
Inorganic Chemistry Communications 146 (2022) 110159

Available online 6 November 2022
1387-7003/© 2022 Published by Elsevier B.V.

Short communication 

Green immobilized Ag NPs over magnetic Fe3O4 NPs using Pomegranate 
juice induces apoptosis via P53 and signal transducer and activator of 
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A B S T R A C T   

Herein, we demonstrate the bio-inspired synthesis Ag NPs over surface of magnetic Fe3O4 NPs by using Pome
granate juice (PJ). The Pomegranate juice was used as an eco-friendly media which acted as green reductant and 
the in-situ stabilizer for the synthesized Ag NPs. The inherent structural and morphological properties of the as- 
synthesized Fe3O4@PJ/Ag NPs was analyzed by electron microscopy (SEM and TEM), energy dispersive X-ray 
spectroscopy (EDX), elemental mapping, vibrating sample magnetometer (VSM), X-ray diffraction (XRD) and 
inductively coupled plasma-optical emission spectroscopy (ICP-OES). The anti-gastric cancer properties of the 
biogenic Fe3O4@PJ/Ag NPs were assessed against gastric cancer cell lines. The Fe3O4@PJ/Ag material could 
significantly combat the growth of GC1415, NCI-N87 and MKN45 cancer cells in a time and concentration- 
dependent manner, as determined by MTT assay. Fe3O4@PJ/Ag NPs induces cell apoptosis, accompanied by 
the up regulation of pro-apoptotic markers (Bax and cleaved caspase-8) and down regulation of the anti- 
apoptotic marker, Bcl-2. Moreover, Fe3O4@PJ/Ag NPs inhibits colony formation compared to their matched 
control. More significantly, the molecular pathway analysis of Fe3O4@PJ/Ag NPs-treated cells revealed that 
Fe3O4@PJ/Ag NPs enhances p53 expression, while inhibiting the expression of total and phosphorylated Signal 
Transducer and Activator of Transcription 3 (STAT3) in cell lines, suggesting p53 and STAT3 are the main key 
players behind the biological events provoked by the extract in human gastric cancer cells. The antioxidant 
activity of Fe3O4@PJ/Ag NPs was also determined by DPPH method. The significantly good IC50 value indicated 
the material as an excellent antioxidant.   

1. Introduction 

Apoptosis is considered as a vital process in cancer where the cancer 
cells have the characteristics to strive to escape from apoptosis and 
continue to proliferate. Therefore, the ability to induce apoptosis in 
these cells is a major goal in the ailment of cancer. The process of 
apoptosis, or programmed cell death, is a conserved, genetically 
controlled method that is crucial in regulating growth rate, cell prolif
eration, development, and body health [1–3]. Current findings have 
shown that the reactive oxygen species production in target cells is one 
of the regulators of the apoptotic process. During normal cellular ac
tivity, reactive oxygen species produce oxygen and nitrogen. At low 
physiological levels, these reactive oxygen species act as messengers of 
redox and intracellular regulation. While at high levels, they cause 

oxidative changes, inhibiting protein function and promoting cell death 
[2–4]. To prevent redox imbalance and oxidative damage, there are 
defense barriers that include antioxidant enzymes such as thioredoxin 
reductase, catalase, glutathione peroxidase and superoxide dismutase, 
and non-enzymatic antioxidants including ascorbic acid, vitamin E and 
glutathione [4,5]. The effects of oxidative nanoparticles have been 
revealed to be greater in cancer cells that proliferate faster than normal 
cells. The previous studies introduced the increase in ROS production as 
the primary mechanism of toxicity in the cancer cell lines. Oxidized 
nanoparticles have also been shown to inhibit cell proliferation and 
induce apoptosis significantly in cancer cells. Thus, oxidized nano
particles have anti-proliferative ability in cancer cells. However, its 
toxicity to normal cells is a challenge that must be addressed [5–7]. 

