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Abstract 

Background: Resistance to antibiotics and anticancer therapy is a serious global health threat particularly in immu‑
nosuppressed cancer patients. Current study aimed to estimate the antibacterial and anticancer potentials of short‑
term exposure to extremely low frequency electromagnetic field (ELF‑EMF) and silver nanoparticles (AgNPs) either in 
sole or combined form.

Methods: Antibacterial activity was evaluated via determination of the bacterial viable count reduction percentage 
following exposure, whereas their ability to induce apoptosis in breast cancer (MCF‑7) cell line was detected using 
annexin V‑fluorescein isothiocyanate and cell cycle analysis. Also, oxidative stress potential and molecular profile were 
investigated.

Results: ELF‑EMF and AgNPs significantly (p < 0.01) reduced K. pneumonia viable count of compared to that of S. 
aureus in a time dependent manner till reaching 100% inhibition when ELF‑EMF was applied in combination to 
10 µM/ml AgNPs for 2 h. Apoptosis induction was obvious following exposure to either ELF‑EMF or AgNPs, however 
their apoptotic potential was intensified when applied in combination recording significantly (p < 0.001) induced 
apoptosis as indicated by elevated level of MCF‑7 cells in the Pre G1 phase compared to control. S phase arrest and 
accumulation of cells in G2/M phase was observed following exposure to AgNPs and EMF, respectively. Up‑regulation 
in the expression level of p53, iNOS and NF‑kB genes as well as down‑regulation of Bcl‑2 and miRNA‑125b genes were 
detected post treatment.

Conclusions: The antibacterial and anticancer potentials of these agents might be related to their ability to induce 
oxidative stress, suggesting their potentials as novel candidates for controlling infections and triggering cancer cells 
towards self‑destruction.

© The Author(s) 2022, corrected publication 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver 
(http:// creat iveco mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a 
credit line to the data.

Open Access

*Correspondence:  Shbel.rania@gmail.com
5 Microbiology and Immunology Department, Faculty of Pharmacy, 
Ahram Canadian University (ACU), 4th Industrial Zone, Banks Complex, 
6th October City, Cairo, Egypt
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-2877-6196
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13027-022-00416-4&domain=pdf


Page 2 of 16Mohamed et al. Infectious Agents and Cancer            (2022) 17:4 

Introduction
The progressing emergence and the rapid spread of bac-
terial resistance to antibiotics is considered an alarming 
world-wide health problem which strengthens the need 
for alternative therapies. This continually growing prob-
lem of antibiotic resistance not only endangers the public 
health, but also endures a massive negative impact on the 
economic development due to delayed hospitalization 
and recovery time in addition to the need for expensive 
medications as well as specialized care for patients [1]. 
Many researchers have directed their efforts to manage 
the problem of antibiotic resistance via estimating the 
effectiveness of new antibacterial agents either alone or 
in combinations [2]. In the same context, breast cancer is 
considered the second common leading cause of cancer 
death among women [3]. Although many cases of cancer 
initially respond to chemotherapy, but resistance is usu-
ally developed later [4] in addition to the undesirable side 
effects that are associated with the currently available 
chemotherapeutic drugs. Thus, there is also an urgent 
demand for developing biocompatible and cost-effective 
anticancer agents [5].

Extremely low frequency electromagnetic field (ELF-
EMF) is one of the most recent applications that exhib-
ited significant interactions with the living cells. However, 
the mechanism of this interaction is still not clarified. 
Recent studies were carried out to assess the biological 
influence of such fields on different types of living cells 
especially on bacterial cells. Multi-directional alterations 
following bacterial exposure to ELF-EMF were reported 
such as ultra-structural and growth kinetics changes 
[6]. Whereas, other studies found that ELF-EMF could 
enhance or suppress bacterial functional parameters. 
Therefore, investigating the influence of ELF-EMF on 
bacteria is essential not only for evaluating the impact of 
environmental stress on biological systems, but also to 
explore the possibility of using the ELF-EMF to control 
the resistance to antibiotics [7].

ELF-EMF generating medical devices were also applied 
for treatment of cancer patients in intensive care units. 
Consequently, during the outgoing 25  years research-
ers tried to investigate the impact of exposure to ELF-
EMF on cellular and molecular behavior in addition to 
its effect on cancer cell metabolism. It was found that 
exposure to 50/60  Hz magnetic field  promoted changes 
in signal transduction pathways that were directly associ-
ated to proliferative processes [8]. A study reported that 
electromagnetic field (EMF) could selectively hinder the 
oxidation–reduction signaling in cancer cells relying on 

the differential electrical behavior between the cancer 
and the normal cells. This signaling plays a key role in 
blocking cellular functions leading to induction of pro-
grammed cell death [9]. Recently, a study reported that 
the tumor suppressive effects of the ELF‐EMF could pre-
sent a new approach for the treatment of breast cancer if 
this technology is clinically applied [10]. It was demon-
strated that the ability of pulsed low-frequency EMF to 
modify the membrane integrity of cancer cells presents 
a new strategy in anticancer therapy. These pulsed mag-
netic fields (PMF) could selectively destruct the cancer 
cell membranes without the use of ionizing radiation or 
cytotoxic agents. Thus, these fields could be applied as 
adjuvants in cancer therapy to facilitate the delivery of 
anticancer agents to tumor cells [11]. It was also found 
that EMF enhanced the in vivo anti-tumor efficacy of cis-
platin against Lewis lung carcinoma cells [12]. Moreover, 
the exposure of glioblastoma brain cancer cells to a com-
bination between EMF and the anticancer agent temozo-
lomide enhanced the apoptosis via elevated expression 
of P53, Bax, and Caspase-3 (pro-apoptotic) genes while 
decreasing the expression levels of Bcl-2 and Cyclin-D1 
(anti-apoptotic) genes [13].

Additionally, the recent advances in nanotechnology 
offered new horizons in nanomedicine, facilitating the 
synthesis of nanoparticles (NPs) that could be applied as 
powerful weapon against pathogenic bacteria and cancer 
cells [14].

Among nanotechnology-based therapeutics, AgNPs 
attracted the attention of many researchers due to 
their distinctive characteristics and marked therapeutic 
potential in treating different diseases [14]. The antimi-
crobial activities of AgNPs either alone [15] or in com-
posites with polymer [16] have been demonstrated in 
addition to their anticancer [17] as well as their antian-
giogenic potentials [18]. AgNPs are now considered a 
valuable and non-traditional alternative to antibiotics 
with high antimicrobial potential against multidrug-
resistant (MDR) Gram-positive and Gram-negative 
bacterial pathogens [19]. It was also reported that 
AgNPs inhibited the proliferation of human glioblas-
toma cells [20] as well as human breast cancer (MCF-
7) cells [21]. It was also found that AgNPs stimulated 
pro-apoptotic genes leading to interference with nor-
mal cellular functions and induction of programmed 
cell death. A study reported that AgNPs induced apop-
tosis in NIH3T3 fibroblast cells is mediated via gen-
eration of reactive oxygen species (ROS) and activation 
of Jun N-terminal kinases (JNK) pathway leading to 
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mitochondrial dependent apoptosis [22]. Recently, the 
microenvironmental influence of titanium dioxide NPs 
as a mechanical stimulus on cancer cells has been also 
observed [23]. In addition to the reported concentra-
tion dependent metabolic disturbing effect of graphene 
oxide nanosheets on MCF-7 cells [24]. This alteration 
in the metabolomic profiling of cancer cells could con-
trol many malignant properties that are responsible for 
tumorigenesis [25]. It was also found that the mecha-
nobiological studies of AgNPs in cancer metabolomics 
suggested that AgNPs might be promising tools that 
could be explored to develop enhanced anticancer ther-
apy [26].

