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Background: Liver cancer is the sixth most prevalent form of cancer and the second major cause of cancer-associated mortalities
worldwide. Cancer nanotechnology has the ability to fundamentally alter cancer treatment, diagnosis, and detection.

Objective: In this study, we explained the development of graphene oxide/polyethylene glycol/folic acid/brucine nanocomposites
(GO/PEG/Bru-FA NCs) and evaluated their antimicrobial and anticancer effect on the liver cancer HepG2 cells.

Methodology: The GO/PEG/Bru-FA NCs were prepared using the co-precipitation technique and characterized using various
techniques. The cytotoxicity of the GO/PEG/Bru-FA NCs was tested against both liver cancer HepG2 and non-malignant Vero cells
using an MTT assay. The antimicrobial activity of the GO/PEG/Bru-FA NCs was tested against several pathogens using the well
diffusion technique. The effects of GO/PEG/Bru-FA NCs on endogenous ROS accumulation, apoptosis, and MMP levels were
examined using corresponding fluorescent staining assays, respectively. The apoptotic protein expressions, such as Bax, Bcl-2, and
caspases, were studied using the corresponding kits.

Results: The findings of various characterization assays revealed the development of GO/PEG/Bru-FA NCs with face-centered
spherical morphology and an agglomerated appearance with an average size of 197.40 nm. The GO/PEG/Bru-FA NCs treatment
remarkably inhibited the growth of the tested pathogens. The findings of the MTT assay evidenced that the GO/PEG/Bru-FA NCs
effectively reduced the HepG2 cell growth while not showing toxicity to the Vero cells. The findings of the fluorescent assay proved
that the GO/PEG/Bru-FA NCs increased ROS generation, reduced MMP levels, and promoted apoptosis in the HepG2 cells. The levels
of Bax, caspase-9, and —3 were increased, and Bcl-2 was reduced in the GO/PEG/Bru-FA NCs-treated HepG2 cells.

Conclusion: The results of this work demonstrate that GO/PEG/Bru-FA NCs suppress viability and induce apoptosis in HepG2 cells,
indicating their potential as an anticancer candidate.
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Introduction

Hepatic cancer, often known as liver cancer, is the sixth most prevalent form of cancer overall and the second major cause of
cancer-associated deaths worldwide.' By 2030, the World Health Organization (WHO) projects that over a million individual
will die from liver cancer.®> In addition, most cases of hepatic cancer are not diagnosed until they have developed to an
advanced stage, when surgery becomes the primary treatment option for patients. Despite improvements in screening for
early detection and treatment, the rates of liver cancer have increased along with its mortality.4 The lifespan of cancer patients
can be enhanced with conventional therapies, including radiotherapy, chemotherapy, and surgery. However, standard medical
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treatment options have side effects, which make cancer treatment difficult and must be managed.” Despite the fact that
sorafenib is an FDA-approved drug for treating advanced liver cancer, low patient survival has still been observed with
sorafenib. In addition, it has been proven that chemotherapy and radiotherapy are ineffective against hepatic cancer.® Hence,
the finding of a novel, highly effective treatment for hepatic cancer is urgently required.

Nanomedicine has the potential to overcome the drawbacks of traditional drug delivery techniques such as poor oral
bioavailability, low therapeutic indices, and nonspecific biodistribution.” Anticancer medicines and other therapeutic ligands
can be delivered precisely and in controlled amounts by using nanocarriers derived from molecules with varying chemical
compositions.® In cancer treatment, drug resistance is one of the biggest obstacles. Nanocarrier platforms that incorporate
multiple chemotherapeutic drugs have been shown to be effective against tumor.” Meanwhile, most anticancer medicines have
poor bioavailability because they are poorly soluble in water. Thus, the use of nanocarriers loaded with several medications
has the potential to improve therapeutic efficacy while reducing adverse reactions and protecting against drug resistance.
Chemotherapy drug resistance can be avoided, and the synergistic effect of many medications can be maximized when
delivered by a nanocarrier.'’

Due to their unique characteristics, nanomaterials can serve as nanocarriers in targeted drug delivery systems. For
theranostic applications, the diagnostic and/or therapeutic substances can be coupled to nanomaterials.'' Due to their
distinctive physical and chemical characteristics, nanomaterials have recently found extensive usage in biomedicine,
biotechnology, and other sectors, including the treatment of cancer.'? Recently, nanomaterials have demonstrated a novel
strategy for combating cancer, particularly liver cancer. Hepatocarcinoma has a high mortality rate and a poor prognosis
for the long term. Hepatocarcinoma is expected to rise in prevalence over the next several decades."?