Nanotechnology is one of the new and convenient branches of 
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material science that has been utterly granted by researchers for the 
progress and development of medical sciences [7–11]. In addition to 
medical sciences, this technology has also been largely adopted in mil
itary, agricultural, diagnostic methods, magnetic imaging, sensors and 
rapid material detection [12–14]. Researchers use this technology to 
diagnose and treat many diseases. Nanotechnology, as its name implies, 
deals with nanoscale objects. Different nanomaterials have been pro
cessed that are used in surgery, dentistry, various experiments in 
experimental sciences, biomechanical systems, fight against microor
ganisms, etc. Although many studies have been done on the effect of 
nanoparticles, scientists still do not have complete control over the 
range of its effects. In the discussion of imaging methods, less invasive 
methods are much more appropriate, so nanoparticles are ideal candi
dates for developing such imaging methods [13–16]. Nanotechnology 
uses engineered materials to produce physiological responses and nerve 
stimulation while minimizing side effects. Unlike conventional systems 
such as tablets and solutions, nanoparticles intelligently control and 
perpetuate the distribution of drugs in different parts and make them 
more effective [17–20]. Metallic nanoparticles such as silver nano
particles have been used for the treatment of several cancers such as 
prostate, bladder, lung, gastric and colorectal cancers [21–25]. Many 
experiments have indicated that the medicinal plants increase the 
anticancer effects of the silver nanoparticles when they are used for 
green-synthesizing of the nanoparticles [26–32]. 

In recent times, it has been an incessant effort paid by the researchers 
in the advancement of physicochemical, catalytic and biological prop
erties of advanced functionalized nanomaterials. In this particular study, 
we report the biogenic synthesis of Ag NPs immobilized on magnetite 
NPs using Pomegranate juice as a media for eco-benevolent reduction of 
metal ions as well as efficient stabilization of the NPs from agglomera
tion, aerial oxidation, corrosion etc (Scheme 1). The as-synthesized 
Fe3O4@PJ/Ag NPs exhibited excellent potential in the resistance of 
gastric cancer. 

2. Experimental 

2.1. Synthesis of magnetic Fe3O4@PJ/Ag NPs 

Fe3O4 NPs were synthesized following well reported method by co- 
precipitating the hydroxides of Fe2+ (FeSO4⋅7H2O, 4.2 g) and Fe3+

(FeCl3⋅6H2O, 6.1 g) into DI water (100 mL) using ammoniac media. The 
brown Fe3O4 NPs were retrieved by magnetic decantation, washed with 
DI H2O to neutral and dried in air at 80 ◦C. In the subsequent steps, 0.5 g 
Fe3O4 NPs were suspended by sonication in DI H2O (100 mL) for 20 min 
followed by the addition of Pomegranate juice (20 mL). The mixture was 
then stirred at room temperature for 12 h to afford the Fe3O4@PJ 
nanocomposite particle. It was isolated magnetically, washed several 
times with DI water and again dispersed by sonication in 100 mL water. 
The precursor of Ag, a solution of AgNO3 (25 mg in 20 mL H2O) was then 
introduced into the dispersion and the mixture was swirled at room 

temperature for 5 h. The Fe3O4@PJ/Ag nanocomposite was finally 
isolated magnetically and rinsed with H2O to vent the unwanted 
adhered substances (Scheme 1). The desired nanocomposite was dried in 
vacuum at 40 ◦C and the Ag content was determined by ICP-AES method 
to be 0.13 mmol/g. 

2.2. DPPH assay protocol 

The Fe3O4@PJ/Ag nanocomposite solutions were prepared in varied 
dilutions (1 to 1000 μg/mL) from phenolic powder. A reference solution 
of BHT, a synthetic antioxidant, was also prepared in methanol. An 
equal volume of purple colored DPPH methanol solution was mixed to 
the sample solution (2 mL each) and the mixture was stirred vigorously. 
After 30 min, absorbance of the faded pale yellow solution of the 
mixture was measured at UV–vis spectrophotometer at a wavelength of 
517 nm [33–35]. The % inhibition capacity was calculated based on the 
following formula, where A stands for the corresponding absorbance. 

