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ABSTRACT

Introduction: Zinc oxide nanoparticles (ZnONPs) are one of the most interesting metal oxide
nanoparticles due to their easy functionalization, biocompatibility, and anticancer impact. The cur-
rent study was designated to evaluate the in vitro and in vivo anticancer potency of biologically
synthesized ZnONPs. Methods: Fenugreek seeds' extract was used to prepare ZnONPs, and then
characterized by scanning electron microscope (SEM), energy dispersive X-ray (EDX), X-ray diffrac-
tion (XRD), UV-V spectroscopy and transmission electron microscope (TEM). The in vitro antitumor
activity of biogenic ZnONPs against different cancer cells was evaluated by MTT assay. In addi-
tion, their anticancer activities alone or in combination with Doxorubicin were investigated against
EAC model using intraperitoneal injection day after day. Results: Biologically synthesized ZnONPs
showed a cytotoxic potency against different cancer cell lines combined with lower toxicity against
normal cells. Further, the in vivo study revealed that the treatment by ZnONPs alone or combined
with doxorubicin hampered the proliferation of EAC in mice by lowering the ascetic volume and
the number of viable tumor cells. Moreover, ZnONPs alone or combined with doxorubicin induced
the cell cycle arrest at GO/G1 phase and apoptosis by up-regulating the expression of caspase-3 and
Bax and down-regulating the expression of Bcl-2 proteins. Conclusion: Our study indicated that
the biogenic ZnONPs could be instructive to future cancer treatment research.
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INTRODUCTION

The chemotherapeutic drugs are considered as the
primary option for different malignant tumors. These
anticancer agents are designated to simply kill the
cancer cells in a non-specific manner, leading to
its distribution and accumulation in healthy tissues
and resulting in undesirable and severe side effects’.
Therefore, novel treatment approaches have been em-
ployed to minimize the severity of side effects such
as nanotechnology. Nanotechnology has introduced
nanoparticle systems for cancer treatment, which
have the ability to selectively eradicate the cancer cells
and at the same time save the normal cells from the
drug toxicity? .

Zinc oxide nanoparticles (ZnONPs) are one of the
most important inorganic metal oxide nanoparticles,
which are employed in different biomedical applica-
tions such as cancer therapy due to its impressive
properties, nontoxicity and biocompatibility3. De-
spite there being many approaches used in the manu-
facture of ZnO nanostructure, they are related to cer-
tain constraints such as toxic chemicals, high oper-
ating costs and energy needs*. Therefore, replacing
these approaches with simple, cost-effective and envi-
ronmentally sustainable systems is becoming increas-

ingly important. The green synthesis of ZnONPs us-
ing natural plant extracts attracted the attention of
the researchers because plant-mediated synthesis is
environmentally friendly, inexpensive, readily avail-
able, yields the highest quantity of NPs and has a wide
range of metabolites to help effectively produce and
cap NPs>,

Fenugreek seed (Trigonella foenum graecum) is an an-
nual plant belonging to the family of Leguminosae.
Such seeds have therapeutic properties for anorexia,
antidiabetic, hepatoprotective influence, anticance-
rial, antibacterial and gastric stimulant. Fenugreek
seeds contain various components such as dios-
genin, saponin, coumarin, a variety of alkaloids
such astrigonellin, gentianin and carpaine, polyphe-
nol compounds such as rhaponticin and isovitexin,
and flavonoids®. Such biomolecules contain differ-
ent functional groups capable of forming nanopar-
ticles. 'The resulting nanoparticles are then safe
against further reactions and aggregations, which in-
creases its steadiness. Previous studies suggested that
fenugreek seeds extract is rich in galactomannan —
polysaccharides that have reducing functional groups
which may have an important role in nanoparticles
preparation, in addition to, containing phenolic com-
pounds that may act as capping and stabilizing agents
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for the prepared nanoparticles’. The objective of this
study is to introduce a new and simple green synthe-
sis method for preparing the nanostructure of ZnO
using fenugreek extract as a reducing agent and an ef-
fective stabilizer, rather than using harmful, reducing
and costly stabilizing agents such as surfactants and
polymers, and investigating their potential anticancer
activity in vitro against various lines of cancer cells and
in vivo using Ehrlich ascites carcinoma model.

METHODS

Materials
(Giza 1,
were purchased from the local market of Tanta,

Egypt.
nitrate. 6H,O were purchased from El-Nasr phar-

3(4,5-

Fenugreek seeds Egyptian cultivar)

Ethanol, sodium hydroxide and zinc

maceutical chemicals company, Egypt.
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT),Trichloroacetic acid (TCA), Thio-
barbituric acid (TBA), 5,5’- dithiobis 2- nitrobenzoic
acid (DTNB), 1-chloro-2,4 dinitrobenzene (CDNB)
and reduced glutathione (GSH) were purchased from
Thermo Fisher, Germany. Adricin (doxorubicin,
2 mg/mL) was obtained from EIMC United Phar-
maceutics, Cairo, Egypt. All other chemicals were
obtained in analytical grades.

