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Abstract
Introduction: In the fight against cancer, cisplatin is most widely used as a clinical mainstay for the chemotherapy of various

human cancers. Meanwhile, its cytotoxic profile, as well as drug resistance, limits its widespread application. The goal of pre-

cision medicine is to tailor an optimized therapeutic program based on the biology of the disease. Recently, nanotechnology

has been demonstrated to be promising in this scenario. Objective: The current work provides a rationale for the design of

an alternative oncology trial for the treatment of hepatocarcinogenesis using a novel eco-friendly nanocomplex, namely gallic

acid-coated gallium nanoparticles. Moreover, the study tests whether the antineoplastic efficacy of gallic acid-coated gallium

nanoparticles could be enhanced or not when it is administrated together with cisplatin. Methods: The work comprised a

series of both in vitro and in vivo investigations. The in vivo therapeutic efficacy of such treatments, against diethylnitrosamine-

induced hepatocarcinogenesis, was strictly evaluated by tracking target genes expressions, iron homeostasis, diverse bio-

markers alterations, and lastly, routine paraclinical investigations were also assessed. Results: The in vitro biological evalua-

tion of gallic acid-coated gallium nanoparticles in a HepG-2 cancer cell line established its superior cytotoxicity. Else more,

the results of the in vivo experiment highlighted that gallic acid-coated gallium nanoparticles could diminish key hallmarks of

cancer by ameliorating most of the investigated parameters. This was well-appreciated with the histopathological findings of

the liver architectures of the treated groups. Conclusions: Our findings suggest that novel biogenic Ga-based nanocom-

plexes may potentially present new hope for the development of alternative liver cancer therapeutics, which should attract

further scientific interest.
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Introduction
Hepatocellular carcinoma (HCC) is one of the most common and
lethal malignant tumors worldwide.1,2 The incidence of liver
cancer andmortality shows a stable increase globally. An estimated
incidence of primary liver cancer ranges from 600 000 to 800 000
annually, accounting for 5.6% of all human cancers and projected
cases of about 1 million by 2030.3 At present, limited treatment
options with marginal clinical benefits are available.
Traditionally, curative treatment options for early-stage HCC
include surgical resection, radiofrequency ablation, transarterial
chemoembolization, liver transplantation, and rarely systemic che-
motherapy.4 Nevertheless, the main drawbacks of curative treat-
ment are recurrence of HCC, which leads to an incidence of
more than 70% at 5 years.5 Moreover, systemic chemotherapies
particularly in the form of conventional cytotoxic drugs are gener-
ally ineffective with low survival benefits,6 as the patients fail to
withstand the trials of new chemotherapeutic agents due to under-
lying liver dysfunction. Hence, there is an urgent need for develop-
ing more specific and effective alternative treatment strategies than
cytotoxic chemotherapy. In recent years, molecular targeted
therapy based on the molecular pathways that lead to carcinogenic
mechanisms of HCC is a novel and promising treatment approach.7

In recent years, nano-based therapy has advanced to cancer treat-
ment with new procedures in order to solve and reduce the limita-
tions of current cancer treatments.8 These nanosystems are able to
control the release of drugs and can significantly increase the cyto-
toxic effect of anticancer drugs in specific target sites.9 Moreover,
advances in nanotechnology have also improved the rapid and sen-
sitive detection of cancer biomarkers.8

Within the last 2 decades, the exponential increase in pub-
lished papers that have dealt with the use of chemotherapeutic-
based nanoparticles (NPs) for liver cancer treatment indicates
the promising prospects of nanotechnology in improved clini-
cal liver cancer management.10,11 Many NP formulations of
anticancer drugs are approved for human use and are already
available in the market.12,13 In the HCC field, there is only
one nanodrug clinically approved in Europe and Asia, the
doxorubicin-eluting beads transarterial chemoembolization
(DEB-TACE). Compared to the conventional TACE, this tech-
nology exerts both the therapeutic components of TACE,
namely the drug carrier function and embolization, thus mini-
mizing the risk of the systemic drug.14 Despite promising
results of doxorubicin DEB-TACE, it is necessary to conduct
clinical trials to overcome the potential limitation of TACE
with small-caliber DEBs.15 Hence, alternative novel nanotech-
nologies are currently being investigated in clinical trials.1

Outstandingly, nanotechnology provides a new approach to
synthesize new metal-containing anticancer agents.16

Nanoparticles made of non-noble metals such as gallium (Ga)
have recently attracted significant attention due to promising appli-
cations.17 Gallium nitrate is a first generation of Ga compounds that
had anticancer property in human beings. In phase II medical trials,
vast responses to gallium nitrate have been seen in patients whose
tumors had relapsed or failed to reply to conventional chemother-
apy. Newer Ga forms combined with therapeutic strategies are a
strategy to improve the results of the treatment.18 Indeed, scientists
are investigating Ga complexes as small molecules or NPs for tar-
geted drug delivery.19 Recent studies demonstrated that aqueous
dispersions of GaNPs exhibit antitumor properties both in vitro
and in vivo, with low cytotoxicity to normal cells.20 Shedding the
light into the mode of antineoplastic action of GaNPs, the iron-
mimicking ability of Ga allows its interaction with important iron-
dependent biological processes.21 Accordingly, Ga competes with
and substitute for Fe+3 in the active site of ribonucleotide reductase
(RR), thus inhibiting this enzyme crucial for DNA synthesis.22

Moreover, the non-iron targets for Ga are somewhat diverse.
Strictly, both iron targeting and non-iron targeting mechanistic
insights act in concert to enhance its potency as an antineoplastic
agent.23 Over and above, Ga compounds have been demonstrated
to be active against multicellular drug resistance (MDR) in cancer
cells which remains a major obstacle to the successful treatment of
cancer.24 In conclusion, GaNPs may constitute a promising alterna-
tive agent for cancer therapeutics in the near future. However, more
studies are needed to elucidate the full cellular mechanisms of
GaNPs action for the treatment of cancer with higher effectiveness
and lower cost.20 At the interface of HCC, RRM2 (the M2 subunit
of RR) is located in a region (1q:163) of frequent cytogenetic aber-
ration in HCC, suggesting it to be a chemotherapeutic target in
HCC. Based on 67Ga scans, Ga is known to accumulate in HCC
tumors, and because RR is generally highly overexpressed by
HCC cells, a compelling rationale exists for exploring the potential
utility of Ga in treating HCC.22 In this connection, former biogenic
Ga-based NPs with preclinical antitumor activity have been
recently tested against chemically induced HCC and its consequent
metastasis.18,25

For analytical applications, research is required into the
development of protocols for synthesis and functionalization
of these NPs.8 A possible turning point could be the use of tar-
geting agents covalently bound to particle surface; this
approach demonstrated a superior therapeutic effect in different
animal models. Recent studies have individuated several mole-
cules that can represent possible targets for the selective deliv-
ery of targeted NPs. This probably represents the next step in
nanomedicine for the treatment of HCC.1 In this connection,
the rationale for preparing bioactive Ga (III) complexes with
different organic ligands could be an excellent approach to cir-
cumvent cell resistance to Ga and improve its bioavailability.
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The organic ligands may be useful carriers of Ga into the cells.
Noteworthy, these organometallic complexes would in princi-
ple exhibit effects due to the synergistic actions from the
metal and ligand components assembled in one compound.26

Nanoparticles produced by a biogenic enzymatic process
could be the answer, which provides a new approach to synthe-
size new metal-containing agents by combining organic ancil-
lary ligands to the candidate metalcore at the nanoscale.20

The later pleasant bio-inspired nanofabrication technique is
called “green synthesi” of NPs, representing a road map to
safer nanomaterials.

Natural products are a valuable source of anticancer agents,
representing an important alternative remedy for cancer in the
21st century.27 Gallic acid (GA) is a natural bioactive polypheno-
lic compound isolated from plant derivatives and fruits.28 It is the
chief antioxidant component responsible for the efficient antirad-
ical and anticancer properties of a number of plant extracts.29

Accordingly, it has been reported to show anticancer effects
against various cancers.28 In the context of HCC, GA was
capable of selectively inhibiting the proliferation of HepG2 and
SMMC-7721 human HCC cells in vitro in a time- and dose-
dependent manner.30 Moreover, methyl gallate, a GA-derived
compound, inhibited HCC proliferation both in vitro and in
vivo through increasing ROS production and apoptosis.31 On
the plus side, GA has been reported to be a potent antiproliferative
agent against diethylnitrosamine (DEN)-induced HCC owing to
its affinity to regulate signal transducer and activator of transcrip-
tion 3 signaling pathway.32,33 Consequently, GA may possess the
potential to be a novel therapeutic compound for use in the treat-
ment of HCC. Noteworthy, GA is hydrophilic, causing it difficult
to penetrate the wall of cancer cells.34 This issue has been
resolved by using nanotechnology. Nanoparticles can be used
as nano-carriers for antioxidants and such NPs that are termed
as nano-antioxidants.35 Accordingly, preparation of GA in form
of NPs is believed to increase its hydrophobicity to be able to
diffuse easily through the cancer cell membrane and hence,
improve its anticancer activity.34 Gallic acid exerts its anticarcino-
genic effects through a pleiotropic molecular mechanism(s) of
action on cell cycle, cell apoptotic processes, angiogenesis, and
metastasis.36 Nonetheless, the primary mechanism of action of
GA is attributed to both its antioxidant as well as prooxidant char-
acteristics, displaying a dual-edge sword behavior.29 Thus, GA
could be considered as an attractive candidate and/or a starting
point for the development of novel anticancer agents.37

Gracefully written, developing new cancer therapies is an
ever-pressing passion that inspired us towards the world of
alternative cancer therapies in which conventional treatments
and innovative targeted therapies work hand in hand to
improve the therapeutic outcome. The next section will
provide the rationale for the design of an alternative oncology
trial aiming at fighting hepatocarcinogenesis, using a novel bio-
genic Ga-based nanocomplex that has been currently developed
and evaluated for its antineoplastic activity. Beyond this, our
hope is pinned on tailoring an optimized preclinical therapeutic
program based on the biology of the disease, and further the
evolutionary principles of tumor development.