Inhibition (%) =
Sample A.

Control A.
x100  

2.3. anti-Gastric cancer assay protocol 

The method is derived from the activity of succinate dehydrogenase 
enzyme of cell mitochondria, which converts the yellow MTT solution to 
insoluble crystals of purple formazan which can be measured with an 
ELISA reader after dissolving in DMSO dimethyl sulfoxide. 104 cells 
were transferred to a 96-well plate and incubated at 37 ◦C for 24 h. Then 
various concentrations of the nanocomposite were treated with them 
and incubated under the same conditions for 24 and 48 h. This was 
followed by the addition of 10 μl of MTT solution (5 mg/ml) to each well 
and incubated again for 3 h. Then 100 μl of DMSO was replaced with 
MTT incubated and left in the dark for half an hour. DMSO dissolves the 
produced formazan crystals to form a purple-colored solution, which 
indicates the bioavailability of the treated cells. The plate’s optical ab
sorption was finally measured at 570 nm [36a]. 

Cell viability (%) =
Sample A.

ControlA.
x100 

To analyze the cell cycle, 106 cells were put in 200 mm Petri dishes 
for 36 h. Synchronized cells (G0 phase) were treated with Fe3O4@PJ/Ag 
NPs for 54 h. Then, the DNA was then stained by the FXCycle PI/RNase 
staining solution at 60 mg/ml. Cells in the G2/M, S and G0/G1 phases 
were quantified by the Flow Jo software. Cellular apoptosis was assessed 
by the ApoScreenAnnex in V-fluorescein isothiocyanate (FITC)/7- 
amino-actinomycin D (7-AAD) Apoptosis Kit as per the manufacturer’s 
protocol [36b]. 

Soft agar colony formation assay was performed for determining the 
cells ability to grow in an anchorage-independent manner. In immu
noblotting analysis, 106 cells were put in Petri dishes and treated with 
the Fe3O4@PJ/Ag NPs material for 54 h. Protein lysates equal amounts 

Scheme 1. The biogenic synthesis of magnetic Fe3O4@PJ/Ag NPs mediated by Pomegranate juice.  
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were run on 10 % polyacrylamide gels and transferred onto PVDF 
membranes. The membranes were incubated with the following primary 
antibodies overnight; rabbit anti-phosphorylated-STAT3, mouse anti- 
STAT3, rabbit anti-p53,mouse anti-cleaved caspase-8,mouse anti-Bcl- 
2and mouse anti-Bax. PVDF membranes were re-probed with rabbit 
anti-GAPDH to prove the proteins equal loading. Quantification was 
done by the Image J software and the bands’ intensities was normalized 
to GAPDH to assess the relative protein expression [36b]. 

3. Results and discussion 

Herein, we have developed a bio-inspired method for immobilizing 
Ag NPs over Pomegranate juice phytochemicals functionalized magnetic 
Fe3O4 NPs. The plant biomolecules also facilitated the green reduction of 
the metal ions as well as in situ stabilization of the nanomaterial. In the 
stepwise post-functionalization pathway the Fe3O4 MNPs were initially 
modified with the phyto-biomolecues and then Ag+ ions gets adsorbed 
over the Fe3O4@PJ composite. The electron rich organo-functions 

subsequently carry out the in situ green reduction of the ions and sta
bilization of the NPs (Scheme 1). The as-synthesized material was then 
characterized by different advanced instrumental methods like SEM, 

Fig. 1. SEM image of Fe3O4@PJ/Ag NPs.  

Fig. 2. EDX spectrum of Fe3O4@PJ/Ag NPs.  

Fig. 3. Elemental mapping of Fe3O4@PJ/Ag NPs.  
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EDX, TEM, ICP-OES, VSM and XRD. 
The morphological features, particle size and textures of Fe3O4@PJ/ 

Ag NPs were ascertained by TEM and SEM study (Fig. 1,4). Fig. 1 clearly 
describes the particles are of quasi-spherical in shape. From SEM image 
however the distinction between Ag and Fe3O4 NPs cannot be possible. 
There are two different colored particles, white and grey and looks like a 
homogeneous blend between the two kinds. The material looks 
agglomerated, obviously due to manual sample preparation. 