Experiments
Preparation of Fenugreek Extract

The fenugreek seeds were used for the preparation of
5% aqueous extract according to the method of Rama-
murthy with some modifications’. The mixture was
boiled for 30 minutes on a magnetic stirrer and fil-
tered to eliminate the unwanted residue after cooling
using the Whatman filter paper, and the clear super-
natant extract was used for the synthesis of 3D hier-
archical flower-like nanostructure of ZnO.

Synthesis of ZnO Nanopatrticles

Zinc oxide nanoparticles were prepared with some
modifications in the methods®? . In brief, 20 mL of
fenugreek aqueous extract was added dropwise to 80
mL Zn (NOj3),. 6H>0 (0.025 M) under continuous
vigorous stirring at room temperature for 1 hour. The
pH of the mixture was subsequently converted to 12
using NaOH (2 M) with continuous stirring for an-
other 1 hour. This yielded a yellowish-white solution.
A white ZnO powder was separated by centrifuga-
tion at 10000 rpm for 20 minutes, washed with doubly
distilled H, O, then with absolute ethanol three times
to eliminate the impurities, dried in oven at 60 °C
overnight, and collected for characterization.
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Characterization of ZnO Nanopatrticles

The crystalline size and phase identity of synthe-
sized ZnONPs were characterized by a GNR-X-ray
diffractometer (APD 2000 PRO) with Cu-Ko radia-
tion (Voltage = 40 kV, Current = 30 mA, A = 1.5406,
scan rate of 2 min~! and scan range of 2 6 from 10
— 90°) 19, Using the PerkinElmer spectrophotome-
ter, the KBr technique was employed to check the
Fourier transform infrared (FTIR) spectra in which
the dried sample was grounded to powder with a mesh
sieve and mixed 1/1 with vacuum dried KBr powder
to make a compressed pellet with subsequent record-
ing of infrared spectrum 1. The surface morphology
of samples was studied by transmission electron mi-
croscope (TEM), JEOL-TEM “100-SX” and scanning
electron microscope (SEM), JeoL-JSM- 6510 TV !2,
The UV-Vis absorption spectrum of the sample was
measured using the Shimadzu 2100S UV-Vis spec-
trophotometer (Japan) with a 1.0-cm-path length cell.
Sample suspension was prepared by dispersing 1mg of
ZnONPs in 1ml absolute ethanol by sonication, then
diluted 20 times and absolute ethanol was used as a
blank '3!4, The composition of elements such as Zn
and O was verified by a dispersive energy X-ray spec-
tra (EDX)1° .

In Vitro study of ZnO nanoparticles
Cell Line and Culture Condition

Four different types of cancer cells (EAC, MCF-7,
HCT-116 and HepG2) and normal cells (WISH)were
used to study the cell anticancer activity and cyto-
toxicity against ZnONPs. The cells were purchased
from the cell culture department, VACSERA (Cairo,
Egypt) and cultured according to the standard proto-
col. The HCT-116, EAC and WISH cells were grown
in RPMI-1640, while MCF-7 and HepG-2 cells were
grown in DMEM medium (Dulbecco’s Modified Ea-
gle Medium) supplemented with 10% fetal bovine
serum and penicillin/streptomycin (100 units/mL)
(Cambrex Bio Science Verviers, Belgium). All cells
were maintained at 37 °C in a 5% CO; humidified in-
cubator.

Cell Viability Assay

The cytotoxicity of the green synthesized ZnONPs
was assessed by 3-(4, 5-di Methyl Thiazol-2-yl) 2,5-
diphenyl Tetra-zolium bromide (MTT) assay. In
brief, the cells were seeded into 96-well plates at den-
sity 1x 10% cells/well (1 x 103 cells/mL) and incubated
at 37 °C in a CO; incubator to develop a complete
monolayer sheet. After 24 hours, the cells were sub-
jected to treatment with different concentrations of
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ZnONPs and doxorubicin (5 - 100 ug/mL), and in-
cubated for an additional 48 hours. The wells con-
taining medium without drug were served as con-
trol, and triplicates were maintained for all concentra-
tions. After the incubation, 200 uL of 0.5 mg/mL 3-(4,
5-di Methyl Thiazol-2-yl) 2,5-diphenyl Tetra-zolium
bromide (MTT) (Sigma-Aldrich, USA) was added to
each well and incubated in 5% CO, incubator for 4
hours. The formazan crystals of MTT reduction were
solubilized in dimethylsulfoxide (DMSO) and then
the absorbance was measured at 570 nm using mi-
croplate ELISA reader 6.

