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Abstract
Cancer is a mortality contributor worldwide, and breast cancer is the most common among women. Despite the numerous breast
cancer therapeutic strategies, they either have limitations or sometimes are resisted by cancer, so new approaches are needed to tackle
those restrictions. Nanotechnology offers exciting leaps in the diagnosis and treatment of cancer, especially breast cancer. The main
objective of this study was to investigate the effect of the newly synthesized gallium nanoparticles coated by Ellagic acid (EA-GaNPs) on
the induced mammary gland carcinogenesis in female rats and their antibacterial activities comparison with standard antibiotics
(Ketoconazole (100 μg/ml) and Gentamycin (4 μg/ml)) by disc diffusion method using eight different microbial species. The antitumor
efficacy of EA-GaNPs was conducted both in vitro and in in vivo. The result of antimicrobial activity of EA-Ga NPs (1 mg/1 mL) revealed
moderate toxicity behavior against Gram-positive {Staphylococcus aureus, Bacillus subtilis, Bacillus cereus) and Gram-negative pathogenic
bacteria {Escherichia coli, Proteus vulgarfs) also, antifungal activity was detected against {Aspergillus terreus). In vitro study showed that EA-
GaNPs inhibited human breast cancer cell line (MCF-7) proliferation with IC50 of 2.86 μg/ml. Although in vivo; the administration of EA-
GaNPs toDMBA-treated rats ameliorated the hyperplastic state of mammary gland carcinogenesis induced byDMBA. Additionally, EA-
GaNPs administration significantly modulated the activities of ALT and AST, as well as the levels of urea and creatinine in serum. Also,
EA-GaNPs administration improved the antioxidant state by increasing Superoxide dismutase activity and GSH content, and decreasing
malondialdehyde content in the mammary tissue, besides enhancing the apoptotic activity through elevating the levels of caspase-3 and
decreasing the protein intensities of protein kinase B & phosphatidyl inositide 3-kinases. Furthermore, a significant decrease in serum
Total iron-binding capacity accompanied by a significant increase in the level of calciumwas noted. So, it can be concluded that the newly
synthesized nanoparticles EA-GaNPs have an efficient antitumor activity that was manifested by reduction of the viability on the human
breast cancer cell line (MCF-7) in vitro. Also, in vivo against the chemically induced mammary gland carcinogenesis in a female rat model.
Histopathological findings were in harmony with biochemical and molecular results showing the effectiveness of EA-GaNPs against
mammary carcinogenesis. Therefore, EA-GaNPs could be a promising, potent anti-cancer compound.
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Introduction

Breast cancer is the most frequently diagnosed cancer among
women worldwide accounting for almost 1 in 4 female cancer
cases and is considered as the second leading cause of cancer
death with nearly 2.1 million new cases diagnosed in 2018,
accounting for 11.6% of all newly diagnosed cancer cases and
6,6 % of all Cancer Deaths in 2018.1

Increasing incidence and mortality of breast cancer as-
cribed to various risk factors, the predominant LSD factors
are genetic vulnerability (mutations in BRCA 1 and BRCA 2),
exposure to radiation, overweight and obesity, and alcohol
addiction. Furthermore, breast cancer is associated with age
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and estrogen exposure. Asteroidal hormone, principally es-
trogen, can cause the induction and growth of breast cancer.2

Breast cancer is usually treated with surgery, which may be
followed by chemotherapy or radiation therapy, or both. Those
conventional breast cancer therapies have limitations as they
are not usually successful in curing metastatic stages.3 Also,
radio or chemotherapeutic agents are not targeted sufficiently;
cause systemic effects and have poor penetration at the in-
tended treatment site.4

Pathogenic microbes are considered a serious problem as
cancer may be stimulated by microbial infection and remain a
serious problem in patients with advanced cancer. Thus, most
patients treated with antineoplastic drugs are potential re-
cipients of antimicrobial drugs. Very often these drugs have to
be given in combination. Although synergistic and antago-
nistic actions between antibacterial drugs have been well
documented, that raised the need for anticancer drugs to have
the activity against bacterial infections, which enhanced re-
searchers for repurposing of anticancer drugs for the treatment
of bacterial infections.5

Therefore, there is a need for new strategies or a new
generation of drugs that can overcome those limitations.
Nanotechnology, through using nanoparticles, offers exciting
leaps forward in the diagnosis and treatment of cancer which
tackles the limitations of conventional therapeutic strategies.
The therapeutic approaches of nanoparticles are based on
rectifying the damaging mechanism of the genes or by stopping
the blood supply to the cancer cells or destroying the cancer
cells themselves.6 Due to the advantages of nanoparticles as
they have a high surface area to volume ratio which allows
many functional groups to be attached to a nanoparticle, which
also can seek out and bind to certain tumor cells.7

Additionally, the small size of nanoparticles (1 to 100 nm),
allows them to accumulate at tumor sites.8 Recently and because of
themedical importance of nanoparticles, they have been synthesized
biologically via eco-friendly, cost-effective methods using micro-
organisms, enzymes, fungus and plants or plant extracts.9

Gallium (Ga) is considered the second metal after platinum
with clinical antitumor activity.10 The antiproliferative activity
of Ga depends mainly on the mimic action of Ga3+ with Fe3+,
so Ga acts on cellular iron-dependent processes at various
points in the cell to disrupt tumor growth.11