Consequently, the present study aimed to evaluate the 
antibacterial and the anticancer potentials of short-term 
exposure to ELF-EMF and AgNPs either in sole or com-
bined form at different time intervals. The mechanism 
of action of these agents were elucidated via estimating 
their ability to induce oxidative stress and their effects 
on the antioxidant enzymes. Apoptosis induction abil-
ity in MCF-7 cells was examined using different staining 
techniques as well as cell cycle analysis. Monitoring the 
expression profiles of five genes namely p53, inducible 
nitric oxide synthase (iNOS) and nuclear factor-kappaB 
(NF-kB), B cell lymphoma-2 (Bcl-2) and microRNA-125b 
(miR-125b) were also investigated following treatment.

Materials and methods
Bacterial strains and culture conditions
Clinical isolate of Staphylococcus aureus (S. aureus) and 
Klebsiella pneumonia (K. pneumonia) was used as a 
model for Gram-positive and Gram-negative bacteria, 
respectively. Both isolates were obtained from Kasr Al-
Ainy Teaching Hospital. S. aureus was isolated from pus 
specimen and identified using Gram stain, biochemical 
catalase and coagulase tests in addition to formation of 
golden yellow colonies on nutrient agar as well as man-
nitol fermentation on mannitol salt agar. K. pneumonia 
was recovered from urine specimen and the isolate was 
cultured on blood agar and MacConkey’s agar. Colonies 
were identified as Klebsiella pneumonia by biochemical 
reaction and confirmation was carried out using the API-
20E (BioMérieux-France) test system according to the 
manufacturer’s instructions.

The bacterial concentration of each isolate was adjusted 
to an optical density (OD)  of 0.1 at 600  nm which is 
equivalent to  108 colony forming units/ml (CFU/ml) and 
inoculated on nutrient agar plate (pH of 7.0 ± 0.2) fol-
lowed by incubation for 24 h at 37 °C. Before performing 
each experiment, three colonies from each isolate   were 
collected from each agar plate and inoculated in 5  mL 
nutrient broth to obtain fresh subcultures.

Cell culture
Breast cancer (MCF-7) cells (HTB-22) were kindly sup-
plied from the International Center for Training and 
Advanced Researches (ICTAR-Egypt). Cells were cul-
tured in RPMI-1640 media (Hyclone-USA), supple-
mented with 10% heat inactivated fetal bovine serum 
(FBS), 100 U/ml penicillin and 100 μg/ml streptomycin. 
Cells were incubated in a humidified atmosphere of 5% 
 CO2 at 37 °C (Jouan-France) till reaching confluency.

Characterization of commercial AgNPs
AgNPs were purchased as a commercial product by 
Nawah scientific (Cairo-Egypt). Characterization of the 
particle size distribution and surface charge of the pre-
pared particles were determined using Zetasizer Nano-
ZS (Malvern Instruments-UK). Morphology and mean 
size of AgNPs were   determined using Field Emission 
Scanning Electron Microscopy (FESEM) (JSM-7600F, 
Joel-Japan), at accelerating voltages of 15  kV as previ-
ously described by Alkawareek et al. [27].

Antibacterial potential
Determination of minimal inhibitory concentration 
(MIC) of the tested AgNPs against S. aureus and K. 
pnemonia was carried out using broth micro dilution 
method according to the CLSI reference standards [28]. 
One hundred microliter of  Muller-Hinton broth (MHB) 
(Oxoid-UK) were distributed in 96 multi-well microtiter 
plates (TPP-Swiss). Double fold serial dilutions of AgNPs 
were performed. Bacterial inoculum was prepared by 
adjusting the OD at 600  nm of the previously prepared 
bacterial suspension to reach a turbidity of 0.5 McFarland 
standard which is equivalent to  108  CFU/ml. The pre-
pared suspension was further diluted and inoculated in 
all plates at a final concentration of 5 ×  105 CFU/ml. Posi-
tive and negative control in each plate were considered. 
Plates were incubated at 37  °C for 24  h and examined 
visually against dark background for absence or pres-
ence of turbidity. The MIC was determined as the lowest 
concentration of AgNPs with no visible bacterial growth 
compared to control. Twenty µl from each well with no 
observed bacterial growth were further inoculated on the 
surface of  agar plates and incubated  overnight at 37 °C. 
The lowest concentration of AgNPs that kills > 99.9% of 
the initial bacterial inoculum is considered as the mini-
mum bactericidal concentration (MBC).

Electromagnetic field treatment
Fresh subcultures of S. aureus and K. pneumonia at a 
final concentration of  5X105  CFU/ml were aliquoted 
in sterile polystyrene plastic screw capped tubes and 
treated with different concentrations of AgNPs (2.5, 5 & 



Page 4 of 16Mohamed et al. Infectious Agents and Cancer            (2022) 17:4 

10 µM/ml) at 37 °C for 1 & 2 h interval. In the meantime, 
another set of tubes containing the same concentrations 
of bacteria and AgNPs were exposed to ELF-EMF of 1 m 
Tesla for the same time interval at 37 °C. Whereas, other 
tubes inoculated with the same concentration of bacteria 
were treated with ELF-EMF in absence of AgNPs. AgNPs 
or ELF-EMF untreated bacterial suspensions were con-
sidered as positive   control. At the end of the treatment 
period, samples were obtained from all tubes to deter-
mine the bacterial viable count. The percentage reduc-
tion in the viable count was calculated for all examined 
samples compared to control.

MCF-7 cells pre-cultured 75  cm2 tissue culture flasks 
(SPL-Korea) were dissociated using 0.25% trypsin–EDTA 
(Lonza-Swiss) post decanting the exhausted growth 
media. Detached cells were cold centrifuged (Jouan, Ki-
22-France),  phosphate buffer saline (PBS) washed and 
resuspended in 20  ml RPMI-1640 serum free media. 
Cells were equally aliquoted in sterile polystyrene tubes, 
treated with AgNPs  IC50 value and exposed to ELF-EMF 
of 1 m Tesla for 1 and 2 h interval. Similar concentrations 
of MCF-7 cells were treated with ELF-EMF at the same 
conditions but in absence of AgNPs. Untreated control 
cells were also considered. ELF-EMF treated cells either 
in presence or absence of AgNPs were examined for 
pathological changes in addition to cell cycle and molec-
ular analysis as well as biochemical tests.