Graphene oxide (GO) is a hydrophilic nanocarrier with a high surface area, low cytotoxicity, biocompatibility, bioavailability,
endocytosis activity, and mechanical properties.'* GO is a promising nanocarrier for the nanodrug delivery system due to the
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attachment of functional groups on its base and edge, allowing for the attachment and modification of different drugs.'®> The
PEGylation procedure improved the GO’s solubility in water. Polyethylene glycol (PEG)-conjugated GO improves the material’s
biocompatibility, allowing the anticancer medication to bind to the GO’s surface.'® PEG has been reported as a phase transition
material and is a non-ionic, water-soluble polymer commonly utilized in drug delivery.'” It has been highlighted that functionaliz-
ing GO with PEG increases its stability, and its biocompatibility makes it a suitable material for use in drug delivery.'®

Brucine is a major bioactive compound found in the seeds of the Strychnos nux-vomica (Loganiaceae) plant. Numerous
previous studies have already reported the pharmacological properties of brucine, including anti-tumor,'” anti-inflammatory and
analgesic,”® and cardio-protective”' activities. Recent studies have highlighted that brucine has anti-ulcer”® and antidiabetic*®
effects. In this study, we explained the formulation of graphene oxide/polyethylene glycol/folic acid/brucine nanocomposites
(GO/PEG/Bru-FA NCs). In addition, the characterization of the NCs, antimicrobial activity, in vitro cytotoxicity, and anticancer
activity against liver cancer were explored.

Materials and Methods

Chemicals

Folic acid (59-30-3), brucine (357-57-3), PEG (25322-68-3), GO (796034), and other chemicals were purchased from
Sigma-Aldrich, USA. To measure the biochemical indices, the assay kits were procured from Thermo Fisher
Scientific, USA.

Preparation of GO/PEG/Bru-FA NCs

The GO/PEG/Bru-FA NCs were prepared by the co-precipitation technique. The 500 mg of synthetic GO and PEG were
dissolved in 100 mL of deionized water. Then 100 mg of folic acid and 50 mg of brucine were added to the GO/PEG
mixed solution. Then, 0.1 M NaOH was added very slowly while agitating the mixture at a temperature of about 60°C for
6 hours. The resultant nanopowder was washed with solutions of ethanol and distilled water until the necessary pH levels
were reached. The resulting precipitate was dehydrated at 120°C for an hour, and the nanopowder was annealed in
a 200°C oven for two hours to produce the GO/PEG/Bru-FA NCs.

Characterization of the Synthesized GO/PEG/Bru-FA NCs

UV-visible spectrum analysis was used to examine the formation of GO/PEG/Bru-FA NCs in the reaction suspension.
Using a UV-visible spectrophotometer (Shimadzu-1700, Japan), we measured the development of GO/PEG/Bru-FA NCs
and calculated their absorbance at various wavelengths between 400 and 1000 nm.

In order to study the crystalline nature of the synthesized GO/PEG/Bru-FA NCs, an X-ray diffractometer (X pert Pro
PANalytical System) was used to investigate the NCs at a wavelength range of A=0.1541 nm with Cu-K radiation and the
scan range set to 2=10-80°.

A SEM with EDAX spectroscopy was used to examine the prepared GO/PEG/Bru-FA NCs in order to investigate
their morphology and elemental composition. With the help of a JEOL/EO JSM-5600 SEM analyzer (JEOL, Japan), the
SEM and EDAX analyses were carried out.

The TEM (TECNAI F30, USA) was used to study the size and appearance of the synthesized GO/PEG/Bru-FA NCs.
Briefly, the copper grid containing the synthesized GO/PEG/Bru-FA NCs was illuminated in a vacuum using electronic
radiation. The electron beam was used to take microphotographs of the samples.

DLS analysis was carried out on the developed GO/PEG/Bru-FA NCs to measure their distribution patterns and
particle size using the Zeta sizer (Malvern, USA) DLS equipment.

The stretching and bonding of synthesized GO/PEG/Bru-FA NCs were studied using FT-IR. Using a Shimadzu-8400S
(Japan) spectrometer, we studied the GO/PEG/Bru-FA NCs to get a spectrum using the KBr disc at 4000500 cm-1.