Ellagic acid (EA) naturally occurring polyphenolic con-
stituent that is contained in many fruits and nuts as grapes,
pomegranate, red raspberry, strawberry, blueberry, walnuts, and
cashew nuts,12 is known for its potent antioxidant activity,
radical scavenging capacity, chemopreventive and anti-
apoptotic properties.13 In vitro and in vivo experiments have
revealed that EA elicits anticarcinogenic effects by inhabiting
tumor cell proliferation, inducing apoptosis, breaking DNA
binding to carcinogens, blocking virus infection, and disturbing
inflammation, angiogenesis, and drug-resistance processes re-
quired for tumor growth and metastasis.12

Accordingly, the main object of this study was to investigate
the effect of the newly synthesized gallium nanoparticles coated

by Ellagic acid (EA-GaNPs) on the induced mammary gland
carcinogenesis in female rats.

Due to the fact of relying on the basic mechanism of cancer
development primarily on DNA damage-induced through
several protein clusters and pathways (signaling pathways),
the present work studied the antitumor effect of the newly
synthesized nanoparticles through proteomic quantitation of
two selected candidate proteins (phosphatidyl inositide 3-
kinases (PI3K) and protein kinase B (AKT)) by western
blot, as the PI3K-AKT-mTOR pathway is one of the most
frequently deregulated pathways in cancer as it controls key
cellular processes, such as metabolism, motility, growth, and
proliferation, that support the survival, expansion and dis-
semination of cancer cells, in addition to the oncogenic activation
of the PI3K—AKT—mTOR pathway often occurs alongside
pro-tumorigenic aberrations in other signaling networks.14 Also,
the antimicrobial activity of the newly synthesized gallium
nanoparticles coated by Ellagic acid (EA-GaNPs) was also
evaluated in comparison with standard antibiotics (Ketoconazole
(100 μg/ml) andGentamycin (4 μg/ml)) by disc diffusionmethod
using eight different microbial species.

Methods

Chemicals

7, 12-Dimethy1benz[a] Anthracene (DMBA) Was Purchased
from Sigma-Aldrich Company, Saint Louis, Missouri, USA.
Gallium Nitrate and Ellagic Acid Were Purchased from
Sigma-Aldrich Company, Saint Louis, Missouri USA.

Cell Line

Human breast cancer (MCF-7) cell line was obtained from
VACSERA Tissue Culture Unit.

Experimental Animals

Female Swiss albino rats (50-60 days old) weighing (120 ± 20 gm.)
were obtained from the breeding unit of the National Re-
search Centre (NRC), Cairo, Egypt. They were used for the in
vivo study to determine the median lethal dose (LD50) and
antitumor efficacy of the EA-GaNPs. The animals were
housed in the animal house of the National Center for Ra-
diation Research and Technology (NCRRT), Cairo, Egypt
under standard laboratory conditions. Animals were main-
tained on a high protein commercial diet and water ad libitum
and they were maintained for one week before starting the
experiment as an acclimatization period.

Ethics Statement

The study was conducted by international guidelines for
animal experiments and approved by the Ethical Committee at
the National Center for Radiation Research and Technology
(NCRRT), Atomic Energy Authority, Cairo, Egypt.
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Chemical Study

Synthesis and Characterization of EA-GaNPs:
Gallium nanoparticles coated by Ellagic acid were syn-

thesized (EA-GaNPs) referring to the method in the literature
of Li,.15 First, 2 mL of (Ga (NO3)3) (20 mM) was added to
46 mL of double-distilled water under magnetic stirring at
room temperature. Then 2 mL of EA (10 mM) was added, and
the pH value was adjusted to 11.0 with 1.0 M NaOH. Then the
reaction was maintained at room temperature for 30 min. The
nanoparticles were condensed and purified by centrifugation
at 15 000 r.p.m for 10 min. and washed with double-distilled
water three times.

Characterization of the EA-GaNPs:
Dynamic light scattering (DLS):
Sample of EA-GaNPs was analyzed for size dimensions by

(DLS Zetasizer Nano ZS ZEN 3600, Malvern, UK).
Ultraviolet-visible absorption (UV/VIS) Spectroscopy:
The ultraviolet-visible spectrum of EA-GaNPs was ana-

lyzed using (the computerized double-beam ultraviolet-visible
Jenway 6505 spectrophotometer, Keison, UK). The ultraviolet
spectrum for EA-GaNPs sample was obtained by exposing the
sample to visible light at a range of 200–900 nm. Deionized
water was used for background correction of all ultraviolet-
visible spectra.

Scanning electron microscope (SEM) Analysis:
A scanning electron microscope (SEM) was used to identify

the size, shape and morphology of EA-GaNPs using (JEOL,
JSM-5400 Scanning Microscope, FEJ EUROPE, Benelux).
The sample was prepared and allowed to evaporate before
analysis using JEOL, JFC-1100E Ion Sputtering Device.

Fourier transforms infrared spectroscopy (FT-IR):
Samples of EA-GaNPs and EA used for the nanoparticle

synthesis were analyzed for the functional group using
(VERTEX 70 FT- IR Spectrometer, BRUKER) scanned in the
range of 4000–400 cm�1.