Cytotoxicity
Cytotoxic effect of different concentrations of AgNPs was 
determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide (MTT) assay, where growth 
media were   decanted from 96-well micro titer plates 
pre-cultured with  MCF-7 cells. AgNPs were applied in 
double fold serial dilutions to MCF-7 precultured plates. 
Untreated wells served as negative control and plates 
were incubated at 37  °C for 24  h. Post incubation, the 
plates were washed three times with PBS as 250 μl/well. 
Fifty μl of MTT solution (0.5 mg/ml) were added to each 
well and plates were incubated for further 4 h at 37  °C. 
Plates were PBS washed three times and the formed blue 
colored formazan was dissolved using 50 μl/well DMSO 
(Sigma Aldrich-USA) followed by shaking the plates for 
10  min at room temperature. Optical density (OD) was 
measured at 570  nm using ELISA plate reader (Biotek, 
ELX-800-USA). The percentage of cellular viability was 
calculated, and the half maximal inhibitory concentration 
 (IC50) was determined as the concentration resulting in 
50% inhibition of cellular growth following 24 h exposure 
to AgNPs compared to the untreated control cells using 
GraphPad prism software version 5 (S. Diego-USA) [29].

Hematoxylin and eosin staining
Fifty micro liters of ELF-EMF treated MCF-7 cells either 
in presence or in absence of AgNPs were dispensed on 
clean slides (3 slides for each treatment). Slides were 
air-dried, methanol fixed and rehydrated using descend-
ing concentrations of alcohol (100%, 90%, 75% and 50%). 
Slides were washed with distilled water for 5  min. The 
slides were immersed in filtered hematoxylin stain for 
3 min and washed with distilled water twice followed by 
immersion in filtered eosin stain for 5 s and washed with 
distilled water. Dried slides were immersed in xylene fol-
lowed by mounting with Canada balsam. The coverslips 
were mounted to each slide and left to air dry. Micro-
scopic fields (100X) were photographed using digital 
camera (Canon-Japan), connected to a light microscope. 
The photomicrographs were evaluated for the presence 
of morphological features of apoptosis [30].

Apoptosis detection
ELF-EMF treated MCF-7 cell suspension, mixed with 
and without AgNPs were quantitatively examined for 
detection of apoptosis using annexin V-fluorescein iso-
thiocyanate (FITC) apoptosis detection kit (Trevigen-
USA). Briefly, treated and untreated cells were PBS 
washed and collected by centrifugation. Cells were dark 
incubated for 15  min at room temperature with 100  μl 
annexin-V incubation reagent: 10 µl (10 X) binding buffer 
1, 10 µl propidium iodide (PI), 1 µl annexin V-FITC and 
79 µl de-ionized water. Samples were treated with 400 μl 
binding buffer (1 X) and analyzed using flow cytometer 
within 1 h for maximal signal.

Cell cycle analysis
ELF-EMF treated MCF-7 cell suspension, mixed with 
and without AgNPs were processed for cell cycle analy-
sis. Cell cycle distribution was examined by measuring 
the DNA content of nuclei labeled with propidium iodide 
(PI). Cell suspensions were collected by cold centrifuga-
tion, washed with 1 ml cold PBS, centrifuged, and fixed in 
70% cold ethanol (Sigma Aldrich-USA) at + 4 °C for 24 h. 
Cells were re-suspended in PBS containing 40 μg/ml PI, 
0.1 mg/ml RNase and 0.1% (v/v) Triton X-100. Post dark 
incubation at 37  °C for 30  min, the cells were analyzed 
using flow cytometer (Becton–Dickinson, San Jose, CA, 
USA) equipped with an argon ion laser at a wavelength 
of 488 nm. The cell cycle and sub-G1 group were deter-
mined and analyzed.

Real time‑PCR
Total RNA was extracted from control, 1 and 2  h ELF-
EMF treated MCF-7 cells in presence and in absence of 
AgNPs using RNeasy Mini Kit (Qiagen-USA) accord-
ing to manufacturer’s instructions. The concentration 
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and purity of the extracted RNA was evaluated using 
Beckman dual spectrophotometer (Beckman-USA). 
The expression level of apoptosis-related genes; P53 (F: 
5’-TCA GAT CCT AGC GTC GAG CCC-3’ & R: 5’-GGG 
TGT GGA ATC AAC CCA CAG-3’), BCL-2 (F: 5’-GTG 
AAC TGG GGG AGG ATT GT-3’& R: 5’-GGA GAA 
ATC AAA CAG AGG CC-3’), NF-kB (F: 5’-CGC ATC 
CAG ACC AAC AAC A-3 & R: 5’-TGC CAG AGT TTC 
GGT TCA C-3’), iNOS (F: 5’-AGT ATG CAA TGA ATG 
GGG AA-3’ & R: 5’-ATT CGA TAG CTT GAG GTA 
GA-3’), miR-125b (F: 5’-ACT GAT AAA TCC CTG AGA 
CCC TAA C-3’  & R: 5’-TAT GGT TGT TCT GCT CTC 
TGT CAC-3’)   and β-actin (F: 5’-AGA GCT ACG AGC 
TGC CTG AC-3’ & R: 5’-AGC ACT GTG TTG GCG 
TAC AG-3’) were determined using real-time PCR. Ten 
nanograms of the extracted total RNA from each sample 
were used for cDNA synthesis using high capacity cDNA 
reverse transcriptase kit (Thermo Fischer Scientific-
USA). The obtained cDNA was subsequently amplified 
using Sybr Green I PCR master kit (Thermo Fisher Sci-
entific Inc.- Lithuania) using StepOne apparatus (Applied 
Biosystems-Thermo Fischer Scientific), as follows: 10 min 
at 95  °C for enzyme activation followed by 40 cycles 
of 15  s at 95  °C, 20  s at 55  °C and 30  s at 72  °C for the 
amplification step. Changes in the expression of the tar-
get genes were normalized relative to the mean critical 
threshold (CT) values of β-actin as a housekeeping gene.

Biochemical analysis
Assessment of reactive oxygen species, superoxide dis-
mutase and catalase  levels were determined in bacterial 
models as well as in MCF-7 cancer cell model following 
exposure to either ELF-EMF or AgNPs in addition to the 
combined treatment at different time interval. Bacterial 
models were treated with 5 µM/ml AgNPs, while MCF-7 
cells were treated with  IC50 of AgNPs.

Reactive oxygen species (ROS)
Assessment of the generated reactive oxygen species was 
determined according to the manufacturer’s protocol 
using ELISA kit, Catalog No. K936-100.

Superoxide dismutase (SOD)
SOD was evaluated using PromoKine kit-Catalog Num-
ber: PK-CA577-K335 (PromoCell-Germany) accord-
ing to the manufacturer’s instruction. The assay is 
based on that superoxide dismutase is an antioxidative 
enzyme which catalyzes the dismutation of the super-
oxide anion into hydrogen peroxide and molecular oxy-
gen. The rate of the reduction with a superoxide anion 
is inhibited by SOD. Therefore, activity of SOD could be 

determined via evaluation of the percentage inhibition 
rate colorimetrically.