Chemical composition of the Fe3O4@PJ/Ag NPs was determined 
from EDX analysis, equipped with SEM instrument. As can be seen from 
Fig. 2, the profile contains Fe and Ag as metallic constitution and C, N 
and O as non-metals. The latter ones are indicative of plant biomolecular 

association. The Au peak appears due to the gold vapor deposition over 
the sample prior to analysis. Constitution wise, Fe weighs the major 
(65.3 %) and Ag as a very minor quantity (0.8 %). The EDX analysis data 
were further detailed using elemental mapping study. Fig. 3 demon
strates the output of X-ray scanning of a segment of SEM image. 
Evidently, the elemental map shows very uniform distribution of the Fe, 
C, O and Ag atomic species throughout the material surface. 

TEM analysis was carried out in order of intricate and intrinsic 
studies of the material surface. As Fig. 4 depicts, the particles are 
spherically shaped. A thin and continuous layer of the Pomegranate 
phytomolecules can be noticed around the material surface. The two 
different kinds of particles are obvious from their colors, grey and black, 
representing the Fe3O4 and Ag NPs. Ag NPs (10–20 nm) seem to be 
larger than the Fe3O4 NPs (20–30 nm). 

XRD analysis was performed in order to validate the material crys
tallinity, its phases and purity. Fig. 5 exhibits the corresponding profile 
having a single phase, justifying a united molecular entity of the 
assembled constitutions. The material seems to be highly crystalline, 
showing six significant Bragg signals of Fe3O4 NPs at 2θ = 30.1, 35.5, 
43.5, 54.1, 56.8, 63.1◦, attributed to diffraction on (220), (311), (400), 
(422), (511) and (440) crystal planes respectively, being confirmed 
with standard (JCPDS file no. 65–3107). The extra peaks appeared at 2θ 
= 39.1◦, 44.4◦, 64.5◦ and 77.4◦ are allocated to the (111), (200), (220) 
and (311) crystal planes of Ag fcc. 

Being an iron based magnetic material, VSM analysis seems ubiqui
tous for the Fe3O4@PJ/Ag NPs, in order to study its magnetic properties. 
On exposure to a band of external magnetic field of − 20kOe to + 20kOe, 
the output results a magnetic hysteresis curve having the saturation 
magnetization (Ms) value of 31.4 emu/g (Fig. 6). The nature validates it 
to be a superparamagnetic material. The Ms value is quite low from the 
unmodified bare ferrite NPs, obviously due to surface modification with 
non-magnetic plant biomolecules and the Ag NPs. 

Many researches in the field of biology and medicine are dedicated to 
radicals such as reactive oxygen species (ROS). In many living organ
isms, it is required for normal cell metabolic processes such as phago
cytosis, reduction of inflammation, cell division and collagen synthesis 
[27,29]. Nevertheless, there is now considerable evidence that ROS lead 
to oxidative damage in biomolecules (especially in proteins, lipids, and 
DNA). These injuries cause various clinical disorders such as cardio
vascular disease, aging and neurological damage such as Alzheimer’s, 
Parkinson’s, genetic mutations and cancer [25–28]. Living organisms 
have developed a complex antioxidant network to neutralize reactive 
oxygen species that are harmful to human life. Several enzyme- 
dependent systems can detoxify free radicals; For example, superoxide 
dismutase containing copper and zinc catalyzes the conversion of 

Fig. 4. TEM images of Fe3O4@PJ/Ag NPs.  

Fig. 5. XRD pattern of Fe3O4@PJ/Ag NPs.  