Antimicrobial Assay of EA-GaNPs

The antibacterial activities of biosynthesized EA-GaNPs and
standard antibiotics, including Ketoconazole (100 μg/mL),
Gentamycin (4 μg/mL), were evaluated by disc diffusion
method by using eight different microbial species: Aspergillus
flavus, Candida albicans, Aspergillus terreus, Staphylococcus
aureus, Bacillus subtilis, Bacillus cereus, Escherichia coli,
and Proteus vulgaris. Fungi strains were cultured on Sabo-
uraud Dextrose broth at 25° C for 48 hs, while, bacteria strains
were cultured in Müller-Hinton broth.

At 37°C for 20 h before the test. 100 μL of standardized
suspensions for each culture, according to Mc-Farland scale
(1.3 × 106 CFU/mL) of fungi were placed on Sabouraud
Dextrose plate and the same cell count of bacteria were placed
on Müller-Hinton agar plates using sterile cotton swab Discs
of sterilized filter paper (6 mm) were loaded with tested
compound and subjected to the inhibition zone tests. The discs

were aseptically placed on Aspergillus flavus, Candida albi-
cans, Aspergillus terreus, Staphylococcus aureus, Bacillus
subtilis, Bacillus cereus, Escherichia coli, P vulgaris culture
plates. The agar plates of fungi were incubated for 48 h at 25°C,
on the other hand, agar plates of bacteria were incubated for 24
hours at 37°C. The relative antimicrobial effect was obtained by
measuring the clear zones of inhibition formed around the discs
using a Vernier caliper instrument. Sabouraud Dextrose broth,
Sabouraud Dextrose agar, Müller-Hinton broth, and Müller-
Hinton agar media were prepared by dis. water. The antimi-
crobial test for all microorganisms was made in triplicate.16

Biochemical Studies

This study was designed to involve a series of in vitro and in
vivo investigations as follows.

In vitro study. EA-GaNPs cytotoxicity on MCF-7 cell line
cytotoxicity of EA-GaNPs was evaluated on the human breast
cancer (MCF-7) cell line using the 3-(4, 5-dimethylthiazol-2-
yl)-2, 5-dipheny1tetrazolium bromide (MTT) assay17 which
based on the mitochondrial dehydrogenase conversion of the
MTT to a blue formazan product in the viable cells by an
enzyme present in the mitochondria of viable cells. The
colorimetric changes of blue formazan dissolved in dimethyl
sulfoxide (DMSO) were measured spectrophotometrically at
570 nm using an enzyme-linked immunosorbent assay
(ELISA) plate reader DV990BV4 microplate reader from Gio.
de Vita E C. S.r.1 (Rome, Italy) and data were analyzed using
990-win 6 software.

In vivo study
EA-GaNPs LD50. The median lethal dose which caused

death to 50% of the population of the experimental animals
was determined according to Bass18 by administration of
ascending doses of the EA-GaNPs ranging from 1.5 to 50 mg/
kg b.w. with an increasing factor (2.0) by oral gastric intu-
bation to female Swiss albino rats (weighing about 120 ± 20
gm), mortality was recorded after 24 hours and LD 50 was
calculated as following:

Log LD50= Log LD next below 50% + (Log increasing
factor x proportionate distance).

Proportionate distance

50% � mortality next below 50%

% mortality above 50% � mortality next below 50%
(1)

Experimental Design. Sixty Female Swiss albino rats
weighing (120 ± 20 gm) are equally divided randomly into the
following 4 groups:

Group I: Rats Were Served as Normal control
Group II: Rats were received a single dose of DMBA (20
mg/kg b.w. dissolved in 1.0 mL of olive oil) by oral
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gastric intubation according to Tabaczar19, then animals
were left till the end of the experiment (8 months) for
carcinogenesis induction and they were palpated weekly to
monitor changes in the mammary glands.
Group III: Rats have received a daily oral dose of 1.0 mg of
EA-GaNPs/kg b.w. (1/10 of LD50) at the seventh month,
by gastric intubation for one month.
Group VI: Rats received a single dose of DMBA as in
group II at the seventh-month rats received EA-GaNPs
daily for one month as in group III.

Samples Collection:
At the end of the experiment (after 8months), rats were fasted

overnight then anesthetized using diethyl ether. Blood samples
were obtained via heart puncture and collected in plain vacu-
tainer tubes. Immediately after blood sampling, animals were
sacrificed andMammary glands were excised from animals in all
groups. A portion of mammary glands was homogenized (10%
w/v) in phosphate-buffered-saline (.02 M sodium phosphate
buffer with .15 M sodium chloride, pH7.4) using glass ho-
mogenizer producing homogenates which were used for bio-
chemical and molecular analysis. The other portion was quickly
rinsed in 10% formalin for histopathological examination.