Catalase (CAT)
Catalase enzyme activity was evaluated using an 
Amplex® red catalase assay kit (Molecular Probes Inc.). 
The principle of the assay depends on that Amplex Red 
reagent reacts with  H2O2 in the presence of horserad-
ish peroxidase (HRP) and catalase enzyme to produce 
highly fluorescent resorufin. The assay was carried out 
according to the manufacturer’s instructions. Briefly, 
catalase containing samples as well as control samples 
were diluted in reaction buffer and transferred to 96-well 
microplate (25  μl/well). Hydrogen peroxide prepared as 
40  μM  H2O2 was added to each well (25  μl/well). The 
reaction mixture was incubated for 30 min at room tem-
perature followed by adding 50 μl/well Amplex Red/HRP. 
The plate was incubated for 30  min at 37  °C protected 
from light. The fluorescence intensity was evaluated in 
all wells by reading the plate using an excitation range of 
530–560 nm and emission at 590 nm. The activity of cat-
alase enzyme was determined by subtracting the sample 
value from that of negative control.

Statistical analysis
All experiments were performed in three independ-
ent tests. Data were presented as the mean ± standard 
deviation (SD) and analyzed using one-way analysis of 
variance (ANOVA) and Tukey post-hoc test. Statisti-
cal analysis was carried out using statistical package 
for social sciences (SPSS) software (version 25), IBM, 
USA. Results were considered statistically significant at 
probability < 0.05.

Results
Antibacterial potential
Recorded data revealed that AgNPs showed greater 
inhibitory potentials on K. pneumonia compared to that 
in case of S. aureus, where the recorded MICs were in the 
order of 3.125 and 12.5 µM/ml, respectively. It was also 
observed that the recorded MICs exerted bactericidal 
activity on more than 99.9% of the initial bacterial inocu-
lum, so the recorded MICs were considered as MBCs.

Results showed that S. aureus viable count reduction 
percentage post exposure to sole EMF for 1 and 2 h time 
interval was 20.4% ± 3.4 and 28.5% ± 0.9, respectively. 
At   the same time, AgNPs exhibited a statistically sig-
nificant (P < 0.05) concentration dependent reduction in 
S. aureus recording 4.1% ± 0.8, 10.3% ± 1.5& 15.5% ± 3.5 
post 1 h exposure to 2.5, 5 & 10 µM/ml AgNPs, respec-
tively. Extension of the treatment period with AgNPs for 
2 h resulted in higher reduction in the bacterial count by 



Page 6 of 16Mohamed et al. Infectious Agents and Cancer            (2022) 17:4 

9.6% ± 1.7, 17.7% ± 2.8 and 21.8% ± 5.6, respectively. An 
enhancement in the antibacterial activity was recorded 
when AgNPs were applied in combination to EMF, 
where the percentage reduction recorded 31.6% ± 2.2, 
35.8% ± 4.6 & 42.3% ± 1.6 and 45.2% ± 8.3, 53.1% ± 2.5 
and 59.4% ± 3.6 following 1 and 2  h treatment interval, 
respectively (Fig. 1a).

Similar pattern of antibacterial activity was observed 
in case of K. pneumonia but with statistically signifi-
cant (p < 0.01) higher inhibitory potential compared to 
S. aureus. Treatment of K. pneumonia with EMF for 1 
and 2 h resulted in reduction in   the bacterial count by 
30.1% ± 2.9 and 41.3% ± 1.4, respectively. K. pneumonia 
viable count was reduced in a concentration depend-
ent manner in the order of 33.2% ± 5.3, 40.5% ± 1.8& 
45.4% ± 5.6 post 1  h exposure to 2.5, 5 and 10  µM/ml 
AgNPs, respectively. The inhibitory potentials were 
increased by extending the incubation period to 2  h 

recording 43.9% ± 9.7, 50% ± 5.4 and 57.3% ± 4.6, respec-
tively. A higher reduction in the bacterial count was 
observed when AgNPs were applied in combination to 
EMF where they recorded 66.5% ± 12.3, 81.3% ± 1.5 and 
92.6% ± 7.4 post 1 h treatment, respectively. In the same 
context, maximum inhibition was recorded following 2 h 
exposure to 2.5 and 5 µM/ml AgNPs in combination to 
EMF in the order of 87.4% ± 2.3 and 97.2% ± 5.5, respec-
tively, till achieving 100% inhibition when EMF was 
applied to the bacterial suspension in presence of 10 µM/
ml AgNPs (Fig. 1b).

Biochemical analysis in bacterial models
Evaluation of the ROS and SOD in S. aureus following 
1 h exposure to EMF, AgNPs and EMF + AgNPs revealed 
elevated ROS levels by 0.8-, 1.0- and 1.52-fold as well as 
an increase in SOD by 1.12-, 0.8- and 1.98-fold compared 

Fig. 1 1a: Evaluation of antibacterial activity of sole EMF and AgNPs as well as EMF combined with AgNPs on S. aureus viable count at 1 and 
2 h time interval. 1b: Assessment of the percentage reduction of K. pneumonia viable count post 1 and 2 h exposure to EMF, AgNPs and EMF in 
combination to AgNPs. *P < 0.001, **P < 0.01, ***P < 0.05
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to control, respectively. Further incubation for 2  h was 
accompanied by higher ROS and SOD levels in the order 
of 1.48-, 1.23- and 2.2-fold for ROS and 1.69-, 1.72- and 
2.44-fold in case of SOD, respectively (Fig. 2a). K. pneu-
monia also showed elevated levels of ROS by a value of 
1.2-, 1.3- and 1.68-fold as well as 1.69-, 1.42- and 2.86-
fold 1 and 2 h following exposure, respectively. In addi-
tion to increased SOD levels by values of 1.17-, 1.58- and 
2.0-fold as well as 1.73-, 1.58- and 2.52-fold 1 and 2  h 
post exposure, respectively (Fig. 2b).

On the contrary, treatment of S. aureus with EMF, 
AgNPs and EMF + AgNPs for 1  h showed a marked 
reduction in CAT levels by 0.9-, 1.21- and 2.04-fold as 
well as 2.16-, 2.14- and 2.88-fold reduction post 2 h expo-
sure (Fig.  2a). Comparable reduced levels of CAT were 
detected in K. pneumonia post 1 h treatment recording 
2-, 2.12- and 2.43-fold reduction as well as reduced CAT 
levels by 2.36-, 2.91- and 4.23-fold post 2  h treatment 
compared to control, respectively (Fig. 2b).

Cytotoxicity
The cytotoxic effect of AgNPs 24  h post MCF-7 cells 
treatment was determined using MTT assay. Recorded 
data revealed that viability was concentration dependent, 
where the   viability increases as long as the concentra-
tions of AgNPs decrease till reaching 100% viability at a 
concentration of 1  μM/ml. The calculated  IC50 value of 
AgNPs was 4.15 ± 0.20 μM/ml (Fig. 3).