In Vivo Antitumor Activity of ZnO nanoparti-
cles

The animal experiments were performed according to
the guidelines for the care and use of laboratory ani-
mals approved by Research Ethical Committee (Fac-
ulty of Science, Tanta University, Egypt), which is also
in agreement with the guidelines of the National In-
stitutes of Health (NTH). Number of ethical commit-
tee is (Rec-Sci-Tu-0317). Ehrlich Ascites Carcinoma
(EAC) bearing donor mouse was provided by the Na-
tional Cancer Institute (Cairo University, Egypt). The
tumor line was propagated in female mice in the as-
cetic form by sequential passages.

Experimental Design

Sixty adult female Swiss albino mice weighing 18 - 30
g, purchased from the breeding unit of Egyptian Or-
ganization for Biological Products and Vaccines (Ab-
bassia, Cairo), were used throughout this work and
provided with standard diet and tap water ad libitum.
They were divided into six groups (n = 10). The G1,
control group were injected in day 0%, then day other
day with 0.1 ml of isotonic saline; G2, ZnONPs group
were injected day other day with ZnONPs in a dose
of 20 mg/Kg body weight 17; G3, EAC group were in-
jected once with 0.1 ml of 1 x 10® EAC cells/mouse in
day 0, then with saline day other day!'®; G4, EAC
mice injected day other day with doxorubicin in a
dose of 2 mg/Kg body weight!?; G5, EAC mice in-
jected day other day with ZnONPs in a dose of 20 mg/
Kg body weight; G6, EAC mice injected day other day
with a combination of doxorubicin (2 mg/Kg body
weight) and ZnONPs (20 mg/Kg body weight). All
treatments were performed using intraperitoneal in-
jection for 2 weeks. Treatment with doxorubicin and
ZnONPs were begun after 24 hours of tumor induc-
tion.

On the 14" day of the experiment, the animals were
subjected to light anesthesia with ether, and the blood

samples were collected and left to clot at room tem-
perature, then centrifuged at 3000 rpm for 10 mins.
The supernatant was withdrawn and stored at 20 °C
After blood with-
drawal, the animals were sacrificed, and the ascetic

for further serum parameters.

fluid was withdrawn from the peritoneal cavity and
the viability of cells was checked by 0.4% trypan blue.
The livers and kidneys were excised, washed in iso-
tonic saline, then divided into two parts. The first
part was fixed in 10% neutral formalin and kept for
histopathological examination. The second part was
homogenized and kept at -20 °C for further biochem-
ical parameters.

Serum and Tissue Biochemical Analysis

Diagnostic kits for measuring serum ALT, AST, albu-
min, urea, and creatinine were purchased from a bio-
diagnostic company in Giza, Egypt. ALT, AST, albu-
min, and urea were estimated according to 20 while
creatinine was determined according to2! .

The extent of lipid peroxidation in tissue homogenate
was estimated by measuring the production of malon-
dialdehyde (MDA) as an indicator of oxidative stress.
MDA was determined by incubating the samples with
0.67% thiobarbituric acid and measuring the pink-
colored complex product TBARS at 532 nm?2. The
results were expressed as n moles of MDA/g tissue us-
ing the extinction coeflicient (&) equal to 156000 M!
cm~!. Reduced glutathione was determined accord-
ing to the method of Beutler?® , which is based on
the reduction of 5, 5’-dithiobis-2-nitrobenzoic acid
(DTNB) by reduced glutathione to give a yellow-
colored TNB chromophore, and its absorbance can be
measured at 412 nm.

In addition, the antioxidant enzymes including cata-
lase was assessed by monitoring the decomposition of
H, 05 at 240 nm as described by Beers 2%, Concisely, 3
mL buffered HyO, were pipetted in 3.0 cm quartz cu-
vette and 10 uL of sample was added, then mixed by
inversion. The absorbance was measured at zero time
and after one minute at 240 nm. One unit of enzyme
activity was defined as the amount of enzyme that cat-
alyzed the decomposition of 1 pmol H) O»/min under
assay condition by using an extinction coefficient of
0.0394mm ! em 1.