Materials and Methods

Chemicals
Diethylnitrosamine and Ga(NO3)3 were purchased from
Sigma-Aldrich. CDDP was purchased from Oncotec Pharma
Production GmbH, MYLAN. All other chemicals and reagents
used were of pure analytical grade.

Cell Line
A Human hepatocellular cancer (HepG-2) cell line was obtained
from the American Type Culture Collection (ATCC). Cells were
cultured in RPMI 1640 medium complemented with 10% FBS
at 37 °C in a humidified atmosphere with 5% CO2. N.B. The
HepG2 cell line was strictly selected in the existing study to
justify the possible in vitro cytotoxic effect of gallic acid-coated
gallium nanoparticles (GA-GaNPs) on cancerous hepatocytes.

Experimental Animals
Adult male Swiss albino rats weighing (100-120 g) b.wt. were pur-
chased from the breeding unit ofNile Company for Pharmaceuticals
and Chemical Industries. The animals were randomly housed in
appropriate steel mesh cages (8 rats/cage) which were kept under
standard laboratory conditions. The animals were maintained on
starter poultry pellets andwater ad libitum for oneweek before start-
ing the experiment as an acclimatization period. Animal mainte-
nance and treatments were conducted in accordance with
International Guiding Principles, as approved by Research Ethics
Committee in National Center for Research and Technology
(REC-NCRRT). The Guide for the Care and Use of Laboratory
Animals: Eighth Edition has been used to assist in the adequate stan-
dard care of the animals and using animals in ways judged to be sci-
entifically, technically, and humanely appropriate.38 The reporting
of this study conforms to ARRIVE 2.0 guidelines.39 The G-power
calculation was done for estimating the sample size decided for
the study. Indeed, efforts have been made to minimize the number
of animals utilized in this study, and further decrease their suffering.
There were no inclusion and/or exclusion criteria for this study.

Methods

Chemical Studies
Gallic acid-mediated greener nanosynthesis of gallium-based
nanoparticles. Gallium NPs protected by GA were synthesized
referring to the methods of Li et al.40 with certain modifications.
Both Ga(NO3)3 and GA were freshly used. Following the prin-
ciples of green synthesis of NPs, ultrapure water was used as an
environmentally benign solvent over the course of the produc-
tion and storage of GA-GaNPs. First, 20 mM of Ga(NO3)3 was
prepared in double-distilled water under magnetic stirring at
room temperature (RT). Then, 10 mM of GA was added, and
the pH value was adjusted to 11.0 with 1.0 M NaOH.
Subsequently, the reaction was maintained at RT for 30 min.
Visual observation was conducted periodically to check for
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NPs formation. The developed nanoproduct (GA-GaNPs) was
then condensed and purified by centrifugation at (15 000× g)
for 10 min and washed with double-distilled water 3 times.

Physicochemical characterization of GA-GaNPs. A panel of physi-
cochemical analyses was conducted at the Nanotechnology
Unit, Egyptian Petroleum Institute (Egypt), for nano-verification
of the novel grown NPs, including: (1) Transmission electron
microscopy (TEM): The morphology and size of GA-GaNPs
were determined from TEM micrographs of JEOL Model
1200EX. The software (Advanced Microscopy Techniques) for
the digital TEM camera was calibrated for size measurement of
the NPs.41 (2) Dynamic light scattering (DLS): The size distribu-
tion and Z (zeta) potential of the GA-GaNPs were measured with
a Malvern Zetasizer nano ZS® (Ver 6.32), United Kingdom. (3)
Fourier-transform infrared spectroscopy (FTIR): The analysis was
performed on a VERTEX 70/70v FTIR spectrometer (Bruker),
and recorded over cumulative scans in the wave number
between 4000 and 400 cm−1. (4) Ultraviolet-visible (UV-Vis)
spectroscopy: Spectrum absorbance of GA-GaNPs was analyzed
by JASCO UV-Vis spectrophotometer model V-750 in a mea-
surement range of 200 to 800 nm.

Biochemical Studies
The present study was designed to comprise a series of both in
vitro and in vivo investigations as follows.

In vitro study

Cytotoxicity assay. Cytotoxicity of both GA-GaNPs and
CDDP on HepG2 cells was evaluated by a thiazolyl blue tetra-
zolium bromide (MTT) assay based on the mitochondrial dehy-
drogenase conversion of the MTT into blue formazan crystals in
the viable cells.42

In vivo studies

Acute toxicity study. Determination of the lethal dose of
GA-GaNPs, as a newly synthesized drug, is an essential initial
step in the in vivo evaluation of the toxic characteristics of the
drug and provides information on health hazards likely to arise
from short-term exposure to it. A total of 24 male Swiss albino
rats was divided into 4 groups and intraperitoneally (i.p.) adminis-
trated GA-GaNPs in elevated doses ranging from 25 to 250 mg/kg
b.wt. Mortality incidence was recorded in 1 to 7 days after
administration.

Evaluation of antineoplastic efficacy
Chemical induction of hepatocarcinogenesis. An experimental

model of chemical hepatocarcinogenesis in male Swiss albino
rats was induced by receiving a daily i.p. dose of 20 mg/kg
b.wt. of DEN diluted in normal saline (0.9%) for 6 weeks,
according to the method of Darwish and El-Boghdady,43 with
some modifications.

Experimental design. A total of 80 male Swiss albino rats was
randomly distributed (simple randomization) into 8 equal

groups (n= 10) and categorized as follows. (1) Control:
Normal healthy rats, (2) GA-GaNPs: Rats were injected
with a daily i.p. dose of GA-GaNPs (25 mg/kg b.wt.) for
one month. (3) CDDP: Rats were i.p. administrated CDDP
in a daily dose of (1 mg/kg b.wt.), according to Chen
et al.,44 for one month. (4) GA-GaNPs+CDDP: Rats were
daily i.p. injected with GA-GaNPs together with CDDP
during the treatment month. (5) DEN-model: Rats in this
group received DEN in a dose of 20 mg/kg b.wt., 5 times a
week for 6 weeks. (6) DEN+GA-GaNPs: After 6 weeks of
DEN treatment, animals were treated with GA-GaNPs. (7)
DEN+CDDP: After DEN-intoxication, animals were
treated with CDDP. (8) DEN+GA-GaNPs+CDDP:
DEN-intoxicated animals were treated with GA-GaNPs
together with CDDP.

Sample collection. At the end of 10 weeks, animals in all groups
were fasted overnight prior to euthanizing via exsanguination.
Firstly, animals were anesthetized by (1.5%-2%) isoflurane
inhalation. And then, blood samples were obtained by heart
puncture and collected in sterile heparinized and non-heparin-
ized tubes. Livers of each group were quickly excised, perfused
with cold isotonic saline, dried, and divided into 2 portions; the
first portions were fixed in 10% formalin for histological exam-
ination, whereas the second portion was snap-frozen directly in
liquid nitrogen and stored at −80 °C prior to RNA isolation for
gene expression analyses.

Biochemical analyses. A panel of biochemical analyses was
performed on plasma and/or liver homogenate samples to
track 4 axes-mechanistic aspects including; (1) Gene expres-
sion aspects presented by precisely quantifying relative
expression levels of cytochrome c (Cyt-c), C-Myc oncogene,
and heat shock protein-70 (HSP-70) target genes using real-
time polymerase chain reaction (RT-PCR). Total RNA was
harvested from liver tissue samples using SV-total RNA iso-
lation system (Promega). Then, complementary DNA
(cDNA) was synthesized using the superscript choice
system high-capacity cDNA reverse transcription kit (Life
Technologies). Finally, RT-PCR was performed by SYBR

Table 1. List of Designed Primers for RT-PCR.