Hematoxylin and eosin staining
Microscopic examination of MCF-7 cells treated with 
sole ELF-EMF for 1  h revealed the detection of swol-
len cells, swollen nuclei with mixed euchromatin and 
heterochromatin, ruptured cell membranes as well as 
intranuclear eosinophilic structures (Fig. 4a). Extending 
the exposure time to 2 h showed characteristic features 

of apoptosis such as shrinkage of cells and peripheral 
condensation of chromatin. Necrotic swollen cells with 
mixed euchromatin and heterochromatin and ruptured 
cell membrane were also observed (Fig. 4e). Apoptotic 
shrunken cells with shrunken nuclei, peripheral con-
densation of chromatin and irregular cell membranes 
were detected post 1 and 2  h treatment with AgNPs, 
respectively (Fig.  4b, f ). Treatment with ELF-EMF in 
combination to AgNPs for 1  h revealed the presence 
of swollen necrotic cells and swollen nuclei with mixed 
euchromatin and heterochromatin and ruptured cell 
membranes. Shrunken apoptotic cells with peripheral 
condensation of chromatin in addition to secondary 
necrotic cells with peripheral condensation of chroma-
tin and ruptured cell membranes as well as apoptotic 
bodies were also observed (Fig. 4c). Necrotic cells with 
mixed euchromatin and heterochromatin, ruptured cell 
membranes, intranuclear eosinophilic structures as well 
as shrunken apoptotic cells with irregular cellular and 
nuclear membranes were detected post 2 h exposure to 
ELF-EMF in combination to AgNPs (Fig.  4g). On the 

Fig. 2 a Mean fold change in ROS, SOD and CAT in S. aureus 1 and 2 h post treatment with EMF, AgNPs and EMF + AgNPs compared to control. 
b Biochemical analysis of ROS, SOD and CAT levels following K. pneumonia exposure to EMF, AgNPs and EMF + AgNPs at 1 and 2 h time interval. 
**P < 0.01, ***P < 0.05

Fig. 3 Evaluation of cellular viability of MCF‑7 cells post 24 h 
treatment with AgNPs using MTT assay indicating elevated viability 
along with decreasing AgNPs concentration. ***P < 0.05
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contrary, untreated cells showed regular appearance 
with hyperchromatic nuclei, respectively (Fig. 4d, h).

Apoptosis
Recorded data showed that the sole exposure to 
ELF-EMF and AgNPs or in combination signifi-
cantly (P < 0.001) induced time dependent apopto-
sis compared to untreated cells. Also, a statistically 
significant (P < 0.01) induction of apoptosis post 1  h 
exposure to ELF-EMF-AgNPs combined form record-
ing 16.65% ± 1.3 and 11.48% ± 1.3 of the analyzed cells 
in late apoptosis and necrosis, respectively, compared 
to lower levels of the detected cells (5.61% ± 1.8 and 
5.87% ± 2.1) post treatment with sole ELF-EMF or 
AgNPs (7.82% ± 1.1 and 6.29% ± 3.8), respectively. Fur-
ther exposure to ELF-EMF combined with AgNPs for 
2  h significantly (P < 0.01) resulted in a marked eleva-
tion of early apoptotic and necrotic cells in the order 
of 21.84% ± 2.5 and 13.71% ± 1.8 compared to that in 
case of treatment with sole ELF-EMF (11.59% ± 1.5 and 

8.26% ± 1.0) and AgNPs (10.45% ± 4.2 and 7.65% ± 0.7), 
respectively (Fig. 5).

Cell cycle analysis
Recorded data revealed a time dependent apoptosis 
as indicated by the elevation of MCF-7 cells in Pre G1 
phase (16.85% ± 2, 24.11% ± 3.1) post treatment with 
ELF-EMF for 1 and 2  h, respectively. Treatment with 
AgNPs resulted in a similar pattern of apoptosis induc-
tion recording 14.34% ± 5.5, 20.35% ± 0.8 of cells in Pre 
G1 phase post 1 and 2  h exposure, respectively. In the 
same context, MCF-7 cell treatment with ELF-EMF in 
combination to AgNPs induced a statistically significant 
(p < 0.001) time dependent higher levels of apoptotic 
cells (22.45% ± 3.5, 38.26% ± 5.4) post 1 and 2  h treat-
ment, respectively. Also, sole treatment with ELF-EMF 
induced a significant (p < 0.01) time dependent G2/M 
phase arrest (24.52% ± 2.2, 35.53% ± 1.8) compared to 
untreated cells (18.95% ± 1.5, 20.76% ± 3.2). Whereas 
significant (p < 0.01) arrest during S phase (40.68% ± 7.1, 
51.24% ± 2.2) was observed 1 and 2  h post exposure 

Fig. 4 Pathological changes detected post MCF‑7 cells exposure to sole ELF‑EMF, AgNPs and ELF‑EMF in combination to AgNPs at different time 
interval using hematoxylin and eosin staining. a MCF‑7 cells photomicrograph post 1 h exposure to ELF‑EMF showing swollen cells, swollen nuclei 
with mixed euchromatin and heterochromatin (Yellow arrows) as well as ruptured cell membranes (Green arrows) in addition to intranuclear 
eosinophilic structures (Red arrows). e Photomicrographs following 2 h treatment with ELF‑EMF revealing the occurrence of apoptosis as 
indicated by the observed shrunken apoptotic cells with peripheral condensation of chromatin (Green arrows) as well as necrotic cells with mixed 
euchromatin and heterochromatin (Yellow arrows) and swollen cell with ruptured cell membrane (Red arrow). b&f Photomicrographs of MCF‑7 
cells post exposure to AgNPs for 1 and 2 h, respectively revealing the presence of shrunken apoptotic cells with shrunken nuclei (Yellow arrows), 
peripheral condensation of chromatin (Green arrows) and irregular cell membranes (Red arrows). c Swollen necrotic MCF‑7 cells and swollen 
nuclei with mixed euchromatin and heterochromatin and ruptured cell membranes (Blue arrows) were detected post 1 h exposure to ELF‑EMF in 
combination to AgNPs. Shrunken apoptotic cell (Green arrow) with peripheral condensation of chromatin (Orange arrow) in addition to secondary 
necrotic cells with peripheral condensation of chromatin and ruptured cell membranes (yellow arrow) as well as apoptotic bodies (Red arrows) 
were also observed. g Photomicrograph post 2 h exposure to ELF‑EMF in combination to AgNPs showing necrotic cells with mixed euchromatin 
and heterochromatin (Red arrows), ruptured cell membranes (Green arrows), intranuclear eosinophilic structures (Yellow  arrows) and shrunken 
apoptotic cells with irregular cell and nuclear membranes (Black arrows). d&h Control untreated MCF‑7 cells examined at 1 and 2 h, respectively 
showing regular cells with hyperchromatic nuclei (Original magnification 100X, Oil)
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to sole AgNPs, respectively. Similarly, combined treat-
ment with ELF-EMF and AgNPs resulted in a significant 
(p < 0.05) S phase arrest (49.43% ± 4.6, 55.17% ± 3.1) 1 
and 2 h post treatment, respectively (Fig. 6).

Gene expression profile
Expression level of apoptosis related genes was evaluated, 
it was found that p53, iNOS and NF-kB genes showed 
significant up-regulation recording 4.86-, 3.47- and 5.98-
fold increase post 1  h exposure compared to 6.6-, 4.43- 
and 7.37-fold elevation post 2  h treatment, respectively. 
Down-regulation in the expression level of Bcl-2 and 
miRNA-125b in the order of 0.69- and 0.68-fold was 

observed post 1 h exposure to combined treatment com-
pared to that recorded 2 h post treatment recording 0.42- 
and 0.55-fold change, respectively (Fig. 7).