The photoluminescence spectra of the synthesized GO/PEG/Bru-FA NCs were measured using the spectrofluorimeter
(Hitachi F-2500 FL Spectrophotometer).
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Analysis of Antimicrobial Activity

The well diffusion method was employed to assess the antimicrobial efficacy of the synthesized GO/PEG/Bru-FA NCs against
Staphylococcus aureus, Streptococcus pneumonia, Klebsiella pneumonia, Escherichia coli, Bacillus megatarium,
Pseudomonas aeruginosa, and the fungi Candida albicans. The experiment used the respective agar growth medium. After
inoculating the plates with corresponding pathogens, GO/PEG/Bru-FA NCs at concentrations of 1, 1.5, and 2 mg/mL were
loaded into the wells, which are made using the cork borer on the surface of agar plates and incubated at 37°C for 24 hrs. After
an incubation period, the diameter of the inhibitory zones was noted. Amoxicillin was utilized as a positive control in the
experiments.

Cell Culture Collection

The liver cancer HepG2 and non-malignant Vero cells were procured from ATCC, USA, and grown on 10% FBS-
enriched DMEM medium in a CO2 (5%) incubator. After the cells reached 80% confluency, they were trypsinized and
employed for further assays.

MTT Assay

MTT assay was performed to examine the viability of GO/PEG/Bru-FA NCs-treated liver cancer HepG2 and non-
malignant Vero cells. Both cells were grown separately in a 96-well plate for 24 hr before being treated with GO/PEG/
Bru-FA NCs at several doses (2.5, 5, 7.5, 10, 15, and 20 pg/mL) for 24 hr at 37°C. Later, the MTT solution (20 pL) and
DMEM (100 pL) for 4 hr. After the formed formazan deposits had been dissolved in DMSO (100 pL), the absorbance of
the plate was taken at 570 nm.

Dual Staining

Apoptotic cell death in control and treated HepG2 cells was analyzed using a dual staining method. The HepG2 cells
were grown in a 24-well plate for 24 hr before being exposed to 10 pg/mL of GO/PEG/Bru-FA NCs and/or 2 pg of DOX.
Later, 100 pg/mL of AO/EB dyes were added to the wells and incubated in the dark for 5 min. Finally, the cells were
analyzed under a fluorescence microscope to detect apoptosis in HepG2 cells.

DCFH-DA Staining

DCFH-DA fluorescent staining was used to examine the effect of GO/PEG/Bru-FA NCs on the generation of endogenous
ROS in the HepG2 cells. The cells were grown in a 24-wellplate and subjected to GO/PEG/Bru-FA NCs (10 pg/mL) and
2 pg of DOX for 24 hr. After treatment, the cells were treated with 10 uL. of DCFH-DA dye for 10 min, and the resulting
fluorescence was measured using a fluorescent microscope.

DAPI Staining

The apoptotic cell nuclear morphology was examined by DAPI staining technique. Briefly, the HepG2 cells were loaded into
a 24-well plate and then exposed to 10 pg/mL of GO/PEG/Bru-FA NCs and 2 pg of DOX for 24 hr. After treatment, cells
were stained with DAPI (200 pg/mL) for 15 min after being fixed in paraformaldehyde (4%). The effects of GO/PEG/Bru-

FA NCs on nuclear damage and apoptosis in HepG2 cells were subsequently investigated using a fluorescence microscope.

Rhodamine-123 (Rh-123) Staining

The MMP level in the treated HepG2 cells was analyzed by the Rh-123 staining method. The cells were exposed to 10
ug/mL of GO/PEG/Bru-FA NCs and/or 2 ug of DOX for 24 hr at 37°C. Then 10 pg/mL of Rh-123 dye was used to stain
the cells for 3 min and finally, fluorescence microscopy was used to investigate the cells.
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Analysis of Bax/Bcl-2 and Caspases Levels

Cell lysates from control and GO/PEG/Bru-FA NCs-exposed HepG?2 cells were prepared and subjected to the analysis of
expression of caspase-3, —9, Bax, and Bcl-2 using the corresponding ELISA assay kits using the manufacturer-
recommended protocols (Thermofisher, USA).

Statistical Analysis

By using the GraphPad Prism software, the statistical analyses were done and the outcomes are represented as a mean
+SD of triplicate measurements. The significance level was measured using the one-way ANOVA and DMRT assays with
p<0.05 as a significant.

