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Potent biological activity of newly 
fabricated silver nanoparticles 
coated by a carbon shell 
synthesized by electrical arc
Bassma H. Elwakil 1, Ahmed M. Eldrieny 2, Awatif Rashed Z. Almotairy 3 & 
Mostafa El‑Khatib 4*

Highly effective AgNPs@C was efficiently synthesized by electrical arc powered by single spark 
unit which was sufficient to ionize the dielectric media (deionized water) through applying strong 
electric field between the electrodes (silver and carbon). The AgNPs@C shell was characterized in 
terms of stability, morphology and phase structure. All characterizations showed that the prepared 
silver nanoparticles were spherical with average size reached 17 nm coated with carbon shell. The 
antibacterial effect of the synthesized nanoparticles was tested against Pseudomonas aeruginosa 
in comparison to Ceftazidime (commonly used antibiotic against P. aeruginosa infections). It was 
revealed that AgNPs@C shell has superior activity with inhibition zone diameter reached 15 mm and 
minimum inhibitory concentration reached 2 µg/mL. The observed activity was further confirmed by 
confocal microscope which showed an increased red region, representing the dead cells, correlated 
with the presence of AgNPs@C. Moreover, transmission electron microscope studies implied the 
possible AgNPs@C antibacterial mechanism of action was the nanoparticles adherence to the 
bacterial membrane causing cell lysis. The molecular studies against fimH (virulence adhesion gene), 
rmpA (mucoid factor encoding gene), and mrkA (biofilm forming gene) proved the inhibition of their 
genetic expression. The cytotoxic effect of the synthesized AgNPs@C showed CC50 reached 235.5 μg/
mL against normal lung cells (L929 cell line).
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Scientists have been competing in recent years to find ways to enhance the quality of life for human beings1–6. 
Nanomaterial applications play an important part in our daily lives, while their advantages and drawbacks can 
be either maximized or minimized. Nanomaterials’ superior physical and chemical capabilities were due to 
their particles’ size, shape, and composition7. Silver nanomaterials are among the most extensively synthesized 
materials8. There are three main categories that are utilized to produce silver nanoparticles (AgNPs) namely 
chemical, biological, and physical9. Physical synthesis has several advantages over the other two methods which 
can be summarized in the minimal impurity output specially upon using electrical arc discharge method10. Arc 
discharge is one of the oldest and most effective methods for producing high-quality carbon nanotubes along with 
other physical synthesis methods1–10. Changing the arc discharge settings offers a great deal of leeway for improv-
ing both quality and quantity. Arc current, power supply, temperature, pressure, medium, and electrodes shape 
are the most important factors in the arc discharge synthesis11. Direct current is often utilized for arc discharge 
while fewer studies were focused on the impact of alternating current (AC) versus pulsed power (PWM)12,13. On 
the other hand, extensive studies reported the impact of atmospheric part, and the correlations between pressure 
and the nanoparticle output14–16. It was reported that there is a direct correlation between the applied current 
and the size of the resulting nanoparticles17,18. Nanoparticles (NPs) in the arc discharge process are dependent 
on temperature for both nucleation and growth, and the relationship between these requires further research19,20. 
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Moreover, electrodes’ geometry is a determining factor in the NPs production where smaller anode diameters 
leads to higher yields21–23. The use of organic solvents like acetone in the arc discharge technique leads to high 
average size nanoparticles, whereas deionized water yields a smaller and spherical product24. Further research 
is needed to determine the precise process underlying the nanoparticle creation7,11. AgNPs are not very stable 
in humid environments25,26. The key to successful silver nanoparticle preparation is preventing the development 
of aggregates. Several recent studies investigated the preparation of AgNPs as antimicrobial agent27–30. Strong 
stability will be indicated if the sample’s zeta potential was around ± 25.0 mV10, as shown in prior work, this can 
be achieved by adding a stabilizing agent such as polyvinylpyrrolidone (PVP) or sodium citrate31,32, which will 
extend the nanoparticles’ shelf life from days to months.

In this work, AgNPs@C shells were produced, and their antibacterial activity were investigated against Pseu‑
domonas aeruginosa. Pseudomonas aeruginosa was chosen due to its ranking among the highest global priority 
list of pathogens in 2017 according to World Health Organization (WHO)33. Moreover, it was ranked fifth among 
the most commonly isolated nosocomial pathogens in 28 European countries during 2016–201734, while U.S. 
Centers for Disease Control and Prevention (CDC) reported that 32,600 hospitalized patients were infected by 
multi drug resistant (MDR) P. aeruginosa in 201735. The increased resistance with newly emerged resistance 
mechanisms increased the threat of ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumo‑
niae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) infections36. Multidrug-resistant 
(MDR)/extensively drug-resistant (XDR) Pseudomonas aeruginosa is a major threat with increased mortality, 
morbidity, and healthcare costs among the hospitalized patients37. In the context of antimicrobial management 
programmes, the treatment of these medical conditions is still difficult and calls for expert knowledge.

Hence, in the present study AgNPs@C was tested for its potential activity against P. aeruginosa. The fabrication 
technique relies heavily on high current and low voltage between the electrodes, which creates a strong electric 
field between the electrodes in the form of plasma. The use of an alternating current (AC) power source enables 
a fast and effective arc discharge procedure. The product was also characterized through transmission electron 
microscope (TEM), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), Ultraviolet–vis-
ible (UV)-spectroscopy, and Energy dispersive X-ray (EDX).