Biochemical analysis in MCF‑7 cells
The oxidative stress induced 1 h post exposure of MCF-7 
cells to ELF-EMF, AgNPs and ELF-EMF combined with 
AgNPs showed statistically significant (P < 0.05) elevated 
levels of the generated ROS recording 1.18- 1.0- and 2.04-
fold compared to untreated cell control, respectively. 
Whereas, extending the exposure time to 2 h resulted in 
increased levels of ROS in the order of 1.45-, 1.72- and 
2.88-fold compared to untreated cell control, respectively. 

Fig. 5 Evaluation of early and late apoptosis as well as necrosis post MCF‑7 cells post exposure to ELF‑EMF, AgNPs and ELF‑EMF/AgNPs for 1 and 
2 h interval using annexin V‑FITC apoptosis detection kit. *P < 0.001, **P < 0.01, ***P < 0.05. a necrotic cells, b late apoptosis, c early apoptosis
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Recorded data showed a significant (P < 0.05) elevated 
SOD levels recording 1.55-, 1.43- and 2.33-fold increase 
1 h post treatment with ELF-EMF, AgNPs and ELF-EMF/
AgNPs, respectively. While MCF-7 cells following 2  h 
treatment exhibited higher enhancement of SOD activ-
ity in the order of 2.06-, 1.8- and 2.43-fold compared to 
untreated cells, respectively. On the other side, the activ-
ity of catalase was significantly (P < 0.05) reduced post 1 h 
treatment with ELF-EMF, AgNPs and ELF-EMF/AgNPs 
by 2.04-, 1.17- and 2.66-fold, respectively. In the same 
context, the activity of catalase was also reduced post 2 h 
treatment by 2.23-, 2.0- and 4.0- fold, respectively (Fig. 8).

Discussion
Multi-drug resistance is a threatening obstacle in the 
treatment of infectious diseases, where the misuse of 
broad-spectrum antibiotics has evoked antibiotic resist-
ance among several human bacterial pathogens. AgNPs 
as well as ELF-EMF have attracted much attention in this 
field due to their recorded antibacterial potentials [6]. 
Thus, the present study tried to highlight the antibacte-
rial potentials developed following exposure to these two 
weapons either alone or in combination. For this issue, 
S. aureus and K. pneumonia were selected as models for 
Gram-positive and Gram-negative bacteria, respectively. 
S. aureus is a commensal bacterium known to asymp-
tomatically colonize the human skin, nasal passages, 
and gastrointestinal tract. S. aureus infections range 
from mild skin and soft tissue infections to more severe 

Fig. 6 Evaluation of cell cycle profile post short‑term exposure of MCF‑7 cells to ELF‑EMF and AgNPs as sole treatment as well as in combination at 
1 and 2 h time interval using flow cytometry. *P < 0.001, **P < 0.01, ***P < 0.05

Fig. 7 Evaluation of the expression profile of apoptosis related genes in MCF‑7 cells post sole exposure to ELF‑EMF and AgNPs as well as in 
combination at different time interval using real time PCR. **P < 0.01, ***P < 0.05
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invasive diseases, such as endocarditis, bacteremia, sep-
sis, pneumonia, and osteomyelitis [31]. In the meantime, 
K. pneumonia accounts for a significant proportion of 
hospital-acquired urinary tract infections, pneumonia, 
septicemia as well as soft tissue infections and it has 
become multi-resistant to various types of antibiotics. 
k. pneumonia infections are also of clinical importance 
among patients in intensive care units with compromised 
immune systems such as cancer patients [6]. The present 
study aimed also to investigate the influence of short-
term exposure to ELF-EMF and AgNPs either in sole 
or combined form at different time intervals. Thus, we 
selected 1 and 2 h time interval as a model for the short-
term exposure time.

Similar to the current findings it was reported that 
AgNPs exhibited antibacterial activity against E. coli 
in a concentration and time dependent manner at a 
range of low concentrations in the order of 10 µM and 
100 µM [32]. Many other studies demonstrated that the 
antibacterial potential of AgNPs isn’t only specific for 
Gram-negative bacteria (E. coli, K. pneumonia and P. 
aeruginosa), however its activity also extents to Gram 
positive (S. aureus and B. subtilis) bacterial strains. It 
was reported that the cytotoxic effect of AgNPs against 
bacteria may result from the oxidative dissolution of 
AgNPs and the release of  Ag+ ions from AgNPs. The 
released  Ag+ ions interact with sulfhydryl (-SH) groups 
of cell wall-bound enzymes and proteins, then inter-
fere with the respiratory chain of bacteria resulting in 
disruption of the bacterial cell wall. In addition to the 
ability of the released ions to penetrate the bacterial 
cell wall and react with thiol groups of the proteins in 

cytoplasm as well as degrading the chromosomal DNA 
which subsequently result in failure of ATP produc-
tion and chromosomal replication [33]. Another study 
examined E. coli post exposure to AgNPs using trans-
mission electron microscope to observe the interaction 
between them. It was found that the positively charged 
 Ag+ ions were attracted to the negatively charged bac-
terial lipopolysaccharides, induce the formation of 
holes in the bacterial cell wall and result in cell lysis 
[34]. It is important to note that the rate of dissolution 
of AgNPs to release Ag + ions is multifactorial, where it 
is dependent on several factors including their physico-
chemical properties such as the size, shape, concentra-
tion, capping agent and colloidal state of NPs as well as 
the presence of chlorine, thiols, sulfur, and oxygen [35].

In the current study, the recorded MICs and the 
viable count following treatment with AgNPs revealed 
that these particles showed greater inhibitory poten-
tials towards Gram-negative bacteria compared to that 
observed in case of Gram-positive bacteria. Similar 
findings were reported in another study, where they 
demonstrated higher antibacterial activity of AgNPs 
against E. coli compared to that exerted on S. aureus 
[36]. That was attributed to the structural differences in 
the composition of the cell walls between Gram-posi-
tive and Gram-negative bacteria. Gram-negative bacte-
ria have an outer layer of lipopolysaccharides and thin 
layer of peptidoglycan which confers for the overall lack 
of rigidity of the cell wall of Gram-negative bacteria. 
On the other side, Gram-positive bacteria have a three-
dimensional rigid cell wall consisting of thicker layer of 
peptidoglycan which is formed of linear polysaccharide 

Fig. 8 Assessment of the generation of ROS, SOD and CAT post MCF‑7 cells exposure to ELF‑EMF and AgNPs as sole treatment as well as in 
combination at 1 and 2 h time interval. **P < 0.01, ***P < 0.05
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chains cross-linked by short peptides. The rigidity and 
cross-linking not only diminish the cell wall attachment 
sites for AgNPs in Gram-positive bacteria but also 
increase the difficulty of AgNPs penetration to the bac-
terial cell wall [19].