Biochemical Analysis. The activity of alanine transaminase
(ALT) and aspartate aminotransferase (AST) were estimated
by the procedure described by Reitman and Frank20 using
diagnostic kits purchased from Biodiagnostic Company,
Egypt. Serum creatinine and urea were determined by pro-
cedures described by Bartels21 and Patton and Crouch,22

respectively, using diagnostic kits purchased from Diamond
Company, Egypt. Superoxide dismutase (SOD) activity was
determined according to the method of Minami and Yoshi-
kawa23 and reduced glutathione (GSH) was determined ac-
cording to the method of Beutler.24 Lipid peroxidation was
evaluated by the determination of malondialdehyde (MDA)
concentration according to the method of Yoshioka25. Total
iron-binding capacity (TIBC) and serum calciumweremeasured
according to the methods described by Bauer26 and Shin,27

respectively, using diagnostic kits purchased from Spectrum
Company, Egypt. Concentration of caspase-3 was determined
using an ELISA kit from Biomatik Company (Biomatik, On-
tario, Canada) which based on Sandwich-ELISA principle.

Western Blotting for Quantifying of Phosphatidyl Inositide
3-kinases and Protein Kinase B in Mammary Gland
Tissue. Mammary gland content of PI3K and AKT was eval-
uated by western blot technique according to Towbin28. Tissue
protein was extracted using TRIzol reagent according to Wu,29

then protein concentration was estimated according to Lowry30

using the Thermo Scientific Modified Lowry Protein Assay kit,
and β-actin antibody (Proteintech, USA) as a loading control.

Histopathological Findings. Mammary glands were fixed in
10% formalin, dehydrated using gradient alcohol concentrations

and embedded in paraffinwax. Sections of 5mm thickness were
cut off paraffin wax cubs and stained with hematoxylin and
eosin 33 and examined by light microscope Banchroft.31

Gamma Irradiation Facility

Nanoparticle synthesis mixture was irradiated at a dose level
of 50 kGy in the Gamma chamber 4000—A India, irradiation
facility, at the National Center for Radiation Research and
Technology (NCRRT), Atomic Energy Authority, Cairo,
Egypt at a dose rate (1.170 kGy/h).

Statistical Analyses

Data analyses were performed using the SPSS (version 20).
Data were analyzed with a one-way analysis of variance
(ANOVA) followed by a post hoc test (LSD) for multiple
comparisons. The results were expressed as mean ± standard
deviation (SD) for n = 6. Results were considered statistically
significant at P values ≤.05.

Results

Characterization of EA-GaNPs

Dynamic Light Scattering (DLS). Sample of EA-GaNPs was
analyzed by (DLS Zetasizer Nano ZS ZEN 3600, Malvern,
UK) for size determination and the results revealed that EA-
GaNPs size ranged from 5.8-10.5 nm, (Figure 1A).

Ultraviolet-visible Absorption (UV/VIS) Spectroscopy. UV/VIS
spectroscopy absorbance of EA-GaNPs using the visible
range revealed a major peak at 380 assigned to surface
plasmon resonance of the nanoparticles and a narrow peak at
360 nm, (Figure lB)

Transmission Electron Microscope Analysis. The physical mor-
phology and size distribution of the EA-GaNPs was visualized
by Scanning Microscope and the results revealed that EA-
GaNPs were spherical with a relatively narrow particle size
distribution range between 50.8 and 100.5 nm (Figure 1C).

Fourier Transforms Infrared (FT-IR) Spectroscopy. The FT-IR
spectra of EA and EA-GaNPs samples are shown in Figure
2A and B, respectively. The spectrum of EA reveals strong
broadband at 3286 cm - 1 assigned to the O-H stretch, a weak
band at 2116 cm�1 to the aromatic bending mode of C-H, a
medium band at 1636 cm�1 to stretching vibration of C=C bond,
and a peek at 585 cm�1 to C-H stretching vibration. Meanwhile,
the FT-IR spectrum of EA-GaNPs exhibits the same vibrational
bands as EA except for a new small peak that appeared around
952 cm�1 that is assigned to the Ga-OH deformation mode of a
GaO(OH) moiety. This result can be taken as evidence of the
interaction of Ga and EA, that the hydroxyl group of EA acts
as a capping agent in controlling the GaNPs size.
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Figure 1. Characterization of synthesized EA-Ga NPs. (A) DLS analysis, (B) Ultraviolet-visible absorption (UV-VIS), (C) Transmission
electron microscope with a magnification ×20,000, bar =200 nm.
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Antimicrobial Activity of EA-Ga NPs

Evaluating antimicrobial activity of EA-Ga NPs (1 mg/1 mL)
revealed moderate toxicity behavior against Gram-positive
{Staphylococcus aureus, Bacillus subtilis, Bacillus cereus)
and Gram-negative pathogenic bacteria {Escherichia coli,
Proteus vulgarfs) also, antifungal activity was detected against
{Aspergillus terreus), (Table.1).

EA-Ga NPs Toxicity Against MCF-7. EA-Ga NPs induce cyto-
toxicity effect on MCF-7 observed as a reduction in cell via-
bility relative to the control in a dose-response manner. The EA-
GaNPs concentration which reducedMCF�7 cell count to 50%
(IC50) is 2.86± .3 μg/ml (Figure 3)

In Vivo Study

The LD50 of EA-GaNPs. Ascending doses of the tested EA-
GaNPs ranged from 1.5 to 50.0 mg/kg b.w. With in-
creasing factor (2) were administrated by oral gastric
intubation to female Swiss albino rats (weighing about 120
+ 20 gm), mortality was recorded after 24 hours. The
median lethal dose (LDSO) of EA-GaNPs was approxi-
mately 10.0 mg/kg b.w.