Glutathione peroxidase (GPx) activity was measured
based on the method of Rotruck?’ , which depends
on the reaction between the remaining glutathione af-
ter the action of Gpx and Elmann’s reagent (DTNB)
to give yellow colored complex which absorbed at 412
nm. One unit of enzyme activity was defined as the
amount of enzyme that catalyzed the consumption of
1 pmol GSH per min.
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Glutathione S-transferase (GST) activity was esti-
mated by measuring the absorbance of dinitrophenyl
thioether adduct formed due to conjugation between
GSH and 1-chloro-2, 4 dinitrobenzene (CDNB) at 340
nm?® . One unit of enzyme activity was defined as
the amount of enzyme producing 1nmol of product
per min using an extinction coefficient of 9.6 mM ™!
cm~ 1,

Cell Cycle Analysis by Flow Cytometry

The analysis of DNA content by flow cytometry was
conducted according to the method of ?7 to support
the cytotoxicity of ZnONPs towards EAC cells. In
brief, EAC cells were washed twice with PBS and cen-
trifuged. The supernatant was discarded and the cells
were fixed in 500 uL of 70% ice-cold ethanol for at
least 2 hours at -20 °C. The mixture was centrifuged
at 1000 rpm for 5 mins to remove the ethanol. The
fixed cells were washed with PBS and mixed with 500
1L of PI (propidium iodide) staining solution. Before
analysis, the stained cells were incubated in darkness
for 30 - 60 mins at room temperature. Then the sam-
ples were analyzed using Accuri C6 Flow Cytometer
(Becton Dickinson, Sunnyvale, CA, USA).

Western Blot Analysis

Immunoblotting was conducted following the
method reported by 28, Briefly, the total cell proteins
were isolated by RIPA lysis buffer and the concen-
tration total protein concentration was measured by
Bradford assay?®. Equal amounts of protein (20 ug)
were separated on 12% SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked with 5% non-fat dry milk,
then incubated with anti-Bcl, (Abcam, AB59348),
anti-Bax (Abcam, AB3191) and anti-Caspase3
(Abcam, AB184787) (1:1000) overnight at 4 °C.
After washing, the membranes were incubated with
an HRP secondary antibody (Abcam, AB97051) for
1 hour, then the chemiluminescent ECL substrate
(PerkinElmer, USA, NEL103E001EA) was applied to
the plot to detect the protein bands. Finally, these
bands were analyzed by using image ] software,
and B-actin (Abcam, AB8226) was used as internal

control 30,

Histopathological Studies

Small pieces of liver and kidney tissues which isolated
from different experimental groups were fixed in 10%
formalin and then dehydrated using different concen-
trations of alcohol. The dehydrated tissues were em-
bedded into paraffin, sectioned for 4 mm thick and
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mounted on the glass slides. The tissue sections were
stained by hematoxylin and eosin and examined by
light microscope>! .

Statistical Analysis

All data were expressed as mean =+ SD of three repli-
cates from each experimental group. For compari-
son between groups, the data were analyzed by one-
way of variance (ANOVA), followed by Tukey’s test in
GraphPad Prism Software 6 (San Diego, CA). Proba-
bility values of less than 0.05 (P < 0.05) were consid-
ered to be statistically significant.

RESULTS

Characterization Results of the Green Syn-
thesized ZnO

Zinc oxide nanoparticles were prepared by using
fenugreek seeds aqueous extract that formed a cloudy
solution when added to a colorless solution of zinc
nitrate. 6H2O, then turned into a yellowish white
precipitate after adding sodium hydroxide. The SEM
image of the prepared ZnONPs demonstrated a 3D
hierarchical flower-like nanostructure with an aver-
age diameter of 1.7 um (Figure 1I). The elemen-
tal composition of the prepared sample was analyzed
by Energy-dispersive X-ray. The spectrum in Fig-
ure 1II revealed that the 3D flower-like nanostruc-
ture of ZnO contains three elements, namely zinc,
oxygen and carbon, the atomic percentages of these
elements being 20.59%, 45.01% and 34.40% respec-
tively. Further, the XRD pattern of the green syn-
thesized ZnONPs revealed various peaks at 26 val-
ues of 31.92°, 34.42°, 36.31°, 47.52°, 56.68°, 62.93°
and 67.98° which corresponded to (100), (002), (101),
(102), (110), (103) and (112) crystal planes respec-
tively (Figure 1III). The average crystalline size of
ZnONPs, derived from the FWHM of a more in-
tense peak corresponding to the (101) plane (located
at 36.31°) was estimated to be 15.41 nm using Scher-
rer’s formula. FTIR (Figure 1IVA) was recorded to
identify the most important functional groups on the
fenugreek extract to examine their role in the man-
ufacture and capping of ZnO 3D flower-like struc-
ture. The spectrum showed a high absorption peak of
3446 cm~'and a strong band at a frequency of 1657
cm~!. In addition to that, another small band ap-
peared at 1446 cm~!. For ZnO, a broad band ap-
peared at 420 cm™! beside the main bands existing
in the extract with a slight shift (Figure 1IVB). UV-
Vis spectroscopy is an effective method in the affir-
UV-
Vis spectroscopy initially confirmed the formation of