Fig. 6. VSM analysis of Fe3O4@PJ/Ag NPs.  
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superoxide anion into hydrogen peroxide, and then enzymes such as 
catalase and glutathione peroxidase remove hydrogen peroxide from the 
environment by converting it to water and oxygen [29–31]. In addition, 
some antioxidant compounds in food can be a barrier against free radical 
damage by preventing the formation of radicals, absorbing free radicals 
or accelerating their destruction [30–33]. Antioxidants are compounds 
that effectively and in different ways prevent the reaction of free radicals 
in the form of active oxygen and nitrogen with biomolecules such as 
protein, amino acid, lipid and DNA and lead to the reduction of damage 
or cell death, cardiovascular diseases and cancers. In addition to their 
role in biological systems, in foods rich in unsaturated fats, they also 
prevent the reduction of nutritional quality, safety, bad taste and 
discoloration due to the creation of toxic compounds. Antioxidants are 
divided into two categories: chemical and natural [32–36]. The most 
widely used chemical antioxidants in the food industry include TBHQ, 
BHA, BHT, and propyl gallate, which are known to cause cancer and 
have negative effects on human health. Therefore, nowadays, the use of 
a wide group of biological nanoparticles as therapeutic sources that have 
antioxidant properties has attracted the attention of researchers 
[14–17]. 

The DPPH radical scavenging aptitude of Fe3O4@PJ/Ag NPs and 
BHT has been expressed in terms of % inhibition, being represented in 
Table 1 and Fig. 7. Evidently, the capacity gradually increases with 
increasing the sample concentration and becomes the maximum at 1000 
µg/mL (99.8 %). The oxygenated and nitrogenous organic functional 
groups in the phytomolecules and also the electron source over the Ag 
and Fe3O4 NPs facilitate the quenching of DPPH bare radicals thus 
fading out of its original color (purple to pale yellow). The capacity is 
absolutely comparable to the molecular standard BHT. Table 1 also 
displays the corresponding inhibitory concentration at half maxima as 
122, whereas the standard shows a value of 101. 

In the cytotoxicity and anti-cancer investigation, the corresponding 
GC1415, NCI-N87 and MKN45 gastric cancer cell lines were treated with 
Fe3O4@PJ/Ag NPs at different concentrations, being assessed by MTT 
studies for 48 h. The ineffectiveness of the material on the normal cell 
line was also validated over normal HUVEC cell lines. The % cell 

viability was determined by measuring the absorbances spectrophoto
metrically at a wavelength 570 nm. The results have been displayed in 
Fig. 8-11 and Table 2. 

The % cell viability of malignant gastric cell line reduced dose- 
dependently in the presence of Fe3O4@PJ/Ag NPs. The IC50 of 
Fe3O4@PJ/Ag NPs were 456, 482, and 345 µg/mL against GC1415, NCI- 
N87 and MKN45 cell lines, respectively (Table 2 and Figs. 9-11). 

As indicated in Fig. 12, our results showed that Fe3O4@PJ/Ag NPs 
induce a remarkable cell cycle arrest at the S phase, with a significant 
reduce in G2/M and G0/G1 cancer cell lines phases, revealing cell-cycle 
progression inhibition under the effect of Fe3O4@PJ/Ag NPs. 

Our cell apoptosis results indicate that Fe3O4@PJ/Ag NPs remark
ably induces late and early apoptosis in a dose-dependent manner in 
gastric cancer cell lines (Fig. 13). 

As shown in Fig. 14, our colony formation results indicate a 
remarkable reduce in the colonies number for gastric cancer cell lines 
under the colony formation effect compared to the control. These data 
confirm colony-forming ability loss in gastric cancer cell lines upon 
treatment with Fe3O4@PJ/Ag NPs, which may affect the ability to 

Table 1 
The IC50 of Fe3O4@PJ/Ag NPs and BHT in the antioxidant test.   

Fe3O4@PJ/Ag NPs BHT 

IC50 (µg/mL) 122 ± 0a 101 ± 0a  

Fig. 7. The antioxidant properties of Fe3O4@PJ/Ag NPs and BHT 
against DPPH. 