Effect of EA-GaNPs on Liver and Kidney Function Markers. DMBA
administration resulted in significant elevation of serum levels
of ALT, AST, urea, and creatinine compared with the normal
healthy control which was reduced significantly by treating
with EA-GaNPs and that was shown in (Table 2).

EA-GaNPs Effect on Oxidative Stress and Antioxidant Parameters. The
oxidative stress and antioxidant status in the mammary tissues
of the DMBA group were disrupted which was noticeable by a
significant increase in MDA content and significant decrease
of SOD activity and GSH content compared to normal control,
the condition which was modified by treating with EA-GaNPs
as MDA content was significantly decreased and SOD activity
and GSH content were significantly increased (Table 3).

Effect of EA-GaNPs on serum values of TIBC, calcium, and caspase-3.
DMBA administration significantly decreased Ca concentration
and increased TIBC values compared to healthy control in
serum which was reversed by treating with EA-GaNPs. Also,
DMBA slightly increase the concentration of caspase-3 and
increased AKT & PI3K protein intensity in mammary tissue.
Meanwhile, the administration of EA-GaNPs decreased AKT
& PI3K protein intensity, while the concentration of caspase-3
was significantly elevated (Figures 4 and 5).

Histopathological Studies. Histopathological examination of
mammary gland tissues of DMBA group under light micro-
scope showed alterations in the architecture of the glands as
the lining epithelial cells of the acini and lactiferous ducts
showed proliferative hyperplasia with cystic dilatation as well

as stratification. Treatment of DMBA-induced rats with EA-
GaNPs showed a mild recurrence of normal mammary tissue
appearance with mild stratification of the acinar lining epi-
thelium (Figure 6)

Discussion

The current study was designed aiming to evaluate the anti-
tumor efficacy of gallium nanoparticles coated by ellagic acid
(EA-GaNPs) in in vitro on the viability of the human breast
cancer cell line (MCF-7) and in in vivo against 7, 12 dimethyl
benz[a] anthracene (DMBA)—induced mammary gland car-
cinogenesis in female Swiss albino rats, as well as its anti-
microbial activity, was evaluated in comparison with standard
antibiotics.

The biosynthesized EA- GaNPs were characterized via
DLS and TEM for size dimension determination and visu-
alization of the physical morphology and size distribution
which revealed that EA-GaNPs were of spherical shape with
relatively narrow particle size distribution ranged from 50.8–
100.5 nm indicating their low scale as the size of nanoparticles
is an important factor which significantly influences their
biological activity.32 In addition, ultraviolet-visible (UV/VIS)
absorbance spectroscopy showed two narrow peaks at 360 and
380 nm and this result is in agreement with others33 who found
that gallium is sensitive to ultraviolet radiation below 365 nm
wavelengths. Also, these results are in line with a previous
study34 who reported that the UV/VIS spectrum for GaNPs
showed a peak at 265 nm. Furthermore, the FT-IR spectra of the
EA and EA-GaNPs were investigated as FT-IR enables the in-
situ analysis of interfaces to investigate the surface adsorption
of functional groups on nanoparticles35 and it can be used to
identify the possible biomolecules responsible for capping and
efficient stabilization of the synthesized metal NPs, The
spectrum of EA reveals strong broadband at 3286 cm - 1 as-
signed to the O-H stretch, a weak band at 2116 cm�1 to the
aromatic bendingmode of C-H, amedium band at 1636 cm�1 to
stretching vibration of C=C bond, and a peek at 585 cm�1 to C-
H stretching vibration. Meanwhile, the FT-IR spectrum of EA-
GaNPs exhibits the same vibrational bands as EA except for a
new small peak that appeared around 952 cm�1 that is assigned
to the Ga-OH deformation mode of a GaO(OH) moiety as
reported with others.36 This result can be taken as evidence of
the interaction of Ga and EA, that the hydroxyl group of EA acts
as a capping agent in controlling the GaNPs size.

The emerging infectious diseases and the development of
multi-drug resistance in the pathogenic bacteria and fungi at an
alarming rate is a matter of serious concern. Evaluating an-
timicrobial activity of EA-Ga NPs (1 mg/1 mL) revealed
moderate toxicity behavior against Gram-positive {Staphy-
lococcus aureus, Bacillus subtilis, Bacillus cereus) and Gram-
negative pathogenic bacteria {Escherichia coli, Proteus vulgarfs)
also, antifungal activity was detected against {Aspergillus
terreus). The NPs are potential broad-spectrum antibiotics
because they can inhibit a wide range of multidrug-resistant
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Figure 2. FT-IR spectrum of (A) Ellagic acid, (B) EA-GaNPs.
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strains of bacteria that have defied most antibiotic treatment.
Nanoparticles are nano-sized molecules (usually less than
100 nm in diameter) with a large surface area to volume ratio,
which helps them to easily penetrate bacterial cells. The
electrostatic interaction of nanoparticles with negatively-
charged bacterial surfaces draw the particles to the bacteria
and promotes their penetration into the membrane. The po-
tential of a nanoparticle promotes nanoparticle interactions with
cell membranes leading to membrane disruption, bacterial
flocculation, and a reduction in viability. The generation of
reactive oxygen species is also a mechanism of nanoparticle
antibacterial activity.37

Further mechanisms of action of nanoparticles as antimi-
crobial agents include disrupting deoxyribonucleic acid dur-
ing the replication and cell division of microorganisms,
compromising the bacterial membrane integrity via physical
interactions with the microbial cell (the physical presence of a

nanoparticle most likely disrupts cell membranes in a dose-
dependent manner), and releasing toxic metal ions and pos-
sessing abrasive properties which bring about lysis of cells.