Results
Characterization of the Synthesized GO/PEG/Bru-FA NCs

The presence of GO/PEG/Bru-FA NCs in the reaction solution was evidenced by UV-vis spectroscopic analysis, as
shown in (Figure 1A). The absorbance was determined by measuring at a wavelength ranging from 400—1000 nm.
Absorbance measurements show several characteristic peaks at 267 nm, 394 nm, 471 nm, 598 nm, 871 nm, and 1070 nm,
which suggest the occurrence of the GO/PEG/Bru-FA NCs.

XRD analysis was done to study the crystallinity and purity of the produced GO/PEG/Bru-FA NCs, and the findings
are revealed in (Figure 1B). The outcomes evidenced the occurrence of multiple peaks, which indicates that GO/PEG/
Bru-FA NCs have a face-centered spherical structure with an average crystallographic size of 26.57 nm.

The elemental compositions of the formulated GO/PEG/Bru-FA NCs were studied with EDAX, and their morphology was
evaluated using the SEM. SEM microphotographs (Figure 2A) showed that the formulated GO/PEG/Bru-FA NCs had
a tetragonal and agglomerated appearance. The distinct peaks were observed in the elemental composition analysis by
EDAX of the formulated GO/PEG/Bru-FA NCs, which correspond to carbon (C), nitrogen (N), and oxygen (O) (Figure 2B).

Figure 3 shows the findings of the TEM investigation of the synthesized GO/PEG/Bru-FA NCs, which characterized
their shape, size, and distribution. The TEM micrographs showed that the developed GO/PEG/Bru-FA NCs were found
in uneven shapes with a size of 45 nm. The crystallization of the GO/PEG/Bru-FA NCs was further validated by studying
the SAED patterns.
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Figure | UV-visible spectroscopy and XRD analysis of the synthesized GO/PEG/Bru-FA NCs. Absorbance measurements show several characteristic peaks at 267 nm, 394
nm, 471 nm, 598 nm, 871 nm, and 1070 nm, which suggest the occurrence of the GO/PEG/Bru-FA NCs (A). The results proved the occurrence of multiple peaks, which
indicates that GO/PEG/Bru-FA NCs have a face-centered spherical structure with an average crystallographic size of 26.57 nm (B).
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Figure 2 SEM and EDAX analysis of the synthesized GO/PEG/Bru-FA NCs. SEM images showed that the formulated GO/PEG/Bru-FA NCs had a tetragonal and
agglomerated appearance (A). The distinct peaks were observed in the elemental composition analysis by EDAX, which correspond to carbon (C), nitrogen (N), and
oxygen (O) (Figure 2B).

As seen in (Figure 4A and B), the results of the DLS analysis show the size and distribution patterns of the
synthesized GO/PEG/Bru-FA NCs. The DLS results showed clear peaks, which confirmed the highly concentrated
dispersion of the GO/PEG/Bru-FA NCs with an average size of 197.40 nm.

The results of FT-IR analysis, which determined the functional groups of the synthesized GO/PEG/Bru-FA NCs, are
depicted in (Figure 5A). Many peaks at different frequencies were seen in the FT-IR spectrum of synthesized GO/PEG/
Bru-FA NCs. O-H stretching causes the band to have strong peaks, like 3422 cm-1. The peaks at 2922 and 2853 cm-1 are
characteristic of the stretching of hydroxyl groups. The 1702 cm-1 and 1563 cm-1 peaks, as well as the 1375 cm-1 and
1044 cm-1, are indicative of the C-H, C-O, and H-O bending vibrations, respectively.

The synthesized GO/PEG/Bru-FA NCs were subjected to PL spectroscopic to study. The PL spectra of the GO/PEG/
Bru-FA NCs revealed characteristic peaks at 376.79, 396.92, 403.61, 412.70, 423.58, 445.96, 481.77, and 521.32
(Figure 5B). The UV emission at 376.79 and 396.92 nm was triggered by a O2 vacancies (VO°). When VO++ is
close to VB, leading to violet emission at 403.61 and 412.70 nm. The blue emission at 423.58 nm, 445.96 nm, and
481.77 nm is caused by two different processes: the transition from the donor level to the valence band induced by (VO+)
and the transition of electrons from O2 vacancies VO° to doubly ionized O2 vacancies (VO++). Green fluorescence at
521.32 nm was attributed to oxygen vacancies.