Gene symbol Primer sequence (5′-3′)

Cyt-c F: 5′-GGC TGC AGT GTA GCT GTG AT-3′

R: 5′-GAT GGA GTT TCC TTT ATC TGT TGC-3′

Hsp70 F: 5′-TTG TCC ATG TTA AGG TTT TGT GGT
ATA-3′

R: 5′-GTT TTT TTC ATT AGT TTG TAG TGA TGC
AA-3′

C-Myc F: 5′-GAG GAG AAA CGA GCT GAA GCG TAG-3′

R: 5′-TTC TCG CCG TTT CCT CAG TAA GTC-3′

GAPDH F: 5′-CAC CCT GTT GCT GTA GCC ATA TTC-3′

R: 5′-GAC ATC AAG AAG GTG GTG AAG CAG-3′

Abbreviation: RT-PCR, real-time polymerase chain reaction.
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Green PCR Master Mix together with specific primers using
an Applied Biosystem with software v1.7. The sequence of
the primers used for RT-PCR is listed in Table 1. Data from
real-time assays were quantified using the v1.7 sequence
detection software from PE Biosystems. Target gene expres-
sion levels were normalized to the GAPDH house-keeping
gene. Fold change in mRNA expression was measured
using the comparative cycle threshold (2−ΔΔCt) method. (2)
Iron mimicry aspects verified by monitoring iron (Fe+2) and
total iron binding capacity (TIBC), using BioVision’s assay
kits (Catalog # K390 & K392-100, respectively), (3)
Biological markers aspects elucidated by tracking; (a)
Tumorigenic marker (alpha-fetoprotein, AFP) using a rat
AFP ELISA kit purchased from Cusabio Biotech Co., Ltd.
(USA), (b) Apoptotic marker (caspase-9, CASP9) using rat
CASP9 ELISA kit purchased from Novus Biologicals Co.,
Ltd. (USA), (c) Angiogenic marker (vascular endothelial
growth factor, VEGF) using a rat VEGF ELISA kit purchased

from R&D Systems Europe, Ltd, (d) Oxidative stress bio-
markers involved assessment of reduced glutathione (GSH)
according to Beutler,45 superoxide dismutase (SOD) accord-
ing to Nishikimi et al.46 and catalase (CAT) based roughly
on the methods of Aebi,47 and Fossati et al.48 and (e) Lipid
peroxidation (LPO) marker; malondialdehyde (MDA) was
quantified according to the method of Ohkawa et al.49 as
well as (4) Routine paraclinical aspects monitored by
the colorimetric assessment of a panel of liver and
kidney damage biomarkers involving albumin (Alb) based
on the method described by Doumas et al.50, total bilirubin
(T.Bil) according to the method described by Walter and
Gerade,51 alkaline phosphatase (ALP) activity based on the
method of Belfield and Goldberg,52 and activities of alanine
transferase (ALT) and aspartate transferase (AST) according
to the method of Reitman and Frankel.53 Additionally, creat-
inine (Cr) and urea were also colorimetrically assessed using
commercial kits purchased from Diamond Company, Egypt.

Figure 1. (A) Transmission electron microscopy (TEM) images of gallic acid-coated gallium nanoparticles (GA-GaNPs; Magnification= ×
30 000 &× 20 000; Scale bar= 100 nm & 200 nm). (B) Size statistics graph of gallic acid-coated gallium nanoparticles (GA-GaNPs). (C) Zeta
potential distribution of GA-GaNPs. (D) Fourier-transform infrared spectroscopy (FTIR) spectrum of GA-GaNPs. (E) UV-Vis absorption
spectrum of GA-GaNPs.
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Histopathological Survey
Liver tissue biopsies were fixed in 10% formalin for 24 h, then
standard dehydration and paraffin-wax embedding procedures
were performed. Sections of 5 μm thickness were cut in a
slidge microtome, adhered to glass slides, deparaffinized, and
stained by hematoxylin and eosin stains (H&E) for routine
examination through the electric light microscope.54

Statistical Analyses
Data were statistically analyzed using Prism software (Graph
Pad 8). Differences between groups were tested for significance
using one-way analysis of variance (ANOVA), followed by the
Tukey multiple comparisons test. The overall significance was
indicated by the P value and the level of significance was set at
(P< .05) in all cases. Results were presented as means± stan-
dard error (S.E.) for 6 rats per group.

Results

Chemical Studies
Physicochemical characterization of GA-GaNPs

(i) Transmission electron microscopy: Based on TEM
images, GA-GaNPs were spherical and nearly mono-
dispersed. Furthermore, size distribution suggests
that the diameter of GA-GaNPs approximately
ranged from 40 to100 nm (Figure 1A: i and ii).

(ii) Dynamic light scattering: Based on DLS analysis, the
hydrodynamic diameter of GA-GaNPs was (91.28±
5 nm) (Figure 1B), which is compared well with the

size estimated from the TEM images. And further,
the GA-GaNPs had a negative zeta potential distribu-
tion of (−41.6 mV) (Figure 1C).

(iii) Fourier-transform infrared spectroscopy:As a molec-
ular fingerprint, the results of FTIR analysis of
GA-GaNPs showed different stretches of bonds at dif-
ferent peaks as presented in Figure 1D. The spectrum
highlighted major strong peaks and some weak peaks
with a total number of 8 peaks. Strictly, a unique peak
that appeared around 1020.54 cm−1 is assigned to the
Ga-OH deformation mode of a GaO(OH) moiety as
reported with others,55 confirming the molecular inter-
action between Ga(NO3)3 and GA capping ligand. The
assignment of bonds and their respective mode of
vibration at each peak position on the FTIR spectrum
are displayed in Table 2.

(iv) Ultraviolet-visible (UV-Vis) spectroscopy: The
UV-Vis absorption spectrum of GA-GaNPs is shown
in Figure 1E, exhibiting a narrow absorption peak
approximately at 270 nm assigned to surface
plasmon resonance of the NPs.

Biochemical Studies
In vitro study

MTT cytotoxicity assay. Upon incubation with HepG-2 cell
line, GA-GaNPs exerted a strong cytotoxic potential in a dose-
dependent manner resulting in a significant reduction of the cell
proliferation (Figure 2). The IC50 values were estimated from
the available cytotoxicities. It is worth mentioning that
GA-GaNPs displayed superior cytotoxicity than CDDP.
Accordingly, it recorded a lower IC50 value of (0.71±

Table 2. FTIR Spectrum Assignments of GA-GaNPs.

Peak frequency
(cm−1)

Bond assignment
(functional group)

Mode of vibration &
Signal intensity

(T%)
Peak frequency

(cm−1)
Bond assignment
(functional group)

Mode of vibration &
signal intensity

(T%)

3453.31 cm−1

(3500-3200)
O–H

(Alcohols, phenols)57
Stretching
(60.29%)

1260.74 cm−1

(1320-1000)
C–O

(Alcohols, carboxylic
acids, esters & ethers)57

Stretching
(78.17%)

(1300-1150) C–H
(Alkyl halides)

Wagging
(stretching)
(78.17%)

2064.62 cm−1

(∼2100)
-C≡C-

(Alkynes)57
Stretching
(78.81%)

1094.08 cm−1

(1250-1020)
C–N

(Aliphatic amines)57
Stretching
(77.63%)

1634.42 cm−1

(∼1640)
-C=C-

(Alkenes)57
Stretching
(70.97%)

1020.54 cm−1

(952-1026)
Ga-OH

deformation modes of
α-GaO(OH)55

Stretching
(77.68%)

(1320-1000) C–O
(Alcohols, carboxylic
acids, esters & ethers)57

Stretching
(77.68%)

1384.18 cm−1

(1400-1290)
N–O

(Nito compounds)57
Stretching
(75.45%)

797.63 cm−1

(785.05-858.35)
C–H

(Phenyl ring
substitution band)56

Bending
(76.51%)

Abbreviations: FTIR, Fourier-transform infrared spectroscopy; GA-GaNP, gallic acid-coated gallium nanoparticles.
*Spectrum assignments were depicted as reported by Yang et al.,55 Ameh,56 and Theivandran et al.57
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0.02 µg/mL) comparable to that of CDDP (3.31± 0.07 µg/mL),
a result that motivated us to perform further in vivo preclinical
investigation to test the possible efficacy of such novel nano-
composite as a candidate therapy for HCC.

In vivo studies

Acute toxicity study. No mortality incidence was recorded
after administration of elevated i.p. doses of GA-GaNPs up to
250 mg/kg b.wt.. By reference to Kandil et al.20 the optimum

safe dose used for the in vivo treatment was calculated by divid-
ing the highest safe dose (250 mg/kg b.wt.) by 10.

Evaluation of antitumor efficacy

I. Gene expression modulation: Data of C-Myc, HSP-70,
and Cyt-c relative expressions in liver homogenates
are depicted in Table 3. DEN intoxication upregulated
the mRNA expression of both C-Myc and HSP-70 genes

Figure 2. Cytotoxicity of (A) gallic acid-coated gallium nanoparticles (GA-GaNPs) and (B) CPPD against HepG-2 cell line.

Table 3. Alterations in C-Myc, HSP-70, and Cyt-c Relative Expression Levels Under Different Treatments.