mation of nanostructures’ optical properties.
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Figure 1: Characterization of 3D flower-like nanostructure of ZnO, synthesized at room temperature using
fenugreek seeds aqueous extract (5%). (I): SEM image, (II): EDX spectrum, (III): X-ray diffraction pattern, (IV):
FTIR spectra of fenugreek seeds aqueous extract (A) and the 3D flower-like nanostructure of ZnO (B), (V): UV-vis
spectrum and (VI): TEM image.
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Figure 2: Effect of ZNONPs and doxorubicin on the viability of different cancer cell lines. Cells treated with
different concentrations of ZnONPs and doxorubicin for 48 hr then cell viability was determined by MTT assay
and 1Csy was calculated. Results are expressed as Mean + SD of three experiments performed in triplicates.
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Figure 3: Effect of ZNONPs on the ascetic volume (A) and EAC tumor cell count (B) in EAC treated groups.
Tumor-bearing mice administrated ZnONPs (20 mg/kg, i.p, day other day) and / or doxorubicin (2 mg/kg, i.p, day
other day). Results are expressed as mean + SD. P < 0.05 is statistically considered significant, where a: significant

difference compared to EAC group.
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ZnONPs within a range of 300 - 600 nm. The ab-

sorption spectrum of the 3D flower-like nanostruc-

ture of ZnO showed a distinctive band at 375 nm
(Figure 1V). TEM of the green synthesized ZnONPs
was conducted to further investigate the topography
structure of the prepared nanoparticles. TEM image
(Figure 1VI ) revealed a flower-like shape which is in
good agreement with the findings of SEM. Moreover,
these images show ZnO nanospheres with variable di-

ameters, which were assembled into nanorods. Such
nanorods were self-assembled to the 3D hierarchical
flower-like s tructure. In addition to that, the poly-

dispersity index and zeta potential of the prepared
ZnONPs was studied using dynamic light scattering
measurements as shown in Fig. S1 and S2 (supple-
mentary data) respectively.

In Vitro Antitumor Activity of the 3D
Flower-like Nanostructure of ZnO

The cytotoxicity of ZnONPs was investigated by MTT
assay using diverse cancer cell lines and doxorubicin
as a chemotherapeutic guide drug. The data repre-
sented in Figure 2 showed an inverse relation be-
tween ZnONPs concentration and the viability of
cancer cells, and the inhibitory concentration was
found to be 27.09, 12.35, 20.7 and 12.05 pg/mL for
EAC, MCF-7, HCT-116 and HepG-2 cells respec-
tively. In contrast, the results revealed that there is a
non-significant effect on normal cells (WISH) upon
ZnONPs exposure up to 30 ug/mL. On the other
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hand, doxorubicin showed a cytotoxic effect on both
cancer and normal cells.

Invivo Antitumor Activity of the 3D Flower-
like Nanostructure of ZnO against Ehrlich
Ascites Carcinoma

To study the antitumor effect of ZnONPs against EAC
mice model in vivo, the change in the body weight,
ascetic volume and total tumor cell count in differ-
ent experimental groups were measured. The results
in Table 1 showed a significant increase (P < 0.0001)
in the body weight of EAC mice (G3) by 24.3% com-
pared to control mice (G1). In addition, treatment
of tumor-bearing mice with ZnONPs and/or dox-
orubicin (DOX) revealed a remarkable decrease in
their body weight by 15.5, 19.9 and 25.5% respectively
compared to the untreated EAC group. Moreover,
ZnONPs (G5), doxorubicin (G4) or combined treated
(G6) groups displayed a significant decrease not only
(P < 0.0001) in the ascetic volume (Figure 3A), but
also in the total and viable tumor cell count in com-
parison with untreated EAC mice (Figure 3B).

Effect of ZNONPs on Serum and Tissue Bio-
chemical Assessment

In this study, serum ALT and AST activities as well as
urea and creatinine concentrations showed a signifi-
cant increase (P < 0.0001) in EAC (G3) and doxoru-
bicin treated mice (G4) in comparison with the con-
trol group (G1). The administration of ZnONPs in
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significant, where a: significantly different from control group, b: significantly different from EAC group and c:

significantly different from doxorubicin group.
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tumor bearing mice remarkably decreases their levels.
On the other hand, the level of albumin in EAC mice
and doxorubicin treated groups revealed a notable
decrease (P < 0.0001) relative to the control group.
Furthermore, the administration of ZnONPs alone or
combined with doxorubicin upgraded the level of al-
bumin (Figure 4).