Antimicrobial Effects of the GO/PEG/Bru-FA NCs
The antimicrobial efficacy of the GO/PEG/Bru-FA NCs against pathogens including S. pneumoniae, S. aureus, E. coli,

K. pneumoniae, B. megatarium, and P. aeruginosa and the fungi C. albicans was assessed using the well diffusion
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Figure 3 TEM analysis of the synthesized GO/PEG/Bru-FA NCs. The TEM images revealed that the developed GO/PEG/Bru-FA NCs were found in uneven shapes with an
average size of 45 nm. The crystallization of the GO/PEG/Bru-FA NCs was further validated by the SAED patterns.
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Figure 4 DLS analysis of the synthesized GO/PEG/Bru-FA NCs. The DLS results showed clear peaks, which confirmed the highly concentrated dispersion of the GO/PEG/
Bru-FA NCs with an average size of 197.40 nm. (A): DLS graph of the light intensity with estimated particle size. (B): Autocorrelation function.

technique, as shown in Figure 6. The treatment with the different doses of the synthesized GO/PEG/Bru-FA NCs
revealed excellent antimicrobial properties against all the tested pathogens, which resembles the results of the amoxicillin
results. GO/PEG/Bru-FA NCs inhibited the growth of these pathogens, especially S. aureus (25 mm), K. pneumoniae
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Figure 5 FT-IR and Photoluminescence spectral analysis of the synthesized GO/PEG/Bru-FA NCs. (A): Several at different frequencies were seen in the FT-IR spectrum of
synthesized GO/PEG/Bru-FA NCs, which corresponds to the various stretching and bonding. (B): The PL spectra of the GO/PEG/Bru-FA NCs reveal characteristic peaks
due to the O2 vacancies (VO°), the transition from the donor level to the valence band induced by VO+, and the transition of electrons from O2 vacancies (VO°) to doubly
ionized O2 vacancies (VO++), and oxygen vacancies.

Figure 6 Antimicrobial activity of the synthesized GO/PEG/Bru-FA NCs. The results proved that the GO/PEG/Bru-FA NCs treatment substantially inhibited the growth of
the tested pathogens. Particularly, (S)aureus, (K) pneumoniae, (E)coli, and C. albicans showed maximum sensitivity to the GO/PEG/Bru-FA NCs treatment.

(16 mm), E. coli (17 mm), and C. albicans (17 mm) showed maximum sensitivity against the GO/PEG/Bru-FA NCs
(Figure 7).

Effect of GO/PEG/Bru-FA NCs on the Viability of HepG2 and Vero Cell Lines

The findings of an MTT cytotoxicity assay showing the effect of GO/PEG/Bru-FA NCs on the growth of HepG2 and Vero cells
are demonstrated in Figure 8. The GO/PEG/Bru-FA NCs at diverse doses (2.5-20 pg/mL) significantly (p<0.05) reduced HepG2
cell viability. However, the GO/PEG/Bru-FA NCs treatment at the same concentrations (2.5-20 pg/mL) had no considerable
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Figure 7 Antimicrobial activity of the synthesized GO/PEG/Bru-FA NCs. The values are presented as a meanSD of triplicate measurements. The data are statistically
studied by one-way ANOVA and DMRT assays using the GraphPad Prism software.

effect on the growth of nonmalignant Vero cells. The GO/PEG/Bru-FA NCs were found to have an IC50 of 10 pg/mL against
HepG2 liver cancer cells; hence, this concentration was chosen for further study.

Effect of GO/PEG/Bru-FA NCs on the ROS Accumulation in the HepG2 Cells

The findings of an analysis of the effects of GO/PEG/Bru-FA NCs treatment on endogenous ROS generation in HepG?2 cells are
shown in Figure 9. Green fluorescence was significantly enhanced in HepG2 cells after treatment with 10 pg/mL of GO/PEG/
Bru-FA NCs compared to control. These increases in green fluorescence are due to the increase in endogenous ROS generation in
the GO/PEG/Bru-FA NCs-exposed HepG2 cells. The increase in green fluorescence after treatment with the standard drug DOX
is further evidence that GO/PEG/Bru-FA NCs have promoted endogenous ROS accumulation in the HepG2 cells.

Effect of GO/PEG/Bru-FA NCs on the Apoptosis in the HepG2 Cells

Figure 10A displays the results of dual staining performed to evaluate the apoptosis in both control and GO/PEG/Bru-FA
NCs-exposed HepG2 cells. Treatment of HepG2 cells with 10 pg/mL of GO/PEG/Bru-FA NCs resulted in increased
yellow and orange fluorescence, demonstrating the occurrence of both early and late apoptotic cell deaths, respectively.
More cells with strong yellow/orange fluorescence were also observed after DOX treatment, supporting the apoptosis
inducing potentials of the GO/PEG/Bru-FA NCs.