Regarding the in vitro toxicity of EA-GaNPs against MCF-
7, the result revealed a significant reduction of cell viability
relative to control in a dose-response manner and that was in
agreement with several studies in which the activity of gallium
compounds has been observed in several cancer cell lines,
including those for leukemia,38 breast cancer,39 hepatocellular
carcinoma40 and lymphoma.41 It was found that Ga modifies
the three-dimensional structure of DNA and inhibits its
synthesis and modulates protein synthesis. Also, it inhibits the
activity of several enzymes, such as ATPases, DNA poly-
merases, ribonucleotide reductase, and tyrosine-specific pro-
tein phosphatase. Ga alters plasma membrane permeability
and mitochondrial functions.10 Also, EAwas found to induce
apoptosis in cancer cells.42 However, the median Lethal Dose

Table 2. Effect of EA-GaNPs on Serum Levels of ALT, AST, Urea and Creatinine.

Groups ALT (U/L) AST (U/L) Urea (mg/dl) Creatinine (mg/dl)

Control 16.7 ± 4.04b 12.2 ± 1.9b 41 ± 8.7b .14 ± .03b

DMBA 47.5 ± 5.5a 36.3± 4.04a 81.3 ± 8.5a .89 ± .11a

EA-GaNPs 18.7 ± 3.05b 16.0± 1.7b 39.3 ± 9.5b .25 ± .04b

DMBA+EA-GaNPs 31.7±4.5a,b 26.7± 2.5a,b 57.3 ± 4.04a,b .49 ± .04a,b

Data are expressed as Mean ± Standard Deviation.
aSignificance versus control group.
bSignificance versus DMBA group.

Table 3. EA-GaNPs Effect on MDA Level, SOD Activity and GSH Content in the Mammary Tissue.

Groups MDA (nmol/mg protein) SOD (U/mg protein) GSH (mg/mg protein)

Control 10.9 ± .99b 4.23 ± .76b 69.8 ± 9.98b

DMBA 42.9 ± 4.40a 1.03 ± .17a 30.3 ± 2.70a

EA-GaNPs 9.6 ± 1.420b 3.90 ± .74b 72.7 ± 2.96b

DMBA+EA GaNPs 22.5 ± 2.90a,b 2.60± .21a,b 51.8 ± 7.80a,b

Data are expressed as Mean ± Standard Deviation.
aSignificance versus control group.
bSignificance versus DBMA group.

Table 1. Antimicrobial Activity of EA-Ga NPs.

Fungi Inhibition Zone (mm) Reference Drug Ketoconazole (100 Qg/mL)

Aspergillus fiavus NA 16 ± 1.7
Candida albicans NA 20 ± 2.1
Aspergillus terreus 1.2 ± 0.2 17 ± 1.9
Gram positive bacteria Gentamycin (4 pg/mL)
Staphylococcus aureus 14 ± 1.2 24 ± 2.3
Bacillus subtilis 11 ± 1.1 26 ± 2.9
Bacillus cereus 1.2 ± .07 21 ± 2.3
Gram negative bacteria Gentamycin (4 pg/mL)
Escherichia coli 12 ± 1.5 30 ± 2.7
Proteus vulgaris 10 ± 0.9 25 ± 2.1
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(LD50) of EA�GaNPs did not show any signs of toxicity in
normal, healthy female rats.

It was found that DMBA damages many internal organs
including the liver, by inducing the production of ROS, DNA
adduct formation and affecting the activities of phase I, II, an-
tioxidant and serum enzymes43 and consequently the activities of
ALT and AST were found to be significantly increased in all
DMBA—treated groups compared to control groups of several
studies 43–46 that have been conducted as that are in line with the
current study in which a significant elevation in the activities of
ALT& AST in the serum of DMBA treated group was noted
compared to the control group. Meanwhile, the administration of
EA-GaNPs to the DMBA-treated group improved the elevation
in the activities of ALT& AST compared with the DMBA group
and that was agreed with others.47,48

DMBA administration also resulted in a significant in-
crease in serum levels of urea and creatinine compared to the

control group which was in harmony with previous
studies44,45 which indicate damage in kidneys due to DMBA
induced toxicity, the effect that was reversed by administration
of EA-GaNPs as the results showed a significant decrease of
serum urea and creatinine levels compared to the DMBA
group which was in line with a previous study47 in which
tumor-induced rat groups treated with their novel compound,
Betaine Tetrachloro-Gallate (BTG) complex have displayed
significant decreases of plasma urea and creatinine levels with
respect to DMBA-treated rats.