In addition, the level of MDA was significantly in-
creased, coupled with significant suppression in the
level of GSH in EAC (G3) and doxorubicin treated
mice (G4) compared with control group (G1) as in-
dicated in Figure 5A, B. All groups treated with
ZnONPs alone (G5) or in combination with doxoru-
bicin (G6) significantly corrected the levels of MDA

and GSH. Moreover, the activity of antioxidant en-
zymes Gpx, GST and catalase showed a significant de-
crease (P < 0.0001) in tumor-bearing mice (G3) and
doxorubicin treated group (G4) in comparison with
control one (G1). On the other hand, the adminis-
tration of ZnONPs led to a remarkable increase (P <
0.0001) in the activities of these antioxidant enzymes
as compared to EAC (G3) and doxorubicin treated

groups (Figure 5 C, D, E).
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Figure 5: A graphical presentation of hepatic and renaloxidative stress markers in different experimen-

tal groups.

A: MDA (malondialdehyde) level, B: GSH (reduced glutathione) level, C: Gpx (glutathioneper-
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Effect of the 3D Flower-like Nanostructure
of ZnO and/or Doxorubicin on Cell Cycle
Distribution

The results obtained through the single treatment
of EAC mice with doxorubicin (G4) or with ZnO
NPs (G5) showed arresting of the cell cycle at G0/G1
phase by significantly increasing (P < 0.01) the num-
ber of cell populations to 68 and 61% respectively
compared to EAC group (G3). In addition, the co-
administration of DOX and ZnONPs in mice injected
with tumor cells led to a massive increase (P < 0.001)
of cells with GO/G1 DNA content by 73.15%. On the
other hand, a sensible decrease (P < 0.05, P < 0.01)
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in S-phase was observed in all EAC treated groups.
Moreover, the proportion of cells in G2/M phase was
less affected compared to GO/G1 phase (Figure 6).

Apoptotic Induction by the 3D Flower-like
Nanostructure of ZnO and/or Doxorubicin
in EAC

To determine the extent of ZnONPs and/or doxoru-
bicin on apoptosis regulating proteins, the expression
levels of caspase-3, BAX and Bcl-2 were investigated
by western blot analysis. As shown in Figure 7, all
EAC treated groups showed an upregulation in the
expression level of caspase-3 and Bax. In contrast,
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Figure 6: Cell cycle analysis of EAC treated with ZnO 3D flower-like nanostructure and/or doxorubicin after
staining with Pl. The tumor-bearing mice are treated with ZnO (20 mg/kg, i.p, day other day) and/ or doxorubicin
(2mg/kg, i.p, day other day) for two weeks. Results are expressed as mean =+ SD. P < 0.05 is statistically considered
significant, where *: significantly different from EAC group.

https://doi.org/10.6084/m9.figshare.16529061.v1
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Figure 7: Protein expression of caspase 3, Bax and Bcl, in EAC treated with ZnONPs, doxorubicin alone or
in combination observed by Western blotting assay.
https://doi.org/10.6084/m9.figshare.16529067.v1
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H&E in different experimental groups. A: control; B: ZnO NPs; C: EAC; D: EAC + DOX; E: EAC + ZnONPs; F: EAC
+ DOX + ZnONPs.
https://doi.org/10.6084/m9.figshare.16529070.v1

Table 1: The table below shows the body weight of the mice at the start and the sacrifice in different

experimental groups

Control 20.6 £ 6.0
ZnONPs 21 £25

EAC 21.68 +2.0
EAC + DOX 22.36 = 1.6
EAC + ZnONPs 22.56 +2.2
EAC + DOX + ZnONPs 209+ 1.7

21.56 = 4.4

222405

28.6 +3.1¢

229 +0.7%

24.15 + 0.8°

213+ 1.0°

4.6

5.7

24.36

2.5

7.04

2.03

Mice were treated 24 hours after inoculation of EAC (1 x 10° cells) with ZnONPs (20 mg/kg, i.p, day other day) and doxorubicin (2 mg/kg, i.p,
day other day) for 2 weeks. Results are expressed as mean =+ SD. ® P significant difference compared to control group, ® P significant difference

compared to EAC group.

4492



Biomedical Research and Therapy, 8(8):4483-4496

the expression of the antiapoptotic Bcl-2 protein was
downregulated in all treated groups, and the combi-
national treatment showed a superior reduction.

Histological Analysis

Histological examination of tissues from control mice
(G1) and ZnONPs group (G2) showed normal histo-
logical structure of the central vein and surrounding
hepatocytes in the liver and normal renal tubular and
glomerular structures in the kidney (Figure 8IA, B
and IIA, B). In EAC mice (G3), histological assess-
ment of liver and kidney tissues showed massive in-
flammatory cell infiltration, degeneration and necro-
sis in the hepatocytes and renal tubules (Figure 8IC
and IIC). Doxorubicin treated mice (G4) displayed
congestion in the portal vein with degeneration in
the surrounding hepatocytes in liver histopathology,
and congestion in the cortical blood vessels associ-
ated with degenerative and necrobiotic changes in
the lining epithelium of the renal tubules in kidney
histopathology (Figure 8ID and IID). Besides, histo-
logical examination of liver and kidney tissues in EAC
mice treated with ZnONPs alone (G5) or in combina-
tion with doxorubicin (G6) showed few inflammatory
cells in the hepatocytes and minimal degeneration in
the lining epithelium of the renal tubules (Figure 8 IE,
Fand IIE, F).