Effect of GO/PEG/Bru-FA NCs on the MMP Level in the HepG2 Cells

Rh-123 staining assay results of GO/PEG/Bru-FA NCs-treated HepG2 cells are shown in (Figure 10B). Green fluores-
cence was abundant in control cells, demonstrating an intact and normal MMP level. However, treatment of the HepG2
cells with 10 pg/mL of GO/PEG/Bru-FA NCs resulted in a reduction in MMP level, as demonstrated by a reduction in
green fluorescence. The results of the DOX treatment also showed a reduction in MMP level, which supports the activity
of GO/PEG/Bru-FA NCs.

Effect of GO/PEG/Bru-FA NCs on the Apoptosis in the HepG2 Cells

Figure 10C reveals the findings of a DAPI staining analysis in both control and GO/PEG/Bru-FA NCs-treated HepG2
cells. The more apoptotic incidences, including chromatin condensation, nuclear damage, membrane rupture, apoptotic
body developments, and loss in cell numbers, were observed in the HepG2 cells after treatment with 10 pg/mL of GO/
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Figure 8 Effect of GO/PEG/Bru-FA NCs on the viability of HepG2 and Vero cell lines. The values are presented as a mean+SD of triplicate measurements. The data are
statistically studied by one-way ANOVA and DMRT assays using the GraphPad Prism software.
Notes: “Represents that the values are significantly differ from control at p<0.05. (A): Liver cancer HepG2 cells; (B): Non-malignant Vero cells.
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Figure 9 Effect of GO/PEG/Bru-FA NCs on the ROS generation in the HepG2 cells. The values are given as a mean%SD of triplicate measurements. The data are statistically
studied by one-way ANOVA and DMRT assays using the GraphPad Prism software.
Note: wRepresents that the values are significantly differ from control at p<0.05.
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Figure 10 Effect of GO/PEG/Bru-FA NCs on the apoptosis and MMP level in the HepG2 cells. The HepG2 cells revealed an increased yellow and Orange fluorescence after
treatment with 10 pg/mL of GO/PEG/Bru-FA NCs or 2 g of standard drug DOX, which indicates the occurrence of apoptosis (A). The GO/PEG/Bru-FA NCs treatment (10
pg/mL) causes a considerable decrease in the MMP level of HepG2 cells. The control cells revealed more green fluorescent cells, which indicates normal and intact MMP (B).
The 10 pg/mL of GO/PEG/Bru-FA NCs treatment revealed a higher incidences of cell and nuclear damages, loss in cell numbers, and appearance of apoptotic bodies, which
showed that the GO/PEG/Bru-FA NCs treatment promoted apoptosis in the HepG2 cells. The fluorescent microscope was utilized to detect the intensity of the
fluorescence (C). Scale bar: 50 pum.

PEG/Bru-FA NCs. Similar apoptotic incidences were also noted in the DOX-treated HepG2 cells, which proves the
apoptotic-inducing potentials of the formulated GO/PEG/Bru-FA NCs on the liver cancer cells.

Effect of GO/PEG/Bru-FA NCs on the Apoptotic Protein Expressions in the HepG2
Cells

Apoptotic protein expressions, including bax, Bcl-2, caspase-9, and —3, in control and GO/PEG/Bru-FA NCs-treated
HepG?2 liver cancer cells were analyzed, and the outcomes are revealed in Figure 11. In contrast to the control cells, the
GO/PEG/Bru-FA NCs-treated HepG2 cells had reduced levels of Bcl-2 and increased levels of Bax, caspase-9, and —3.
The findings of DOX treatment corroborated these observations by elevating apoptotic protein expression in HepG2
cells. As a result, it was clear that the GO/PEG/Bru-FA NCs treatment has induced apoptosis (cell death) in HepG2 liver
cancer cells.