Administration of DMBA requires metabolic activation
which produces radical cations, free radicals, and oxygenated
metabolites,49 and that was manifested in the current study
through the significant increase of the MDA (lipid peroxidation
marker) content within the mammary tissue homogenates by
DMBA administration compared to the normal control group
which was in agreement with others,50,51 this increase is at-
tributed to the induction of DMBA to high levels of oxidative
stress which resulted in the peroxidation of cell membrane
lipids by generating of lipid peroxides.50,52 On the other hand,
treatment with EA-GaNPs in DMBA-treated rats resulted in a
significant reduction of MDA content with respect to the
DMBA group. The significant reduction in lipid peroxidation
level by EA-GaNPs may be attributed to the effect of EAwhich
has been shown to exert a potent scavenging action on su-
peroxide anion and hydroxyl anion in vitro, as well as the
protective effect against lipid peroxidation.53

Additionally, DMBA-treated rats significantly decreased
the activity of SOD activity and GSH content compared with
the normal group which may be due to their utilization during
scavenging of the free radicals produced by DMBA.49,54

While treating of DMBA-group with EA-GaNPs signifi-
cantly increased SOD activity and GSH content compared to
DMBA-group which may be due to the effect of EA. As it was
found that the primer mechanism of action of EA has been
defined as being able to counter the negative effects of oxidative
stress by aiding the regeneration of cellular antioxidants such as
GSH and ascorbate and by the activation or the induction of
genes responsible for expressing enzymes such as SOD, CAT,
GST and NADPH: quinone oxidoreductase.55 Also, that sig-
nificant increase of SOD and GSH may be a response to ele-
vated levels of (O2•) as a result of ROS generated by gallium
administration.56

Based on gallium’s action on iron homeostasis due to its
irreducible mimic action with Fe+3 which affects several
cellular functions,57 alterations of Fe-binding capacity (TIBC)
values were studied whereas the DMBA-treated group showed
a significant elevation in the value of TIBC regarding the
normal group which attributed to a greater requirement of
malignant cells for iron which may result in decreasing of
serum iron concentration as shown in previous results of
others58 when 43% of the studied cases with breast cancer had
depressed serum iron levels, where the mean serum iron
levels in rats with breast cancer were significantly lower than
those in the control group. So it has been suggested that the

Figure 3. Antitumor efficacy of EA-GaNPs against human breast
cancer cell line (MCF-7).
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Figure 4. EA-Ga NPs effect on (A) mammary tissue caspase-3 concentration, (B) serum TIBC level and (C): serum calcium level.a significance
vs the control group.b significance versus DMBA group.
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neoplastic process in the organism significantly decreases
iron concentration in the serum as it probably directs the iron
to the developing tumor.59 And without any doubt, the re-
duction of serum iron concentration results in increasing in
TIBC values which were obviously in results of others,47 the
study revealed that DMBA-treated rats have a merely sig-
nificant increase in TIBC mean concentration with respect to
normal control rats.

On the other hand, DMBA-induced rats treated with EA-
GaNPs showed a significant decrease in TIBC value compared
to the DMBA group. Ga can bind to both metal binding sites on
transferrin and under physiologic conditions, only about one-third
of circulating transferrin is occupied by Fe, leaving the remaining
two-thirds free to bind and transport gallium as transferring-
gallium complexes.41 which consequently results in decreasing
of TIBC concentration. Our result was in harmonywith a previous
study47 in which the administration of their novel compound
(BTG) complex to tumor-bearing rats was found to significantly
reduce plasma Fe and TIBC compared to the DMBA group.

It was found that calcium plays a dual role by its in-
volvement in both proliferation/activation and apoptosis of both
cancer and immune cells.60. So it was an important issue to
track the alterations of the calcium concentration in our study.

The present study showed that DMBA administration de-
creased the concentration of serum calcium which may be due
to the immunosuppressive effect of DMBA as it was found in
several studies that DMBA affect the activation and apoptosis
of B and T-cells and natural killer (NK) cells by inhibiting of
Ca2+ mobilization inhibiting of Ca+2 mobilization or altering
effect on Ca2+ homeostasis which was correlated with an in-
crease in baseline levels of cytoplasmic free Ca2+ (intracellular
Ca2+).61,62 That inhibition of Ca2+ mobilization and increasing
of intracellular Ca2+ may be the reason for the decreasing of
serum calcium level which may mean the importing of Ca2+

into the cytosol to affect the immune cells as transient small

elevations (low to medium nM) of cytosolic Ca2+ will increase
cell proliferation whereas sustained substantial elevations (high
nM to μM) may induce apoptosis.63

On the other hand, the current results showed that the
administration of EA- GaNPs to DMBA-treated rats showed a
significant increase in the concentration of serum calcium
which reversed the decrease induced by DMBA. For as much
the vital role of Ca2+ in the physiology and biochemistry of
organisms and the cell and its regulation by various param-
eters, several researches are needed to study its involvement in
each pathological condition.