Fig. 8. The cytotoxicity properties of Fe3O4@PJ/Ag NPs against HUVEC 
cell line. 

Fig. 9. The anti-human gastric cancer properties of Fe3O4@PJ/Ag NPs against 
GC1415 cell line. 
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prevent tumorigenesis in vivo. 
Western blot analysis data indicated a remarkableraise inthe pro- 

apoptotic markers expression (Cleavedcaspase-8andBax) in 
Fe3O4@PJ/Ag NPs-treated cells compared to control (Fig. 15). Also, the 
anti-apoptoticprotein expression (Bcl-2) was decreased in gastric cancer 
cell lines. Bax/Bcl-2 ratio was raised profoundly in cells treated with 
Fe3O4@PJ/Ag NPs. 

Also, we assessed the p53, STAT3 andp-STAT-3 expression pattern in 
gastric cancer cell lines exposed to Fe3O4@PJ/Ag NPs. We observed that 
the treatment with this magnetite nanoparticles stimulates the p53 
expression pattern whereas, it inhibits the STAT3 phosphorylation and 
expression in gastric cancer cell lines as compared with control cells. 

The exact molecular mechanisms of anticancer effects of nano
particles are not yet fully understood. Therefore, researchers are work
ing to treat cancer and to activate the mechanism of planned death 
[28–31]. Induction of apoptosis in cancer cells is one of the functional 
mechanisms of drugs used in chemotherapy and is essential in the 
treatment of cancer. Nanoparticles increase the amount of intracellular 
free radicals, so oxidative stress can be considered as a response to cell 
damage [28–31]. The production of free radicals for each nanoparticle 
has a different cellular and molecular mechanism. Oxidative stress can 
activate or inhibit a number of antioxidant enzymes in the cell. The 
activity of superoxide dismutase and catalase enzymes, which are part of 
the antioxidant defense system and play a very important role in sup
pressing reactive oxygen species, continues that they were studied as 
biomarkers of oxidative stress [27–34]. 

4. Conclusion 

In summary, we demonstrate a green and biogenic procedure for the 
in situ immobilization of Ag NPs over the Fe3O4 NPs mediated by 

Fig. 10. The anti-human gastric cancer properties of Fe3O4@PJ/Ag NPs against 
NCI-N87 cell line. 

Fig. 11. The anti-human gastric cancer properties of Fe3O4@PJ/Ag NPs against 
MKN45 cell line. 

Table 2 
The IC50 of Fe3O4@PJ/Ag NPs in the anti-human gastric cancer test.   

HUVEC GC1415 NCI-N87 MKN45 

IC50 (µg/mL) – 456 ± 0b 482 ± 0b 345 ± 0a  

Fig. 12. Cell cycle flow cytometry analysis (%) of the gastric cancer cell lines. 
(G): GC1415, (N): NCI-N87, (M): MKN45. 

Fig. 13. Induction of apoptosis (%).  
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Pomegranate juice, without the involvement of any unsafe and hazardous 
chemicals following a post-functionalization approach (Fe3O4@PJ/Ag 
NPs). The physicochemical features of the material were analyzed over a 
range of analytical techniques. It was explored biologically in the study 
of anti-cancer effects over gastric cancer cell lines GC1415, NCI-N87 and 
MKN45 and also the normal HUVEC cell line. The % cell viability of 
malignant cancer cell lines reduced dose-dependently in the presence of 
Fe3O4@PJ/Ag NPs. Again, in the antioxidant studies the Fe3O4@PJ/Ag 
NPs showed excellent potential against DPPH free radical. So, the 
findings of the recent research show that biologically synthesized 
Fe3O4@PJ/Ag NPs might be used to cure gastric cancer. In addition, the 
current study offer that Fe3O4@PJ/Ag NP scould be a new potential 
adjuvant chemopreventive and chemotherapeutic agent against cyto
toxic cells. 
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(d) A. Aygün, F. Gülbağça, M.S. Nas, M.H. Alma, M.H. Çalımlı, B. Ustaoglu, Y. 
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