Discussion

Liver cancer is the foremost cause of cancer-associated mortality worldwide, and its prevalence is rapidly increasing every year.
Furthermore, it is challenging to diagnose liver cancer in the early stages, and the prognosis is not satisfactory.>* In addition, liver
cancer is highly metastatic to the lungs and bones, which makes local therapy less effective.> In addition, the prognosis for
individuals with liver cancer is particularly poor due to its insensitivity to treatment and high metastatic potential.*® Cancer

International Journal of Nanomedicine 2024:19 hetps: 119
Dove:


https://www.dovepress.com
https://www.dovepress.com

Ibrahim et al Dove

Caspase -3 Caspase - 9
250~ 200+
200 150 -
- 'E 100
= 100 =
50+ =]
0 0
Control Control 10 pg
Bel-2 Bax
80 150
60—
100+
g 40 g
50
20
0 0

Control 10 pg

Figure || Effect of GO/PEG/Bru-FA NCs on the apoptotic protein expressions in the HepG2 cells. The values are given as a meanSD of triplicate measurements. The data
are statistically studied by one-way ANOVA and DMRT assays using the GraphPad Prism software.
Note: "Represents that the values are significantly differ from control at p<0.05.

nanotechnology has the ability to fundamentally alter cancer treatment, diagnosis, and detection.”” Nano-biotechnology
applications have recently shown new strategies for cancer diagnosis and treatment.?®

The early detection, diagnosis, and effective delivery of anticancer medications made possible by nanotechnology has been
shown to reduce the likelihood of toxic side effects and increase patient survival.”” One of the endeavors in nanomedicine for
cancer therapy is the use of a dual medication nanodelivery system. To improve antitumor activity against cancer cells,
researchers have explored the use of dual drug nanodelivery, in which two or more chemotherapeutic drug combinations are
delivered together via a nanocarrier delivery system.*° Due to its central role in the reduction of drug-related adverse effects,
the enhancement of therapeutic efficacy, and the extension of bioavailability, drug delivery is the focus of intense research and
development in the field of nanomedicine.*'*? Therefore, here we formulated the GO/PEG/Bru-FA NCs and examined their
anticancer effects against liver cancer cells.

Prior to their application in medicine, characterizing the GO/PEG/Bru-FA NCs is essential to understanding their
characteristics.”>** Characterizing the GO/PEG/Bru-FA NCs is a step toward understanding their functionality and develop-
ing methods for their controlled production for therapeutic applications.*>° The newly produced GO/PEG/Bru-FA NCs were
confirmed using UV-vis spectral analysis. The crystalline nature of the newly synthesized GO/PEG/Bru-FA NCs was further
confirmed by XRD analysis. The SEM image revealed more information on the shape and appearance of the GO/PEG/Bru-FA
NCs, which have a tetragonal and agglomerated appearance. The size and morphology of the GO/PEG/Bru-FA NCs were
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examined with TEM. The TEM findings clearly demonstrate that the freshly generated GO/PEG/Bru-FA NCs were of uneven
shapes, and the DLS study findings revealed an average particle size of 197.40 nm.*"°

By passively targeting the tumor, NCs loaded with anticancer medications can increase the permeability and retention
impact, extending the drug circulation time in the blood.*® However, ligand-based active targeting is aided by membrane-
receptor upregulation in cancer cells. Improved anticancer efficacy has been observed in clinical trials, including the
multidrug delivery of passive and active targeted therapy.*' Common chemotherapies are not selective for tumor cells
and often cause harmful side effects in normal cells. The toxic effects of chemotherapy can be mitigated by administering
the medicine directly into the tumor cell and targeting it at the tumor site. NCs can be used for passive targeting, which
makes use of the tumor’s specific pathophysiological properties to direct the release of therapeutic medicines at the tumor
site.*? The cytotoxicity assay is one of the most useful tools in toxicology because it can reveal details on cell growth,
death, and metabolic activities in response to harmful substances.** This study used the MTT assay to test the cytotoxic
effects of GO/PEG/Bru-FA NCs at various concentrations for their ability to inhibit cell growth against both liver cancer
HepG2 and non-malignant Vero cells. The findings proved that the GO/PEG/Bru-FA NCs treatment considerably reduced
the viability of HepG2 cells while not showing toxicity to normal Vero cells.

Toxic effects from nanomaterials on tumor cells can be caused, in part, by the increased generation of ROS and
oxidative stress. Though ROS are produced in biological systems as a regular part of metabolic activities, it is well
established that ROS generation plays a key role in the mechanism of cell proliferation and differentiation. It is well
known that the excess production of ROS is connected with the activation of cell apoptosis, and the overproduction of
ROS has been linked in particular to anticancer treatments.** When ROS are produced in greater quantities than their
removal by antioxidants, it results in oxidative stress. Increased ROS generation and oxidative stress cause DNA damage
and apoptosis.*> Nanoscale materials have a high surface area-to-volume ratio, which increases their chemical reactivity
and, in turn, their ability to generate intracellular ROS. In this study, our findings also proved that the GO/PEG/Bru-FA
NCs enhanced the generation of endogenous ROS production in the liver cancer HepG2 cells. Hence, it was clear that the
GO/PEG/Bru-FA NCs treatment can facilitate oxidative stress-mediated cell death in the liver cancer cells.

