cellular metabolic repro-
gramming [35]. The secretion of antioxidant enzymes from
the cell was primarily aimed at restoring balance to the
increased levels of ROS. The enzyme known as SOD is
synthesized by normal cells and is capable of transforming
superoxide radicals into hydrogen peroxide. The overex-
pression of SOD and CAT has the ability to provide protec-
tion to tumor cells against an excessive accumulation of
ROS [36].

GSH is a crucial thiol-dependent antioxidant that plays a
significant role in the protection against oxidative damage
[37]. GSH is widely recognized as a pivotal regulator of cel-
lular homeostasis as well as being involved in the processes of
DNA replication and repair. A potential cause for the decrease
in GSH concentration could be attributed to the process of
glutathione oxidation, which occurs due to oxidative stress.
The present study observed a substantial decrease in SOD,
CAT, and GSH contents in HepG2 cells treated with GO/Mn/Ch/
FA-Brucine NCs compared to the control. The outcomes of this
work align with the observations made in NPs-treated cancer
cell lines [38].

Inflammation is a fundamental part of the innate
immune system, characterized by the mobilization and
stimulation of immune cells along with the involvement
of soluble mediators such as cytokines and chemokines.
The inflammatory process has conventionally served as a
primary mechanism of host defense against detrimental
stimuli. In addition to its conventional function, inflamma-
tion has been found to have a significant association with
cancer, as evidenced by comprehensive examinations of
tumor transcriptomes. These analyses have unveiled a
unique expression pattern of inflammatory cytokines and
the presence of recruited immune cells in various types of
tumors [39]. The current understanding in the scientific
community is that inflammation serves a substantial role
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in the tumor growth. The immune system plays a pivotal
role in both facilitating and inhibiting various phases of
tumor, and influencing the prognosis and treatment out-
comes associated with cancer. Chronic inflammation, which
precedes tumor growth and facilitates the development of
cancer, has been identified as a contributing factor in some
types of cancer [40].

Inflammatory cytokines like IL-6 and TNF-α promote
the multiplication of cancer cells during the progression of
a tumor. Additionally, many cytokines can act in opposi-
tion to the immune cells involved in anti-tumor responses
[41]. TNF-α has been observed to facilitate the stimulation,
differentiation, viability, or apoptosis of neoplastic cells within
particular contexts. Furthermore, it has been observed that it
exerts regulatory control over immunological and inflamma-
tory responses [42]. The NF-κB transcription factors play
pivotal roles in the process of carcinogenesis. The NF-κB
pathway, when abnormally activated, has a crucial role in
promoting tumor cell survival, inhibiting apoptosis, and pro-
moting angiogenesis, hence facilitating the metastasis of malig-
nancies to distant sites [43]. The inhibition of COX expression
holds potential as a therapeutic approach for tumorigenesis. It
was reported that inhibitors of COX exhibit cytotoxic effects on
tumor cells by promoting apoptotic processes [44]. The results
of this study highlighted that the GO/Mn/Ch/FA-Brucine NCs
treatment effectively decreased the inflammatory markers in
the HepG2 cells and facilitated apoptosis.

5 Conclusion

The present work showed that the GO/Mn/Ch/FA-Brucine
NCs inhibited growth and induced apoptosis in liver cancer
HepG2 cells. The NCs have shown significant effects in
inhibiting viability, enhancing the cellular response to oxi-
dative stress, and inducing apoptosis in the HepG2 cell line.
The NCs also exhibited excellent antimicrobial activity.
Therefore, our findings suggest that GO/Mn/Ch/FA-Brucine
NCs are potential therapeutic agents to treat liver cancer.
However, future research studies are needed to acquire a
complete understanding of the precise molecular pathways
underlying the anticancer properties of the NCs in the context
of liver cancer.
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