Group parameter C-Myc HSP-70 Cyt-c

Control 1.01± 0.01b 1.01± 0.007b 1.01± 0.006b

GA-GaNPs 1.017± 0.012b 1.02± 0.02b 1.023± 0.034b

CDDP 1.003± 0.003b 1.02± 0.02b 1.0± 0.0b

GA-GaNPs+CDDP 1.013± 0.018b 1.01± 0.007b 1.007± 0.007b

DEN 6.9± 0.23c 6.53± 0.203a 0.22± 0.006a

DEN+GA-GaNPs 2.075± 0.014b,c 2.45± 0.202b,c 0.82± 0.055b,c

DEN+CDDP 1.4± 0.057b 2.65± 0.087b,c 0.94± 0.017b

DEN+GA-GaNPs+CDDP 2.15± 0.14b,c 2.08± 0.012b,c 0.87± 0.054b

Abbreviations: DEN, diethylnitrosamine; GA-GaNP, gallic acid-coated gallium nanoparticles.
*Each value represents the mean± SE of six values. Data with different superscripts are significantly different at P< .05.
aSignificant versus Control group.
bSignificant versus DEN group.
cNonsignificant versus neither Control nor DEN group.

Table 4. Alterations in Iron Panel Levels Under Different Treatments.

Group parameter Fe+2 TIBC TS%

Control 19.57± 1.48b 59.93± 5.06b 32.75± 1.59b

GA-GaNPs 21.95± 1.29b 55.47± 1.11b 39.64± 2.68c

CDDP 20.73± 1.49b 53.03± 4.7b 39.5± 3.2c

GA-GaNPs+CDDP 19.53± 0.49b 62.95± 0.25b 31.03± 0.48b

DEN 43.17± 4.13d 81.53± 2.71d 53.25± 6.32d

DEN+GA-GaNPs 18.15± 0.37b 71.93± 1.99c 25.3± 1.22b

DEN+CDDP 19.97± 1.61b 57.17± 4.12b 35.48± 4.76b

DEN+GA-GaNPs+CDDP 18.03± 1.59b 67.77± 0.73c 26.58± 2.17b

Abbreviations: DEN, diethylnitrosamine; TIBC, total iron binding capacity; GA-GaNP, gallic acid-coated gallium nanoparticles.
*Each value represents the mean ± SE of six values. Data with different superscripts are significantly different at P < 0.05.
a Significant vs Control group.
b Significant vs DEN group.
c Non-significant vs neither Control nor DEN group.
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but downregulated the mRNA expression of Cyt-c
gene. On contrary, treatment with GA-GaNPs, CDDP,
and GA-GaNPs+CDDP of DEN-treated rats
normalized liver C-Myc, HSP-70, and Cyt-c mRNA
expression levels.

II. Iron-mimicry evaluation: Data of the monitored iron
panel (Fe+2, TIBC, and TS%) in liver homogenates
of all studied rat groups are outlined in Table 4. The
DEN-challenged group displayed significant elevations
of iron (Fe+2), TIBC, and TS% values compared to
their normal control counterparts. On the other side,
these panel parameters have almost been ameliorated
upon administrating individual GA-GaNPs and/or
combined with CDDP to DEN-afflicted groups.

III. Biological markers targeting: Data of plasma AFP,
liver CASP9, and plasma VEGF are shown in Table 5.
Both plasma AFP and VEGF, as 2 major milestones in
oncogenesis, have been significantly increased in the
DEN-model group compared to the control one.
Meanwhile, CASP9 activity has been markedly reduced
upon DEN-intoxication. Administration of GA-GaNPs,
CDDP, and/or GA-GaNPs+CDDP to DEN-challenged
rats induced significant reductions in AFP and VEGF
levels accompanied with a significant elevation in
CASP9 activity exceeding normal levels upon their com-
parison to the DEN-model group. In addition, antioxidant
enzymes (AOE) including GSH content, SOD, and CAT
enzyme activities as well as MDA content in liver
homogenates are shown in Table 5. It is observed that
the antioxidant status in the liver of tumor-induced rats
(DEN group) was significantly lower than normal, notice-
able by significant depressions in GSH content, SOD, and
CAT activities associated with significantly high MDA
content. Individual GA-GaNPs and/or CDDP treatment,
post-DEN induction, have significantly ameliorated
GSH content, SOD, and CAT activities with a concomi-
tant decline of MDA level relative to the DEN-model
group.

Altogether, the aforementioned biochemical results
provide a preliminary insight into the in vivo hierarchical
action mechanism of the current nanocomplex, constituting
a new initiate for alternative HCC therapeutics in the near
future. Deduced molecular mechanism beyond GA-GaNPs
antineoplastic action is depicted schematically in the follow-
ing chart (Figure 3).
IV. Toxicological evaluation (predicting side-effects of the

current treatment): Results of serum liver damage and
kidney damage biomarkers are recorded in Table 6. The
administration of DEN to the experimental groups
caused deteriorative hepatic changes presented in ham-
pering liver functioning. Accordingly, the
DEN-challenged group showed significantly elevated
T.Bil levels, ALP, ALT, as well as AST activities com-
pared to normal levels. Administration of GA-GaNPs
and/or CDDP to DEN-afflicted groups ameliorated the
damage by significantly reducing the abovementioned
liver function indices compared to the DEN group. In
tandem, shedding the light on kidney functions, DEN
intoxication has been recorded to induce nephrotoxicity
noticeable by significant elevations of creatinine (Cr) as
well as urea levels compared to the control group.
However, both of them are restored near the normal
level in the treated groups.

Histopathological findings. Histopathologically examined liver
biopsies of the different studied rat groups showed alterations
in the hepatic architecture with different grades. The results
are summarized in Figure 4 (H&E, 40×) and Table 7.
Regarding tumor-free rat groups, liver sections of the negative
control rats showed the normal histological structure of the
central vein and surrounding hepatocytes in the parenchyma
(Figure 4A). In a similar manner, GA-GaNPs treated livers
also showed preserved hepatic architecture (Figure 4B). On
contrary, livers of CDDP treated rats pointed out a fatty
change in the adjacent hepatocytes of the centrilobular area

Table 5. Alterations in Biological Markers Levels Under Different Treatments.

Parameter group AFP (ng/mL) CASP9 (ng/mL) VEGF (pg/mL) GSH (mg/g) SOD (U/g) CAT (U/g) MDA (nmol/g)

Control 1.03± 0.08b 2.075± 0.01b 37± 0.11b 90.2± 5.65b 5.9± 0.6b 171.1± 5.47b 2.38± 0.18b

GA-GaNPs 0.91± 0.04b 4.35± 0.086b,c 35.47± 1.59b 90.77± 4.15b 6.07± 0.43b 162.8± 4.6b 2.37± 0.14b

CDDP 0.89± 0.02b 4.45± 0.086b,c 30.27± 0.85b 95.1± 2.34b 6.55± 0.43b 175.4± 1.98b 2.55± 0.086b

GA-GaNPs+CDDP 0.91± 0.02b 2.07± 0.014b 28.7± 0.63b 80.4± 2.49b 5.65± 0.14b 159.5± 5.59b 2.65± 0.086b

DEN 3.1± 0.5c 1.055± 0.02c 111± 9.7c 27.67± 2.11c 1.45± 0.08c 91.7± 5.54c 72.5± 4.44c

DEN+GA-GaNPs 1.88± 0.1b 8.7± 0.11b,c 76.8± 2.13b,c 73.4± 0.46b,c 4.83± 0.2b 131.3± 8.01b,c 18.6± 1.29b,c

DEN+CDDP 1.35± 0.08b 14.75± 0.24b,c 67.3± 2.6b,c 84.5± 1.04b 5± 0.47b 148.7± 2.05b 18± 1.93b,c

DEN+GA-GaNPs+CDDP 1.55± 0.14b 8.67± 0.24b,c 68.1± 1.6b,c 66.9± 3.42b,c 3.57± 0.2b,c 115.3± 4.3c 38.07± 1.3b,c

Abbreviations: DEN, diethylnitrosamine; AFP, alpha-fetoprotein; VEGF, vascular endothelial growth factor; GSH, glutathione; SOD, superoxide dismutase; MDA,
malondialdehyde; GA-GaNP, gallic acid-coated gallium nanoparticles.
*Each value represents the mean ± SE of six values. Data with different superscripts are significantly different at P < 0.05.
a Significant vs Control group.
b Significant vs DEN group.
c Non-significant vs neither Control nor DEN group.
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surrounding the dilated and congested central vein. In addition,
the portal area showed fibrosis with inflammatory cell infiltra-
tion (Figure 4C). In tandem, livers of GA-GaNPs+CDDP
treated rats showed few inflammatory cells infiltration in the
portal area with portal vein dilatation, while the surrounding
hepatocytes all over the parenchyma revealed ballooning
degeneration with nuclear pyknosis (Figure 4D). On the oppo-
site side, regarding tumor-induced groups, liver sections of the
DEN-model group pointed out 3 types of histopathological
alterations in their hepatic architecture including: (1)

fibroblastic cell proliferation extended in between the degener-
ated fatty-changed hepatocytes of the parenchyma dividing it
into nodules (Figure 4E), (2) inflammatory cell infiltration in
the portal area and portal vein congestion, as well as, (3) hyper-
plasia with newly formed cystic dilated bile ducts (Figure 4F).
Treatment of tumor-induced rats with GA-GaNPs recorded a
mild deviation from normal hepatic architecture presented in
fine fibroblastic cell proliferation which divided the degenerated
fatty-changed hepatocytes of the parenchyma into nodules
(Figure 4G). Meanwhile, treatment of tumor-induced rats with

Figure 3. Gallic acid-coated gallium nanoparticles (GA-GaNPs) at the interface of HCC hallmarks: A schematic representation of mechanistic
insights beyond GA-GaNPs antineoplastic action.