Apoptosis is a cell death mechanism that helps prevent tumor progression by eliminating cells that have been
genetically altered or are premalignant. Since blocking apoptosis in mutant cells could cause them to transform into
cancerous cells, this process is often considered a mainstay of an effective anti-cancer therapy. Failure of apoptosis can
result in uncontrolled cell growth and, ultimately, tumor formation.*® In this study, the hallmarks of apoptosis, such as
chromatin condensation, nuclear fragmentation, and DNA integrity, were seen in the HepG2 cells after treatment with the
GO/PEG/Bru-FA NCs, which are assessed using dual staining, indicating the presence of apoptosis.*’*®

DNA fragmentation and membrane rupturing are hallmarks of apoptosis, and both contribute to an increase in the
permeability of the cell membrane. The DAPI fluorescent stain is able to enter the nucleus and bind to the DNA fragments in
apoptotic cells better than in nonapoptotic cells because of the larger pores in the nuclear membranes of apoptotic cells. Bright
fluorescent patches, known as apoptotic bodies, can be seen inside these cells as a result of this process.*’ Therefore, apoptotic
cell nuclear morphology in GO/PEG/Bru-FA NCs-exposed HepG2 cells was analyzed using DAPI staining. The study found that
the GO/PEG/Bru-FA NCs-treated HepG2 cells appeared to have undergone apoptosis, cellular damage, and cell volume loss.

The onset or inhibition of apoptosis heavily depends on the balance between pro- and anti-apoptotic protein expressions.
Cancer cells commonly overexpress anti-apoptotic genes to aid in survival, growth, and resistance to therapy. Thus, cancer is
characterized by a breakdown in apoptotic processes.” % The Bel-2 family, which includes both Bcl-2 and Bax, is essential for
regulating apoptosis. Apoptosis, the controlled cell death mechanism, is an essential biological process that is controlled by the
Bcl-2 family of proteins. Bax, which promotes apoptosis, and Bcl-2, which reduces apoptosis, are two pro- and anti-apoptotic
proteins, respectively, that regulate cell death. In order to evade cell death and continue dividing, cancer cells frequently
overexpress Bcl-2. Apoptosis resistance can be caused, in part, by decreased Bax expression and increased Bcl-2 expression in
cancer cells.’' Increased levels of Bcl-2 have been associated with carcinogenesis, tumor angiogenesis, and other malignant
outcomes. Anticancer medications primarily induce cell death in tumor cells through the process of apoptosis. Targeting the Bcl-2
protein may improve the efficacy of chemotherapeutics that induce apoptosis.”® The inactivation of caspases enhances cancer
development and apoptosis resistance in tumor cells.” Disrupting Bcl-2 and Bax can lead to a reduction in caspase-3 activity,
which in turn can help tumor cells avoid apoptosis. In this work, our findings proved that the GO/PEG/Bru-FA NCs treatment
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considerably reduced Bcl-2 expression while promoting Bax, caspase-9, and —3 expressions in the liver cancer HepG2 cells.
Therefore, it was clear that the GO/PEG/Bru-FA NCs promote apoptotic protein expression and facilitate apoptosis in the liver
cancer cells.

Although the successful formulation of GO/PEG/Bru-FA NCs as anticancer candidates has been achieved, there are still
certain limits to consider, such as the possibility of the long-term toxicity of these NCs. The present work consists of only brief
in vitro experiments that fail to sufficiently represent the prolonged safety of NCs. Hence, prior to the unrestricted use of these
NCs in clinical settings, further research will be required, including examinations of the NC’s in vivo characteristics,
particularly their impact on the biological system.

Conclusion

The results of the present work demonstrate that GO/PEG/Bru-FA NCs suppress cell growth and induce apoptosis in
HepG?2 cells, indicating their potential as an anticancer candidate. Apoptosis was induced in HepG2 cells after treatment
with GO/PEG/Bru-FA NCs, which promoted the expression of pro-apoptotic proteins. Therefore, GO/PEG/Bru-FA NCs
have the capacity to be an effective anticancer candidate in the treatment of liver cancer. In addition, more studies are still
needed to determine the molecular pathways involved in GO/PEG/Bru-FA NCs-induced apoptosis in liver cancer cells so
that they can be developed for liver cancer treatment in the future.
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