In the same context to the antibacterial potentials of 
AgNPs, other studies demonstrated the bacterial inhibi-
tory activity of ELF-EMF. It was found that exposure of 
different Gram-positive and Gram-negative bacterial 
strains to ELF-EMF resulted in reduction in their growth 
rates with respect to control samples. In addition to the 
ultrastructural changes that were observed post treat-
ment with this type of electromagnetic waves [37]. Also, 
another study reported a reduction in the percentage 
viability of S. aureus and E. coli post exposure to ELF-
EMF. That was justified by the ability of these waves to 
alter the structure and function of the ion channels and 
efflux pumps of bacterial cell walls resulting in an altera-
tion in the permeability of the bacterial cell wall to dif-
ferent molecules leading to cell death. Although many 
researchers tried to explore the effect of EMF on bacte-
ria, but these effects are variable depending on the fre-
quency and intensity of EMF, exposure time as well as 
the phase of bacterial growth, ingredients of the media, 
genetic properties, presence or absence of oxygen, and 
bacterial membrane features [38]. In accordance with the 
current findings, it was demonstrated that the antibacte-
rial potentials of either AgNPs or EMF were highly effec-
tive against Gram-negative bacteria compared to that 
recorded in case of Gram-positive [2].

In agreement with the present study, it was reported 
that EMF is a versatile tool which could be successfully 
used for increasing the susceptibility of bacteria to anti-
bacterial agents. They reported elevated antibacterial 
potentials when iron NPs were applied in combination to 
EMF against Bacillus subtilis and E. coli bacterial mod-
els. They attributed this elevated inactivation efficiency to 
the induction of higher local field gradients, hyperther-
mia, and motion of both the bacterial cells and magnetic 
NPs. Despite the ability of EMF to enhance the antibac-
terial potentials of different antimicrobials such as NPs, 
but their exact mechanism of action is still unclear and 
requires further investigations [39]. Thus, the present 
study evaluated the levels of ROS as well as the antioxi-
dant enzymes (SOD and CAT) to explore the reason for 
the bacterial inhibitory potentials of AgNPs and ELF-
EMF either alone or in combination. Current findings 
revealed that the antibacterial potential of AgNPs against 
S. aureus and K. pneumonia was directly proportional 
to the detected elevated levels of ROS in both bacterial 
models post treatment. Consequently, the recorded bac-
terial inhibitory potentials could be justified by the abil-
ity of AgNPs to induce oxidative stress in bacterial cells 

due to the production of ROS. It was reported that the 
positively charged silver ions released from AgNPs could 
induce oxidative stress in bacterial cells due to their 
interference with the normal function of the bacterial 
electron transport chain and thus facilitating the genera-
tion of ROS. ROS generation is primarily responsible for 
the bacterial death as it enhances lipid peroxidation but 
hindered ATP production and DNA replication [40]. At 
the same time, another study attributed the antibacte-
rial potential of AgNPs to the combined effect of these 
particles on the bacterial components as previously dem-
onstrated in addition to their ability to induce oxidative 
stress [41].

It is important to point out that, SOD and CAT are 
antioxidant enzymes which have been identified as criti-
cal modulators in AgNPs induced oxidative stress and 
are considered as bioindicators of increased ROS pro-
duction. [42]. AgNPs induced oxidative stress in bacte-
rial cells results in the generation of superoxide anion 
 (O2

•−). This free radical could be dismuted to hydrogen 
peroxide  (H2O2) by the effect of SOD enzyme. The pro-
duced  H2O2 is then quickly converted to  H2O and  O2 by 
CAT enzyme. The  H2O2 produced by the effect of SOD 
could penetrate the bacterial membranes and interacts 
with ferrous ion  (Fe2+) and thiol groups (-SH) of protein 
cysteines leading to inactivation of essential enzymes of 
the pathogen. Moreover,  Fe2+ is oxidized during a Fenton 
reaction by  H2O2 and generates hydroxyl radical, which 
in turn causes further destruction in the bacterial pro-
teins, DNA, and lipids [43].

Similar to our results, a study found that the activity of 
SOD in AgNPs treated P. aeruginosa was elevated, how-
ever the activity of CAT was reduced post treatment. 
This study reported that AgNPs enhanced the activity of 
SOD enzyme resulting in an accumulation of  H2O2. On 
the other hand, AgNPs treated cells failed to get rid of 
the accumulated  H2O2 due to suppression of CAT activ-
ity by the effect of AgNPs. Accordingly, AgNPs treated 
bacterial cells showed elevated levels of cell death due to 
the enhancement of oxidative stress by the effect of the 
accumulated  H2O2 [34]. That was suggested to be related 
to the formation of AgNPs-CAT complex which in turn 
resulted in conformational changes in CAT enzyme 
leading to an impairment of its enzymatic activity. In 
contrast, the formation of AgNPs-SOD complex has no 
influence on its enzymatic activity [44].

Regarding the anticancer potential of AgNPs and in 
agreement with the present findings, it was reported 
that AgNPs reduced MCF-7 cellular viability in a 
dose  dependent manner recording an  IC50 value of 
6.28 μM [45]. It was reported that excessive production 
of ROS in cells by direct interaction with AgNPs and/ 
or dissolved silver ions is currently accepted as one of 
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the main mechanisms of cellular toxicity of engineered 
nanoparticles in living organisms. Although ROS have 
many signaling and information functions, but it could 
also diminish the antioxidant defense system leading 
to damage of DNA, lipids and proteins [44]. That was 
obvious in the current study, where the recorded results 
revealed a time dependent reduction in CAT enzyme 
activity, which is considered an antioxidant enzyme, 
post treatment with AgNPs either alone or in combi-
nation to EMF. The observed CAT enzymatic activity 
reduction was also in parallel to apoptosis induction 
following treatment with AgNPs as well as production 
of ROS. This might be attributed to AgNPs induced 
generation of oxidative stress which was intensified by 
reduction of CAT enzymatic activity resulting in  H2O2 
accumulation as previously explained.

The recorded ability of EMF to induce apoptosis in 
MCF-7 cells  could be related to some reports that  high-
lighted the ability of electromagnetic field to induce 
hyperthermia in tumor cells. It was demonstrated that 
hyperthermia could kill cancer cells but with limited haz-
ards on healthy cells due to the well-known biophysical 
differences between the cancer cells and their healthy 
counterparts. Hyperthermia not only induce apoptosis 
in cancer cells but may also enhance the susceptibility of 
cancer cells to anticancer agents thus allowing the reduc-
tion of their administered doses [46]. That was obvious in 
the present findings, where the current results reported 
a time dependent ability of the combination between 
EMF and AgNPs to enhance apoptosis in AgNPs treated 
MCF-7 cells compared to the lower apoptosis induced in 
case of sole application of AgNPs.

In accordance with the current findings, a study inves-
tigated the biochemical consequences following exposure 
to EMF and suggested that the genotoxic events associ-
ated with exposure to EMF might be due to its ability 
to elevate the levels of free radicals which in turn led to 
DNA damage [47]. Another in vivo study demonstrated 
alteration in different oxidative stress biomarkers (SOD 
and CAT) as well as increased ROS levels in the brain of 
male rats following exposure to ELF-EMF for 2 h. It was 
also found that the exposure of murine squamous cell 
carcinoma line (AT478) to ELF-EMF for 16 min resulted 
in an increased ROS formation and SOD activities. Simi-
lar observations showed elevated ROS formation and 
induced cell death post 1  h exposure of breast cancer 
(MDA-MB-231) cells to EMF [48].