Considering the central role of caspase-3 in executing ap-
optosis and the several observations that established breast
cancer cell lines exhibit altered caspases-3 expression64. Ca-
gnol65 reported that caspase-3 and 9 levels were significantly
decreased in several cancers. Considering the central role
caspase-3 plays in executing apoptosis, it has been suggested
that the loss of caspase-3 expression represents a selective event
or lesion in breast cancer cells.64 Furthermore, upon deter-
mining the levels of caspase-3 in a panel of human mammary
cancer cell lines66 observed that several breast cancer cell lines;
MCF-7, BT-20T and ZR-75T, exhibit a complete lack of
caspase-3 protein expression. On contrary, the current study
showed that challenging female albino rats with DMBA re-
sulted in a slight increase of caspase-3 concentration compared
to the normal control, however, this increase is still below the
level of significance. This finding would appear to conflict with
the widely held belief that apoptosis is reduced in malignancy.
The proliferation/apoptosis ratio, however, may be higher in
DMBA-treated mammary glands than in the corresponding
normal glands,67 hence this increase in caspase-3 concentration
was non-significant.

On the other hand, a noted increase in the concentration of
caspase-3 was observed upon the administration of EA-GaNPs
to DMBA-treated rats compared to DMBA-treated group and

Figure 5. Western immunoblotting analysis of AKT &PI3K protein intensity in the mammary tissue.
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that agreed with others.47 This result attributed to one of the
known apoptotic mechanisms of Ga which are associated with
activation of caspase-3 as it was found that the exposing of
human leukemia/lymphoma cells to gallium nitrate or gallium
maltolate resulted in initial translocation of inositol phospha-
tidylserine (an early marker of apoptosis) to the cell surface
which followed by a loss of mitochondrial membrane potential
leading to the release of cytochrome-C from the mitochondria
to the cytoplasm and the activation of caspase-3 and mor-
phological changes of apoptosis.68 Also, the activation of the
proapoptotic factor BAX and caspase-3 can be considered as a
possible mechanism of cell death induced by Ga.69

Due to the fact of relying on the basic mechanism of cancer
development primarily on DNA damage-induced through

several protein clusters and pathways (signaling pathways).
Currently, the DMBA-group displayed a significant increase
of both of AKT &PI3K protein intensity/§-actin protein
expression in the mammary tissue homogenates compared to
the normal control group indicating the stuck of PI3K/Akt
signaling pathway in “on” position which resulting in cellu-
lar surviving and that agreed with a previous study70 who
performed whole-exome and RNA sequencing on long latency
mammary tumors induced by DMBA and transcriptome pro-
filing indicated a significant activation of the PI3K/Akt sig-
naling pathway.

On the other hand, the treating of DMBA-group with EA-
GaNPs revealed a significant decrease of both of AKT& PI3K
protein intensity indicating that EA- GaNPs exert antitumor

Figure 6. Photomicrograph of mammary gland sections in different experimental rat groups. (A) Control group; normal histological
structure of the acini (a) and ducts (d) embedded in adipose tissue (ad), (H&E, 16X), (B) DMBA group; histopathological alterations in the
architecture of the glands as the lining epithelial cells of the acini and lactiferous ducts showed proliferative hyperplasia (h) with cystic
dilatation (c) as well as stratification (s), (H&E, ×16), (C) DMBA group; magnification of the cystic ductal dilatation(c) and the stratification (s) of
the lining epithelium of the acini, (H&E, 40X).(D) EA-GaNPs group; normal histological structure of the acini (a) and ducts (d) embedded in
adipose tissue, (H&E, 40X)., (E) EAGaNPs group; magnification of the normal histological structure of the acini (a) and ducts (d) embedded in
adipose tissue, (H&E, 80X),(F) DMBA+EA-GaNPs group; mild recurrence of normal mammary tissue histological structure with mild stratification
of the acinar lining epithelium, (H&E, ×16), (G) DMBA+EA-GaNPs group; magnification of the mild stratification of the acinar lining epithelium,
(H&E, ×40) and (H) DMBA+EA-GaNPs group; magnification of the mild stratification of the acinar lining epithelium, (H&E, 80X).
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potential via downregulation of that signaling pathway which
may be due to the effect of EA which was found to induce
apoptosis through reducing of the PI3K/AKT pathway.71,72

And those findings may be due to the effect of EA that de-
creases cell proliferation through a reduction of phosphory-
lated STAT3, ERK, and AKT cellular signaling proteins in
human prostate cancer cells (PC3) as the Western blot data
indicated a decrease in the cellular concentrations of pSTAT3,
pAKT, and pERK1/2 signaling pathways in a dose-dependent
manner of EA.

Histopathological sections of the mammary gland tissues
of the DMBA-treated group showed histopathological alter-
ations in the architecture of the glands with respect to the
control group as the lining epithelial cells of the acini and
lactiferous ducts showed proliferative hyperplasia with cystic
dilatation as well as stratification. This result was agreed with a
previous study73 in which one of the observed histopatho-
logical alterations in a Sprague–Dawley (SD) rat model in-
duced (DMBA) and estrogen–progesterone (E-P) was ductal
epithelial hyperplasia. While the treating of DMBA-induced
rats with EA-GaNPs revealed a mild recurrence of normal
mammary tissue appearance as there was no hyperplasia of the
lining epithelium of the duct system and cystic ductal dila-
tation, the alterations that are observed in mammary tissue of
DMBA-treated group, but there was a mild stratification of the
acinar lining epithelium.
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