Table 6. Paraclinical Studies Showing Alterations in Liver and Kidney Damage Biomarkers Under Different Treatments.

Group parameter Alb (g/dL) T. Bil (mg/dL) ALP (U/L) ALT (U/mL) AST (U/mL) Cr (mg/dL) Urea (mg/dL)

Control 4± 0.24b 0.59± 0.06c 132.5± 4.4c 11± 0.57c 16.33± 1.2c 0.12± 0.002c 34.67± 3.38c

GA-GaNPs 4.4± 0.33c 0.64± 0.017c 128.7± 7.1c 12± 1.15c 14± 0.57c 0.12± 0.005c 26± 0.57c

CDDP 3.65± 0.26b 0.51± 0.049c 124.3± 1.7c 11.67± 0.88c 15.5± 1.44c 0.14± 0.008c 28± 1.73c

GA-GaNPs+CDDP 4± 0.4b 0.65± 0.02c 141.5± 2.7c 17± 1.7c 19± 1.16c 0.2± 0.005c 29.33± 2.9c

DEN 2.77± 0.15b 1.55± 0.14d 351.4± 11.6d 40.5± 2.59d 55.5± 0.86d 0.88± 0.05d 75.7± 1.45d

DEN+GA-GaNPs 3.75± 0.09b 0.75± 0.03c 182.8± 1.5c,d 18.5± 0.86c 24± 1.73c,d 0.34± 0.014c,d 41± 1.15c

DEN+CDDP 3.5± 0.12b 0.64± 0.01c 177± 1.9c,d 19.5± 0.86c,d 25± 1.15c,d 0.26± 0.028c,d 32± 2.51c

DEN+GA-GaNPs+CDDP 3.8± 0.17b 0.71± 0.058c 199.4± 7.03c,d 28± 2.3c,d 27± 1.15c,d 0.26± 0.02c,d 36.33± 2.33c

Abbreviations: DEN, diethylnitrosamine; ALP, alkaline phosphatase; ALT, alanine transferase; AST, aspartate transferase; GA-GaNP, gallic acid-coated gallium
nanoparticles.
*Each value represents the mean ± SD of six values. Data with different superscripts are significantly different at P <0.05.
a Significant vs Control group.
b Significant vs DEN group.
c Non-significant vs neither Control nor DEN group.
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CDDP recorded less improvement where livers of this group
showed fibroblastic cell proliferation dividing the ballooning-
degenerated hepatocytes with pyknotic nuclei into nodules as
recorded in (Figure 4H). Similarly, liver sections of DEN+
GA-GaNPs+CDDP treated rats showed central vein dilatation
with ballooning degeneration of the hepatocytes in diffusing
manner all over the parenchyma (Figure 4I).

Finally, severity grading of the histopathological alter-
ations of the hepatic tissue architectures was also compared
among the different studied rat groups (Table 7). It is
worth mentioning that individual GA-GaNPs treatment
exhibited a superior improvement of the hepatic architec-
ture alterations evoked over the course of chemical
hepatocarcinogenesis.

Figure 4. Photomicrograph of liver sections of both tumor-free and tumor-induced rat groups (hematoxylin and eosin [H&E], 40×; Scale bar=
50 µm). (A) Control; (B) gallic acid-coated gallium nanoparticles (GA-GaNPs); (C) CDDP; (D) GA-GaNPs+CDDP; (E and F)
diethylnitrosamine (DEN) model; (G) DEN+GA-GaNPs; (H) DEN+CDDP; (I) DEN+GA-GaNPs+CDDP groups.

Table 7. Severity Grading of the Histopathological Alterations of the Hepatic Architectures Among the Different Studied Groups.

Histopathological alterations
group Control GA-GaNPs CDDP

GA-GaNPs+
CDDP DEN-model

DEN+
GA-GaNPs

DEN+
CDDP

DEN+
GA-GaNPs+

CDDP

a) Degenerative & fatty
change in hepatocytes.

̶ ̶ +++ +++ ++ + ++ +++

b) Portal inflammatory
reaction.

̶ ̶ ++ + + ̶ ̶ ̶

c) Fibrosis with nodular
formation.

̶ ̶ ̶ ̶ ++ ++ ++ ̶

d) Hyperplasia & cystic
dilation of bile duct.

̶ ̶ ̶ ̶ ++ ̶ ̶ ̶

e) Nodular eosinophilic area
in parenchyma.

̶ ̶ ̶ ̶ ̶ ̶ + ̶

f) Congestion. ̶ ̶ + + + ̶ ̶ ++

Abbreviations: DEN, diethylnitrosamine; GA-GaNP, gallic acid-coated gallium nanoparticles.
*Key for histopathological alterations severity; (+++ ): Severe grade, (++): Moderate grade, (+ ): Mild grade, and (-): Nil.
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Discussion
Nowadays, understanding tumor biology and the core hall-
marks of cancer have been accompanied by the development
of advanced specific targeted therapies.58 Nanoscale drug deliv-
ery systems have emerged as prominent methods to improve the
pharmacological and therapeutic effects of many natural and
synthetic drugs.59 Fascinatingly, phytofabricated NPs (occa-
sionally termed as nano-antioxidants) have been considered
excellent tumor-targeting vehicles.60 In this connection, such
trial was projected to formulate a novel Ga-based nanocomplex
under a direct molecular reduction mechanism using the non-
toxic and eco-friendly phytochemical GA, as a strong reducing
and stabilizing agent. This biomimetic process completely com-
plied with the principles of green chemistry, as it used water as a
benign solvent over the course of the preparation and storage of
GA-GaNPs.

Former studies have evaluated the antineoplastic efficacy of
some biogenic Ga-based NPs. In this connection, Kandil et al.20

and Moawed et al.18 have biosynthesized GaNPs using
Lactobacillus helveticus bacterial strain and reported its thera-
peutic efficacy against both solid Ehrlich carcinoma and
DEN-induced HCC in animal models. In tandem, Moustafa
et al.25 have also synthesized another form of biogenic
Ga-based NPs using Bacillus licheniformis bacterial strain
and reported its efficacy against brain metastasis arising from
HCC. The later Ga-based NPs exert potent anticancer activity
due to the reduction of Ga+2 to GaO by bacterial metabolites
emerging a stable NPs structure. Over and above, a most
up-to-date study made by our team reported a fine antineoplas-
tic efficacy of a biogenic Ga-based nanocomplex, coated by
ellagic acid (EA), upon mammary gland-induced tumors.61

Nevertheless, the currently phytofabricated Ga-based nanocom-
plex surpasses the later Ga-based NPs and/or complexes owing
to the presence of GA coating ligand in the nanocomplex. Gallic
acid phytochemical confers valuable advantages to the cur-
rently developed GA-GaNPs including: (1) enhanced antineo-
plastic efficacy emerging from synergistic anticancer actions
of both GA and GaNPs components assembled in one com-
pound, as well as (2) reduced toxicity owing to both antioxi-
dant29 and selective apoptosis29 properties of GA.
Consequently, GA has been strictly decided to act as a selective
targeting ligand in the current Ga-based nanocomplex, which
bolds the novelty of the existing study. In this connection, it
is worth mentioning that the rationale of choice of both Ga
and GA to prepare the current nanocomplex is owed to their
closely related anticancer mechanistic insights and multiple
common oncotargets including; iron chelation,20,29,62 RR inhi-
bition,62,63 ROS production,20,29,62,63 GSH depletion,20,62,63

loss of mitochondrial membrane potential and Cyt c
release,62,63 CASP9 activation,29,62,63 and VEGF inhibi-
tion.25,63 This in turn allowed for potentiating the synergistic
anticancer action exerted by the novel GA-GaNPs nanoassem-
bly. Over and above, the evidence that Ga compounds can
tackle MDR in cancer cells24 inspired us to pick Ga as a
unique metal core of the current nanocomplex.