The ability of AgNPs and EMF to induce apoptosis 
either alone or in combination was proved in the pre-
sent study using several techniques. For example, hema-
toxylin and eosin staining indicated the enhancement of 
apoptosis in MCF-7 cells. These results were confirmed 
via flowcytometric analysis using annexin V-FITC and 

PI staining. Also, a significant time dependent elevated 
late apoptosis was detected  following cellular treatment 
with EMF-AgNPs combination compared to  that   in 
case of sole application of EMF and AgNPs  as well as to 
untreated cell control.

Cell cycle analysis in addition to  the assessment of the 
gene expression profile of 5 apoptosis related genes were 
also performed to explore the correlation between the 
detected apoptosis and the influence of the applied treat-
ments on cell cycle phases as well as the gene expression 
pattern. Recorded results proved the potential of EMF,  
AgNPs and   their combination to induce apoptosis as 
they significantly induced elevated level of cells in Pre G1 
phase. The exposure to AgNPs was also accompanied by 
S phase arrest. On the other hand, following the exposure 
to EMF there was a significant elevation in the percent-
age of cells in G2/M phase. In agreement with the current 
findings, it was reported that treatment of MCF-7 cells 
with an  IC50 concentration of AgNPs generated progres-
sive accumulation of cells in the S phase of the cell cycle 
[45]. Another study reported the accumulation of MCF-7 
cells in the G2/M phase 6, 12 and 24 h following expo-
sure to EMF [49].

Regarding investigating the mechanism of action of 
the EMF and AgNPs on apoptosis at the molecular level. 
The expression levels of two pro-apoptotic genes (p53 
and iNOS) as well as two anti-apoptotic genes (Bcl-2 and 
miRNA-125b) in addition to the impact on the expres-
sion level of NF-kB were evaluated following exposure 
to different treatments. In agreement with the current 
findings, a recent study reported that the expression lev-
els of pro-apoptotic genes (p53, Bax and caspase-3) were 
significantly up-regulated, whereas the expression of the 
anti-apoptotic gene Bcl-2 was significantly down-regu-
lated in AgNPs treated MCF-7 and colon cancer (HCT-
116) cells [50].

The current study aimed to explore other novel mecha-
nisms that might be involved in AgNPs or EMF induced 
cytotoxicity on MCF-7 cells. Thus, the expression profile 
of iNOS gene was investigated. Similar reports revealed 
that AgNPs elevated the expression level of iNOS genes 
as well as nitric oxide (NO) derived reactive species in 
human osteoblast cells [51]. However, it is essential to 
prove the generation of NO in our study on the transi-
tional level not only on the molecular level. In accordance 
with the current findings, a study demonstrated down-
regulation in the expression levels of various miRNA 
genes following treatment of cancer liver (HepG2) cells 
with different types of nanoparticles. The reported 
changes were highly induced by AgNPs followed by gold 
and iron nanoparticles and at   the same time they were 
accompanied by inhibition of both cellular proliferation 
and tumorigenesis [52].
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It is worth to point out that NF-kB gene plays a dual 
role in apoptosis, where it could function as both a pro-
apoptotic and anti-apoptotic regulatory factor within 
a single cell type [53]. It was also reported that the pro-
apoptotic or anti-apoptotic function of NF-kB is deter-
mined by the nature of the apoptotic stimulus. Thus, 
the nature of the signals evoked by the respective death 
enhancers determines whether NF-kB induction leads 
to apoptosis or survival, suggesting that the modulation 
of NF-kB activity may present a new approach in can-
cer adjuvanted therapy [54]. A study demonstrated that 
the NF-kB pathway has been proposed to be a key fac-
tor contributing to the unusual phenotype and aggres-
siveness of breast cancer. In agreement with our results, 
it was reported that some up-regulated NF-kB-related 
genes could serve as novel therapeutic targets in breast 
cancer [55].

To the best of our knowledge, this is the first study that 
tried to explore the apoptosis induction potentials of the 
combination between ELF-EMF and AgNPs. Also, the 
mechanisms that may be involved in the antibacterial and 
anticancer potentials of the short-term exposure to ELF-
EMF in combination to AgNPs have not been previously 
investigated. Current findings strongly suggest that the 
ability of ELF-EMF in combination to AgNPs to induce 
oxidative stress in bacterial and cancer cells via genera-
tion of ROS, SOD induction and catalase reduction could 
be responsible for their antibacterial and anticancer 
potentials. The significance of this study isn’t only related 
to exploring the antibacterial and the anticancer poten-
tials of AgNPs and ELF-EMF either alone or in combi-
nation as new therapeutic approaches, but it spotlight 
on the effectiveness of the combination between these 
agents as an essential life-saving approach if this type of 
treatments could be applied clinically. That might offer 
greater health improvement especially in the immuno-
compromised cancer patients who are more vulnerable 
to develop infections with antibiotic resistant pathogens.

Study limitations
This research study was performed on  only   two kinds 
of pathogenic bacterial models, one cancer cell model 
and only at one tested intensity (1 m Tesla) of the EMF. 
Further studies on different bacterial and cancer cell 
models as well as different exposure conditions are 
recommended.

Conclusions
AgNPs and ELF-EMF could be considered as poten-
tial antibacterial and anticancer agents. The activities 
of these agents were enhanced upon their combina-
tions in a time dependent manner even though at short 

exposure time. The recorded reduction in the bacterial 
viable count following exposure to these agents was 
higher against Gram-negative bacteria as compared 
to Gram-positive bacterial model. These antibacterial 
potentials were suggested to be related to the capa-
bility of these agents to induce oxidative stress by the 
generation of ROS. However, their effect was magnified 
via enhancing the antioxidant activity of SOD and on 
the other side reducing the activity of catalase enzyme 
resulting in elevated toxicity that might be attributed 
to  H2O2 accumulation. Consequently, the combination 
between the tested agents could present a novel strat-
egy for infection control and to overcome bacterial 
resistance. In the meantime, a time dependent induc-
tion of apoptosis was observed following treatment of 
MCF-7 cells with AgNPs, ELF-EMF as well as in com-
bination. That was proposed to the ability of the tested 
treatments to significantly elevated the Pre G1 apop-
totic phase of MCF-7 cells. Moreover, the exposure to 
AgNPs induced S phase arrest, whereas the EMF treat-
ment was accompanied by accumulation of cells in the 
G2/M phase. Additionally, up-regulation in the expres-
sion level of p53, iNOS and NF-kB genes was observed, 
however down-regulation of the anti-apoptotic genes, 
namely Bcl-2 and miRNA-125b was detected post 
treatment. Biochemical analysis also shed light on the 
ability of both EMF and AgNPs to induce apoptosis via 
generation of oxidative stress. Finally, it could be con-
cluded that AgNPs and ELF-EMF either in sole applica-
tion or in combination could be considered as potential 
oxidative stress generating agents that might pave the 
way to solve the problem of antibiotic resistance espe-
cially in immunocompromised cancer patients and 
could successfully direct cancer cells to death.
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