DISCUSSION

Cancer is still the second leading cause of death
worldwide despite advances in its diagnosis and treat-
ment. Recently, different nanoparticles were used in
vitro and in vivo research to improve the diagnosis and
treatment of cancer. Zinc oxide nanoparticle is one
of the most important nanoparticles applied for can-
cer treatment due to its biocompatibility, easy synthe-
sis, enhanced cytotoxicity and selectivity 32. However,
the cytotoxicity of some nanoparticles synthesized by
chemical methods has been confirmed on normal
cells even at lower concentrations. Over the last few
years, the green synthesis of zinc oxide nanoparticles
attracted the interest of researchers as an alternative
method for nanoparticles preparation due to its low
biotoxicity 3> . The synthesis of nanoparticles using
plant extractions has more advantages over the other
biological methods because it doesn’'t need any special
conditions and is inexpensive.

In this study, through the green synthesis method,
ZnO’s 3D hierarchical flower-like nanostructure was
prepared using a fenugreek seed aqueous extract. Di-
verse characterization techniques have been used to

analyze the properties of ZnO such as XRD, SEM, UV-
Vis, FTIR, and EDX. We have investigated the mor-
phological structure of the biosynthesized ZnO us-
ing SEM and TEM, and indicated that ZnO exhibited
a 3D hierarchical flower-like structure. This struc-
ture was first recorded through the process of green
synthesis. In addition, the presence of carbon peak
in EDX spectra might indicate that the biomolecules
present in the extract are responsible for the bio re-
duction and stabilization of ZnONPs. FTIR was con-
ducted to determine the biomolecules in fenugreek
seed extract, which play an important role in the
reduction and stabilization processes of the formed
ZnO. The FTIR spectrum showed a high absorption
peak of 3446 cm~! due to the stretching vibration
of the O-H group in polyphenols or N-H groups of
proteins3*. The strong band at a frequency of 1657
cm~! due to (C=0, amide 1) are characteristics of
proteins/enzymes, other small bands at 1446 cm™!
for C-O stretching vibrations of polysaccharide and
polyphenols. Moreover, there was a sharp band at 420
cm ™! due to the vibration mode of Zn-O bond. This
strongly supports that the extract acts not only as a re-
ductant but also as a stabilizer and capping agent for
the synthesized 3D flower-like nanostructure of ZnO.
Other studies suggested that the compounds present
in brown algae extract could serve as capping agents
to prevent ZnONPs aggregation?®. Also, the EDX
spectrum of 3D hierarchical ZnO revealed the pres-
ence of three peaks for zinc, oxygen and carbon. Such
carbons are supposed to be from the biomolecules in
fenugreek extract which act as capping agents dur-
ing the synthesis process. XRD pattern confirmed the
standard hexagonal wurtzite structure (JCPDS, 36—
1451) of the synthesized ZnO. In line with a previ-
ous study, this would support the creation of a 3D
hierarchical-flower-like nanostructure of ZnO 3.

The in vitro cytotoxicity results suggest a promising
anticancer potential for the 3D flower-like nanos-
tructure of ZnO with inhibitory concentration vary-
ing from one cancer cell line to another in addition
to lower cytotoxicity against normal cells. On the
other hand, commercial chemotherapy (DOX) exhib-
ited the same cytotoxic effect on cancer and normal
cells. This inability of doxorubicin to differentiate be-
tween cancer and normal cells is one of the greatest
challenges that cancer chemotherapy is facing at this
time. The 3D flower-like nanostructure of ZnO has
selective killing properties which may be due to the
generation of reactive oxygen species>®. This finding
is broadly in agreement with earlier studies®, which
found that ZnONPs prepared by using aqueous ex-
tract of Deverra tortuosa showed a selective cytotoxic
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effect on Caco-2 and A549 cancer cells with lower cy-
totoxicity on normal W138 cells. Another study re-
vealed that ICsg value for purchased ZnONPs with
an average particle size of 35nm on HEPG2, PC3 and
A549 tumor cell lines were 34.67, 36.31 and 21.38
pg/mL respectively’.