To establish its fine nanostructure, the biosynthesized
GA-GaNPs was characterized via a panel of physicochemical
analyses such as TEM, DLS, FT-IR, and UV-Vis spectroscopy.
Particle size is an important property, which may influence the
biological activity of NPs and has been suggested as a key
factor through the interaction with charged surfaces. Current
TEM images revealed NPs of diameter size ranging from 40
to 100 nm. Nanoparticles less than 100 nm are useful for bio-
logical applications. Eisenberg and coworkers64 found that Ga
is sensitive to ultraviolet radiation below 365 nm wavelengths.
Moreover, in line with Kandil et al.20 UV/VIS shows that the
absorption spectra of GA-GaNPs were scanned at 270 nm, a
finding that confirms the preservation of GaNPs in the current
nanocomplex. Else more, FTIR enables the in-situ analysis of
interfaces to investigate the surface adsorption of functional
groups on NPs, and hence it can be used to identify the possible
biomolecules responsible for capping and efficient stabilization
of the synthesized metal NPs.65 The FTIR spectrum of
GA-GaNPs confirmed the molecular interaction between
Ga(NO3)3 and GA exhibiting 8 vibrational peaks (bands).
Strictly, a unique peak that appeared around 1020.54 cm−1 is
assigned to the Ga-OH deformation mode of a GaO(OH)
moiety as reported with others.55 Such result can be taken as
evidence for the interaction of Ga with GA, that the hydroxyl
group (-OH) of GA polyphenol acts as a capping agent in con-
trolling GaNPs size and stability. Based on DLS analysis, the
hydrodynamic diameter of GA-GaNPs is compared well with
the size estimated from TEM images. Last but not least, the
zeta (Z) potential was measured to check the stability of the
MNPs.66 The more negative Z potential measure (−41.6 mV)
ensures the high stability of this nanoformulation.

The in vitro biological evaluation of both GA-GaNPs and
CDDP in a HepG-2 cancer cell line established their potential
cytotoxicity. These results are in harmony with early studies
that observed the in vitro cytotoxicities of GA,67 Ga,18 and
CDDP68 against hepatic cancer lines. It is worth mentioning
that the novel GA-GaNPs displayed a superior in vitro cytotox-
icity, as it recorded a lower IC50 value comparable to that of
CDDP. These results may suggest that the reaction of
Ga(NO3)3 with GA, at the nanoscale, resulted in super-additive
cytotoxic effects towards HCC cells. On the plus side, results of
the present in vivo study roughly postulate concerted mechanis-
tic insights of the novel GA-GaNPs, as an alternative treatment
driven by tumor biology. In this connection, various biomarkers
of different molecular pathways have been simultaneously
tracked, aiming at targeting key hallmarks of cancer.
Three HCC hallmarks have been the main focus of the
current nano-drug development which are; (1) tumorigenic
potential and sustained cellular proliferation, (2) apoptosis
evasion, and (3) angiogenesis induction.

Regarding tumorigenic potential, AFP is a promising marker
for HCC and treatment evaluation. Accordingly, the elevation
of serum AFP is indicative of the proliferation of liver progen-
itor cells as a response to chronic liver injury or HCC develop-
ment.69 In line with previous studies of Moustafa et al.25 and
Mohamed et al.69 the current study provoked significant
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elevation in AFP level in the DEN-model group compared to
the normal control which might be due to DEN intoxication
causing necrosis of the hepatocytes. Furthermore, such
observed AFP elevation indicated the carcinogenic effect of
DEN and induction of HCC. The possible explanations for
the reinitiation of AFP synthesis by neoplastic hepatocytes
are either increased transcription of AFP gene or posttransla-
tional modification affecting AFP production.18 Consistent
with the results of Moustafa et al.25 the present work revealed
that GA-GaNPs treatment significantly dampened AFP level
relative to the DEN challenged group, suggesting that
GA-GaNPs might delay the process of hepatocarcinogenesis.
Else more, upon potentiating the antitumorigenic efficacy of
GA-GaNPs, free GA treatment of HCC-induced rats was
reported to yield a remarkable reduction in serum AFP relative
to the untreated HCC-afflicted counterparts.70 The proposed
mechanism by which GA could recover AFP serum level
may stem from the suppression of COX-2 gene expression,
which is known to modulate the transcription of AFP.33

Collectively, as AFP is indicative for HCC, the reduction of
AFP suggested the inhibition in HCC development which is
further supported by the improvement of liver functions of
DEN+GA-GaNPs treated rats compared to their DEN counter-
parts (illustrated later). On the other hand, our results are also
concomitant with Mohamed et al.69 who reported that CDDP
treatment of intoxicated rats showed a significant decrease in
AFP level relative to their DEN counterparts. This may be
attributed to the anticancer effect of CDDP.

Li and coworkers71 published that AFP stimulated the
expression of some oncogenes in human HCC. Since the dis-
covery of several important mutations that contribute to carci-
nogenesis (eg, c-Myc and cyclin D1 proteins), these
oncogenes have been extensively used as promising targets
for the development of more selective drugs to tackle
cancer.72 In this context, the relative expressions of some onco-
genic markers have been currently quantified. The MYC proto-
oncogene is a hallmark molecular feature of both the initiation
and maintenance of tumorigenesis, which mainly regulates cell
growth, cell cycle, metabolism, and survival. It has been impli-
cated in the pathogenesis of most types of human tumors.73 The
overexpression of c-Myc has been frequently observed in the
early stages of human HCC and some studies depict a strong
correlation between c-Myc activation and malignant conversion
of preneoplastic liver nodules into cancerous cells.5 In the
present study, the relative c-Myc expression has been signifi-
cantly upregulated in the DEN-model group, a result that coin-
cides with that of Ji et al.74 who reported significant
overexpression of c-Myc protein and mRNA in HCC tissues,
thus promoting cell division and proliferation. In stark contrast,
significant down-regulation of c-Myc relative expressions has
been currently reported upon GA-GaNPs and/or CDDP treat-
ments of tumor-induced groups, which is closely associated
with growth suppression, cell cycle arrest, and loss of the neo-
plastic properties. Consistent with the aforementioned results,
Yang & Chitambar,75 reported a significant down-regulation
of c-Myc differential expression upon incubation of

CCRF-CEM with Ga(NO3)3. Concurrently, Choi et al.76

revealed that GA inhibited NF-κB-evoked expressions of cell
survival genes, such as c-Myc and cyclin D1. This biochemical
evidence could strictly explain the significantly dampened over-
expression of c-Myc oncogene recorded in the DEN+
GA-GaNPs group, highlighting the synergistic action of
Ga(NO3)3 and GA in growth suppression. On the plus side, in
light of our results, a previous study demonstrated that c-Myc
downregulation increases cellular susceptibility to CDDP in
melanoma cells.77 However, other studies have evoked that
tumor cells surviving in vivo CDDP chemotherapy display
c-Myc overexpression.78 Mechanistically, this could be
explained by provoking a DNA damage-resistance phenotype
upon CDDP exposure.79 Such finding gives preference to
GA-GaNPs as a new initiate for HCC therapy, thus avoiding
CDDP-resistant phenotype.

Targeting HSPs has emerged as a promising tempting
approach to improve anticancer therapy.80 The molecular
chaperone HSP70 is an important mediator of HCC develop-
ment by promoting tumor-initiating cells to escape self-
limiting responses that restrain cell proliferation and sur-
vival.81 Tumorigenic potential of tumor cells is tightly
linked to the HSP70 expression.80 In light of our results, the
DEN-model group experienced overexpression of HSP70 rel-
ative to the negative control. Such a result could be appreci-
ated by Halasi et al.82 who have reported that HSP70 is
overexpressed and considered to be oncogenic in different
types of cancer. On the opposite side, current treatments
with either GA-GaNPs and/or CDDP post-DEN induction
have resulted in significant down-regulation of HSP70 expres-
sion, which selectively sensitizes malignant cells to these ther-
apeutic agents. In line with this observation, Goloudina et al.83

argued that the interventional anticancer approaches reducing
the expression of HSP70 offer novel ways to eliminate such
cancers. Furthermore, the current setting postulated that the
observed downregulation of HSP70 in the DEN+
GA-GaNPs group could be attributed to the GA capping
portion of the nanocomplex. This presumption corresponds
well with Ahmed et al.70 who elucidated that GA administra-
tion in HCC-induced rats significantly blunted serum HSP70
level, due to the ability of GA to attenuate the expression of
HSP gene.84 Similarly, Sheng et al.85 indicated that downregu-
lating HSP70 expression enhanced the sensitivity to CDDP.
Nonetheless, GA-GaNPs treatment, alone and/or combined
with CDDP, displayed a superior efficacy than the individual
CDDP in dampening the elevated HSP70 expression in the
DEN-afflicted rats.