The anticancer activity of the biologically synthesized
ZnONPs in vivo was investigated by using the EAC
model. Our results showed that ZnO inhibits the pro-
liferation and growth of EAC by decreasing the body
weight, ascetic volume and viable tumor cell count ei-
ther alone (G5) or in combination with doxorubicin
(G6) compared to untreated EAC mice (G3). These
results come in full agreement with previous stud-
ies38 |, which observed that the oral administration
of ZnONPs at doses of 300 and 500 mg/kg inhibited
the rate of tumor growth by 31.5 and 46% respectively
in Ehrlich solid carcinoma (ESC) bearing mice com-
pared to the untreated group. Moreover, our study
indicated that the administration of ZnONPs ame-
liorates the toxicity caused by doxorubicin as well as
enhances the antioxidant defense system in the liver
and kidney tissues of the treated groups. Intraperi-
toneal injection of 20 mg/kg ZnONPs exerted a signif-
icant decrease in the liver and kidney functions that
elevated due to tumor inoculation and doxorubicin
administration. This finding is supported by Nabeel,
who demonstrated that treatment with ZnONPs de-
creased liver function enzymes near the normal con-
trol; the decrement was significant to the untreated
Ehrlich carcinoma (EC) solid tumor group 39 | Fur-
thermore, the activity of antioxidant enzymes is in-
creased and coupled with a remarkable decrease in
the oxidative stress marker (MDA) level in ZnONPs
treated groups. Our findings are in harmony with
previous studies by Hassan et al., who reported that
ZnONPs has a good antioxidant effect mediated by el-
evation in antioxidant enzymes GST, Gpx, SOD and
GR, coupled with suppression of MDA level in hepa-
tocellular carcinoma(HCC) rats treated with ZnONPs
compared with rats administrated DENA without
treatment>”.

One strategy in the discovery and progression of new
anticancer drugs is the regulation of the cancer cell
cycle??. So in this study, the effect of the biologically
synthesized ZnONPs on different cell cycle phases
and distribution was conducted to clarify its cyto-
toxicity and antiproliferative activity mechanism to-
wards EAC. Cell cycle analysis results showed that
the tumor-bearing mice treated with single therapy
of doxorubicin or ZnONPs could block the cell cy-
cle by increasing the number of cell populations with
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G0/G1 DNA content. This increment was more ev-
ident in EAC received combinations of doxorubicin
and ZnONPs. These observations indicated that the
cell cycle arrest is an important step in the apoptotic
pathway. This apoptotic induction was confirmed
through the upregulation of pro-apoptotic Bax and
caspase-3 and the downregulation of anti-apoptotic
Bcl-2 in the treated groups. Kavithaaet al. reported
that ZnO nanorods induced apoptosis in MCE-7 cells
after 48hours of treatment via GO/G1 and S phase cell
cycle arrest*!. Consistent with our findings, Sharma
et al., reported that HepG-2 cells exposed to ZnO NPs
for 9 hours showed an increase in Bax levels and a cor-
responding decrease in Bcl-242 . Our results were also
confirmed by another study of Bai et al., who showed
that ZnONPs with an average size of 20 nm upregu-
lated the level of Bax and caspase-9, and downregu-
lated the level of Bcl-2 protein in ovarian cancer cell
line (SKOV-3) after 12 hours of ZnO exposure '°. Fur-
thermore, our result is in agreement with Abosharaf et
al., who demonstrated that biogenic silver nanoparti-
cles induce EAC apoptosis via upregulation of caspase
3 and Bax, and down-regulation of Bcl-243 .

Histopathological analysis of our study demonstrated
that the biologically synthesized ZnONPs can regen-
erate the damage caused by the inoculation of tumor
cells and the administration of doxorubicin in liver
and kidney tissues. These results came in harmony
with previous study which demonstrated that the in-
traperitoneal injection of ZnONPs in Ehrlich solid tu-
mor mice regenerated the lesions occurred in liver tis-

suel”.

CONCLUSIONS

This study presents a facile, cost-effective, healthy and
eco- friendly route to fabricate the hierarchical 3D
flower-like nanostructure of ZnO on a large scale for
the first time through a green approach using aque-
ous extract of fenugreek seeds at room temperature.
These biologically synthesized zinc oxide nanopar-
ticles had a cytotoxic effect and antitumor activity
against Ehrlich ascites carcinoma in vivo. This activ-
ity may be related to stimulation of cell cycle arrest at
G0/G1 phase, upregulation of proapoptotic proteins
and downregulation of antiapoptotic proteins. Col-
lectively, our data suggested that the green synthe-
sized 3D flower-like nanostructure of ZnO could be
of great prominence in the medical field due to their

anticancer activity.

ABBREVIATIONS

DOX: Doxorubicin
EAC: Ehrlich ascites carcinoma
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EDX: Energy dispersive X-ray

SEM: Scanning electron microscope
TEM: Transmission electron microscope
XRD: X-ray diffraction

ZnO NPs: Zinc oxide nanoparticles
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