Over and above, altered iron metabolism is a key hallmark of
cancer. During the past few years, our understanding of the
genetic association and molecular mechanisms between iron
and tumorigenesis has expanded enormously. The liver is the
most frequently affected organ by iron overload because iron
is mainly stored in hepatocytes.86 Various iron-driven mecha-
nisms have been described to induce HCC, or cancer in
general. The most important of these is the generation of
ROS and the resulting oxidative stress.87 In this context,
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patients with HCC generally contain elevated iron in their
livers, indicating the critical role of iron in the stimulation of
carcinogenesis.87 Parallelly, significantly elevated liver iron in
the current DEN-intoxicated group could be appreciated by
early studies of Skrajnowska et al.88 who have reported that
the neoplastic process in the organism significantly decreases
iron concentration in the serum, probably by directing iron to
the developing tumor. Indeed, as the cancer cells undergo
massive cell division, a need for a high amount of iron for
their development occurs.89 On the opposite side, due to the
limited understanding of the role of iron in liver cancer and
the dysfunctional regulation of iron, it offers new challenges
to unravel liver tumor pathogenesis and to develop new possi-
ble attractive therapeutic strategies based on iron deprivation.87

This could be very probable by depleting intracellular iron
stores in malignant tissues, either with the use of iron chelating
agents or mimicking endogenous regulation mechanisms.90

Because in this way the proliferation of tumors is limited.91

Accordingly, the unique antineoplastic mechanism of Ga
action that involves its ability to target and disrupt tumor cell
iron homeostasis sets it apart from other chemotherapeutic
drugs.62 Several studies have suggested that Ga acts as an
iron mimetic that can perturb cell proliferation by interposing
itself into iron-dependent processes thus causing cellular iron
deprivation.92 In coherence with our results, Moawed et al.18

and Kandil et al.20 reported that treatment of tumor-bearing
animal models with GaNPs significantly lowered iron levels rel-
ative to the tumor model groups. Such changes may correlate
with the therapeutic effects of Ga as tumor response.
Concurrently, a further effect could be attributed to the GA
coat of GA-GaNPs. Accordingly, Wu et al.93 reported that
liver iron content is reduced in the soybean lecithin–gallic
acid complex (SL–GAC) treated mice groups owing to the iron-
chelating and antioxidant properties of the hydroxyl group in
the SL–GAC (-OH group of GA), and further possibly via the
downregulation of TfR1. These findings could in turn explain
the consolidating power of the novel GA-GaNPs in depleting
hepatocellular iron stores, creating an unfavorable atmosphere
for the proliferation of cancer cells. The latter finding represents
a novelty aspect of the present combination targeting nanotech-
nology. In this context, the enhanced ability of Ga-GANPs to
disrupt critical iron-dependent processes in malignant cells dis-
tinguishes it from other chemotherapy-based NPs, being effec-
tive against MDR and tumor recurrence.10,62 Else more, it is
worth mentioning that current CDDP treatment of
DEN-afflicted rats also dampened hepatic iron content relative
to the DEN-model group. Finding as such might go back to the
antiproliferative effect exerted by CDDP. Nonetheless, iron
homeostasis (as a primary mechanistic insight of GaNPs) was
much more ameliorated in the DEN+Ga-GANPs treated
group than in the DEN+CDDP treated one.

Targeting the apoptotic pathway is an intriguing approach
for finding new anticancer therapies, as it is nonspecific to
cancer type. There are numerous mutations found in both
extrinsic and intrinsic pathways in cancer, allowing the cells
to evade apoptosis which is a key hallmark of cancer.

Consequently, diverse strategies and agents that target specific
molecular pathways triggering apoptosis would provide a more
universal cancer therapy.94 The present work evoked that apo-
ptosis induction occurs via pleiotropic concerted mechanisms
involving Cyt-c release, CASP9 activation, ROS production,
and LPO, as possible mechanistic insights through which the
novel GA-GaNPs exerts its apoptotic potential.

Upon listing the apoptotic cascade players, Cyt-c is a dual-
function protein that induces programmed cell death once is
released from the mitochondria into the cytoplasm upon recog-
nition and response to apoptotic stimuli by the cell.95

Functionally, knockdown of Cyt-c is involved in the evasion
of the apoptotic process.96 In accordance, the preliminary
results revealed a significant downregulation of Cyt-c relative
expression in the DEN-afflicted group relative to the mock
control, assuming apoptosis evasion as a hallmark of
DEN-induced hepatocarcinogenesis. On contrary, GA-GaNPs
and/or CDDP treatment of tumor-induced groups resulted in
significant overexpression of Cyt-c being restored to near-
normal level, and hence effectively suppressed the growth of
cancer cells and induced cell apoptosis. Consistent with our
results, Ga(NO3)3 induced apoptosis in CCRF-CEM cells pri-
marily through the mitochondrial pathway. This involves Bax
activation and its translocation to the mitochondria which
leads to a loss of mitochondrial membrane potential (MMP),
the release of Cyt-c, and the downstream activation of execu-
tioner CASP3.97 Upon further strengthening GA-GaNPs posi-
tion, Tang & Cheung,98 reported that GA-mediated apoptosis
mainly depended on the mitochondrial pathway by promoting
Cyt-c release. In tandem, Huang et al.31 indicated that the anti-
tumor effects of methyl gallate upon HCC cells occur via
ROS-dependent cell death that leads to loss of MMP and
Cyt-c release.99 In a similar manner, Shen et al.100 reported
that CDDP treatment resulted in a significant increase in the
translocation of Cyt-c from the mitochondria to the cytoplasm
in HepG-2 cells.

At the top of the hierarchy of the downstream caspase
cascade, the initiator CASP9 represents a pivotal signaling
element governing the apoptotic commitment process.101 It
has emerged as a potential therapeutic target for treating
cancer.102 In the course of the widely held belief that apoptosis
is reduced in malignancy, Cagnol et al.103 reported that CASP-9
and −3 levels were significantly decreased in several cancers.
Alongside, consistence with Chang et al.104 current
DEN-treatment resulted in a significant decrease of CASP9
concentration compared to the normal control highlighting apo-
ptosis evasion and HCC induction. On the plus side, upregu-
lated Cyt c in the presence of Apaf-1 activates CASP9.105 In
this context, marked elevations in active CASP9 concentrations
have been recorded upon current administration of different
treatments compared with the DEN-challenged group, suggest-
ing the activation of the downstream CASPs and ultimately trig-
gering apoptosis. Consensual with our literature data, Qi and
coworkers106 argued that Ga complexes effectively activate
CASP-3, −7, and −9, promote Cyt c release, and ultimately
lead to apoptosis. Concurrently, Lin et al.107 indicated that
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GA inhibited cell proliferation and promoted cell apoptosis by
upregulating the ratio of cleaved CASP-9/pro-CASP-9 in
HCT116 and HT29 colon cancer cells. Moreover, GA was
found to induce apoptosis in the human alveolar epithelial
A549 cell line through the elevation of ROS and the activation
of CASP9.29 Regarding CDDP, Sharma et al.105 reported that
CDDP also acts by increasing pro-apoptotic Bax concentration
in the cells thereby leading to increased CASP9 activity via the
mitochondrial pathway. However, there has been ample evi-
dence claiming that gallates (GA) induce apoptosis selectively
in fast-growing tumor cells, leaving the healthy cells intact.29

This confers an additional preference to the current
GA-coated GaNPs over the conventional CDDP in selective
cancer targeting.

Upon complementing the apoptotic crossroads, Biroccio
et al.77 demonstrate that CASPs activation, which is essential
for apoptosis induction, in the c-Myc low-expressing clones
sequentially generates ROS production. In essence, there are
2 faces of ROS in cancer, pro-and anti-tumorigenic.108

Accumulating evidence has demonstrated that DEN exposure
has been associated with hepatocellular accumulation of ROS
resulting in DNA oxidative damage, a mechanism that may
further enhance DEN-induced hepatocarcinogenesis.109

Similarly, the present work pointed to the likelihood that
DEN-intoxication results in a heavy oxidative state revealed
by serious depletion of the antioxidant grid. Recalling cross-
roads, it is highly plausible that the current increase of the
liver function by DEN could be a secondary event following
DEN-induced ROS production and LPO of hepatocyte mem-
branes with the consequent increase in the leakage of liver
enzymes.25 On the opposite side, it has been suggested that
oxidant generation and antioxidant depletion are common path-
ways through which anticancer drugs trigger apoptosis in
cancer cells.24 In this connection, the antitumor activity of Ga
and/or GaNPs is suggested to induce their toxicity through oxi-
dative stress by generating ROS that in turn induces apopto-
sis.92 At the mitochondria, ROS oxidizes cardiolipin causing
Cyt-c release into the cytosol, which then initiates the apoptotic
cascade.110 In tandem, GA phenolic antioxidant could exhibit
both prooxidant as well as antioxidant characteristics displaying
a dual-edge sword behavior. The prooxidant action of GA,
rather than the antioxidant behavior, is responsible for its
potent anticancer and selective apoptosis-inducing properties.29

In that respect, Chen et al.111 referred to the increasing evidence
suggesting that apoptosis induced by GA is associated with oxi-
dative stress derived from ROS and mitochondrial dysfunc-
tion.112 Nonetheless, the current data contradicted Kandil
et al.20 who reported that GaNPs administration to tumor-
bearing mice showed a marked decrease in GSH level accom-
panied by an increase in MDA levels relative to tumor-bearing
controls. In our system, GA-GaNPs and/or GA-GaNPs+
CDDP treatments significantly ameliorated the antioxidant
defense grid relative to the DEN model. Such findings may
be attributed to the antioxidant and free radical scavenging char-
acteristics of the GA coat of the GA-GaNPs nano-antioxidant
complex.113 This observation is relevant to previous studies

highlighting the role of nano-antioxidants in the mitigation of
oxidative stress-mediated toxicities. These include nano-
formulations of polymer encapsulated curcumin and/or solid
lipid layers of curcumin, as a naturally occurring antioxidant,
have shown a robust antioxidant effect in metal-induced toxic-
ities. In addition, plant-based silver NPs synthesized by the
green approach are capable of free radical scavenging activity
gaining importance in oxidative stress-mediated toxici-
ties.59,114–116 Such finding strictly discriminates the new
GA-GaNPs initiate than other biosynthesized GaNPs, where it
produces less oxidative damage. Over and above, the enhanced
potency of GA-GaNPs in dampening MDA levels in the
DEN-afflicted rats suggests their role in attenuating hepatic oxi-
dative stress and LPO. This observation is assumably owed to
the GA antioxidant coat by mitigating tissue damage caused
by oxidative stress through reducing MDA levels. In stark con-
trast, studies made by Moustafa et al.25 and Kandil et al.20 have
reported a significant elevation in MDA levels after GaNPs
treatment relative to tumor model groups, suggesting deleteri-
ous lipid peroxidative effects to normal tissues. This finding
could represent a novelty aspect of the currently developed
GA-GaNPs nanocomplex over those other biogenic GaNPs in
the context of cancer treatment, as lower MDA is observed
and hence the oxidative damage produced is minimized.
However, GA-GaNPs treatment superiorly dampened the anti-
oxidant defense grid than CDDP relative to the mock control.
This effect may be closely related to the robust prooxidant
potential that emerged from GaNPs and GA assembly in one
compound. Such clue could precisely confer a superior
enhanced potency of GA-GaNPs than that of CPPD in trigger-
ing ROS-mediated apoptosis.

On account of HCC being a typically hypervascular tumor,
anti-angiogenic treatment targeting VEGF signaling pathway
remains the backbone of systemic therapy for HCC.117 In
harmony with the existing data, Arboatti et al.109 evoked that
DEN-intoxication significantly raised the VEGF expression
pattern that is involved in triggering angiogenesis through the
ERK pathway.118 On the opposite side, GA-GaNPs treatment
of DEN-intoxicated rats could obviously dampen VEGF
levels near normal, indicating a reduction in tumor angiogenesis
which further inhibited tumor growth. From where we sit, the
antiangiogenic effect of GA-GaNPs could be attributed to its
direct inhibitory effect on epithelial cells viability during
VEGF-induced angiogenesis in endothelial cells, thereby inhib-
iting the development of angiogenic disorders. This finding
coincides with Moustafa et al.25 who reported that the adminis-
tration of GaNPs to DEN-challenged rats significantly improves
VEGF level. Strengthening the position of the novel
GA-GaNPs, Subramanian et al.63 reported that GA was found
to have an antiangiogenesis property in cervical cancer and
osteosarcoma cells.119 Referring to CDDP, in harmony with
the obtained results, Zhong et al.120 claimed that
CDDP-inhibited transcriptional activation of VEGF in a dose-
dependent manner in human ovarian cancer cells. However,
the results highlighted that CDDP exhibited a relatively supe-
rior angiogenic potential than that of GA-GaNPs.
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A major burning issue in cancer nanomedicine is the possi-
ble toxicity of NPs induced by their systemic administration.
The properties of NPs (such as shape, size, charge, surface
chemistry, targeting ligands, and composition) can influence
their toxicity.11,121,122 Accordingly, oxidative stress is the
main limitation of this study, as GA-GaNPs might lead to
some sort of toxicity to both target (liver) and off-target
(e.g., kidneys) organs via cell membrane LPO. This has
been justified by toxicological evaluation of the current treat-
ment via monitoring some liver & kidney damage biomarkers.
Fascinatingly, it is worth mentioning that the green synthesis
method of the current novel nanocomplex plays a key role in
dampening its toxicity. Accordingly, in line with Moawed
et al.18 and Moustafa et al.25 GA-GaNPs supplementation sig-
nificantly restored the DEN-mediated increase of liver func-
tion indices like AST, ALT, ALP, and T.Bil toward normal
levels by possibly preserving the functional integrity of the
hepatocytes in those groups. Else more, concurrent with our
results, Cersosimo,123 showed that liver enzyme concentra-
tions were within normal limits prior to each cycle of CDDP
therapy but the AST, ALT, ALP, and LDH concentrations
increased on the second day of each cycle assuming the hepa-
totoxic effect of CDDP. The concentrations began to decline
on day 3 of each course and returned to normal by day 10
due to liver damage. This evidence could represent a plausible
explanation for the dampened elevation of liver function
indices in the DEN+CDDP group relative to the
DEN-model one. Such clues strongly favor the synergistic
role of both Ga and GA creating the effectiveness of
GA-GaNPs over CDDP in maintaining the functional homeo-
stasis of the liver, which is tightly correlated with the histo-
pathological findings. Over and above, the aforementioned
results highlight a novelty aspect of the current biogenic nano-
complex over other initiative chemotherapy-based NPs that
have been modified to improve HCC therapeutics e.g.,
DEB-TACE, which has been associated with a higher risk
for TACE-related hepatic locoregional complications.124,125

Given these protective functions of both GA and Ga, this
nanocomplex may also have a great potential in ameliorating
DEN-induced nephrotoxicity via significant reduction of Cr
and urea levels relative to the DEN-model group.
Meanwhile, consistent with our findings Fu et al.126 indicated
that repeated low-dose CDDP treatment-induced kidney injury
and atrophy with a decline in renal function. From where we
sit, a plausible explanation of this finding may be owed to
severe liver damage caused by CDDP, resulting in the defected
urea cycle.

Gracefully written, all of the aforementioned biochemical
records strictly confirmed that our DEN-induced HCC model
was successful. This was well-appreciated with the histopath-
ological picture of liver sections of the DEN-model group,
mainly manifested by loss of architecture, hyperplasia,
portal inflammatory reaction, fibrosis, and the presence of
primary tumors. Such finding closely relates to the fact that
the chronic process of inflammation is histologically related
to fibrogenesis, angiogenesis, and in some cases tissue

necrosis.127 Inflammatory conditions in the DEN-intoxicated
group were caused by increased ROS production due to ele-
vated intracellular iron levels, and then iron can activate
NF-kB. On the plus side, the DEN+GA-GaNPs group dis-
played only mild deviation from normal liver tissue architec-
ture indicating a remarkable improvement in the destabilized
hepatic architecture, which is fully compliant with the damp-
ened liver functioning of this group. Such improvement
could be attributed to the Ga core of the current nanocomplex.
A fascinating explanation could be depicted by studies of
Dong et al.128 who created Ga-doped titania nanotubes
(TNTs) and further proved its efficacy in reducing inflamma-
tory cells infiltration. Over and above, research developed
nanosuspensions of gallium nitrate and alendronate (3:4) high-
lighted a potential synergistic effect of Ga and alendronate in
immunomodulating inflammation via cytokines inhibition.129

Thus, the cytokine profile shift after Ga treatment would
help in creating an unfavorable environment for tumor
growth by reducing tumor vascularization and reducing the
secretion of proinflammatory cytokines into the tumor,
hence blocking hyperplasia formation.127 As a
pro-inflammatory cytokine, NF-κB has a strategic position at
the crossroad between oxidative stress and inflammation.130

Since iron compounds are in general, pro-inflammatory, the
ability of GaNPs to act as a non-functional iron mimetic
may contribute to its displacement of NF-κB, and hence its
anti-inflammatory potential.131 In coherence with the Ga
core, the anti-inflammatory potential of GA is attributed to
NF-kB inhibition.93 Additionally, GA has been reported to
decrease the expression of inflammatory cytokines, such as
interleukin 1b (IL-1b), interleukin 6 (IL-6), and IL-8.
Considering this evidence, GA may also exert its antitumor
effects through the modulation of inflammatory mediators.132

From the histological point of view, the later facts could rep-
resent a plausible explanation for reducing inflammation in the
liver architecture of the DEN+GA-GaNPs treated group.
Such clues strongly favor the synergistic action of both Ga
and GA in creating the effectiveness of GA-GaNPs nano-drug
in maintaining the liver architecture. Meanwhile, treatment
with CDDP recorded less improvement, which may be attrib-
uted to the hepatotoxic effect of CDDP in vivo.133 Last but not
least, severity grading of the histopathological alterations
among the different studied groups highlighted that individual
GA-GaNPs treatment showed the most preferable risk-benefit
profile in struggling primary hepatocarcinogenesis, which
serves as a novelty aspect of the existing study.

Conclusion and Future Perspectives
The aforementioned results can postulate that the reaction of
Ga(NO3)3 with GA, following the principles of green synthesis
of NPs, resulted in super-additive cytotoxic effects at the inter-
face of primary hepatocarcinogenesis. In this context, the exist-
ing study provides a preliminary insight into a hierarchical
antineoplastic action mechanism of the novel GA-GaNPs
mainly via governing some HCC hallmarks, such as sustained
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cellular proliferation, apoptosis evasion, and angiogenesis
induction. This was well-appreciated with the histopathological
survey of the studied groups. Collectively, the results high-
lighted that individual supplementation of GA-GaNPs exhibits
a more preferable risk-benefit profile than that of CDDP in
struggling primary hepatocarcinogenesis. Else more, it is
worth mentioning that the combined supplementation of
GA-GaNPs with CDDP hasn’t significantly enhanced the
effect shown by the individual GA-GaNPs treatment. In conclu-
sion, such findings suggest that novel phytofabricated Ga-based
nanocomplexes can be recommended for future HCC therapeu-
tic disciplines, although human studies are still in the queue.
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