Materials and methods
Materials
Silver rod (Purity 99%) was used as cathode submerged in deionized water (pH = 5.6, conductivity = 0.8–0.9 μS) 
with Carbon (Purity 99%) as anode. Whatman filter paper, Servo motor, arduino uno, potentiometers, multi 
speed motor, screw and pinion mechanism, monitor controller, electrodes holder, AC power supply, cooling 
system were used.

Experimental system
The system designed to create AgNPs@C shell shown in Fig. 1 composed of High purity silver cathode, microcon-
troller system, AC-power supply, an open vessel and motor. There are inlet and outlet holes for ethylene glycol’s 
constant flow rate supplying to maintain the temperature constant during the process.

Silver cathode has large dimensions in comparison to the carbon anode (Table 1) to increase the yield10. 
Each electrode was connected to a servo motor to maintain the gab constant. The rotational force accelerates 
clusters and prevents condensation on the electrode surfaces. The produced nanoparticles will be dispersed in 
the collecting medium (deionized water to yield fine shaped nanoparticles with small size)21,22 instead of trapping 
the produced particles on the electrode itself. The low voltage (30 V) and high current (15 A) produced by the 
AC power supply causes the silver electrode poles to vaporize or melt into silver clusters. The clusters are then 
quenched by the deionized water at 5 °C; eventually resulting in nanoparticles’ formation.

Figure 1.   Electric arc discharge system6.
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The resulting yield were analyzed by UV–Vis spectrometer (Thermo Scientific™ Evolution 300), JEOL JEM-
2100 high resolution transmission electron microscope, X-ray diffraction analyzer and Fourier Transform Infra-
red Spectroscopy (FTIR), and Energy dispersive X-ray (EDX) analysis. 

Antibacterial activity
The antibacterial effect of the synthesized AgNPs@C was assessed through disc diffusion, minimum inhibitory 
concentration (MIC), minimum bactericidal concentration (MBC), bacterial lethality curve, quantitative real‐
time PCR, live-dead fluorescent essay, and transmission electron microscope.

Disc diffusion assay
Pseudomonas aeruginosa optical density (OD) was adjusted to 0.1 OD. 25 µL of the adjusted bacterial suspension 
was inoculated on the Müeller-Hinton (MH) agar plates. While 25 µL of 50 μg/mL AgNPs@C suspension were 
loaded on sterile discs then the loaded discs were plated over the MH inoculated plates. Afterwards, the plates 
were incubated for 24 h at 37 °C38.

MIC and MBC determination
A serial dilution technique was used to determine the minimum concentration needed to inhibit bacterial 
growth according to Dev et al.39. After determining the MIC of the AgNPs@C, the dilution representing the MIC 
and five higher concentrations were plated on Müeller–Hinton agar plates then furtherly incubated for 24 h at 
37 °C. The MBC endpoint was detected by checking pre and postincubated plates for the absence or presence 
of P. aeruginosa isolates growth39.

Bacterial lethality curve
The optimum time required to inhibit the bacterial growth was assessed through estimating the bacterial lethality 
curve. MIC value of the tested AgNPs@C was used throughout the present investigation. One mL of 1 × 106 CFU/
mL P. aeruginosa was added to 10 mL Müeller–Hinton broth containing AgNPs@C minimum inhibitory con-
centration then 100 µL were withdrawn to assess the bacterial growth at 0, 2, 4, 6, 8, 12 and 24 h (OD 600 nm)40.

RNA extraction and quantitative real‑time PCR
Real-time PCR was used to examine the effect of AgNP@C on the fimH, rmpA, and mrkA genes’ expression 
(against the most resistant MDR P. aeruginosa strain). RNA was isolated by RNA extraction kit. Then the comple-
mentary DNA (cDNA) was synthesized using cDNA synthesis kit. 16S rRNA gene was utilized as a normalizing 
factor. To analyze the relative changes in gene expression ports, the 2 − ΔΔCt method was applied41.

Confocal scanning laser microscopy (CLSM)
The antibacterial effect of AgNPs@C was confirmed through confocal scanning laser microscopy [CLSM; Leica 
DMI 6000 B FluoView microscope (TCS SP5) coupled with confocal scanner (USA)]. Green fluorescence signal 
was 580-nm beam splitter employed with a long-pass 520-nm filter while red fluorescence signal was and long-
pass 590-nm filter42.

Transmission electron microscope (TEM)
Further study through transmission electron microscope (JEM-100 CX Joel TEM) was applied to determine the 
possible antibacterial mechanism of action38.

MTT essay
L929 normal lung cell line was used to determine the viability through 3‐(4,5‐ dimethylthiazol‐2‐yl)‐2,5‐diphe-
nyltetrazolium bromide (MTT) assay. After 24 h of incubation (allowing the cell adherence), the cell medium was 
withdrew, and the cells were exposed to different concentrations (25, 50, 100, 200, and 400 µg/mL) of AgNPs@C. 
After 24 h of incubation, the medium in each well was replaced with MTT solution and fresh medium, and the 

Table 1.   The significantly important parameters used in the present arc discharge method.

Key parameters Values

Discharging voltage (average value) 30 V

Discharging current (average values) 15 A

cathode disk (diameter, length) 16 mm, 10 cm

Anode (diameter, length) 2 mm, 5 cm

Discharging Duration time 10 min

Temperature of solution (before and After) 50 C

Pressure Atmospheric

PH 6

Volume of solution 3 L
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cells were incubated for 4 h. Finally, the absorbance of each well was determined in a microtiter plate reader at 
570 nm43.

Institutional review board statement
This research work was approved for publication by unit of research ethics approval committee (UREAC), Faculty 
of Pharmacy, Pharos University in Alexandria (PUA/06/2023/4/30/3/084).

Results and discussions
Morphological examinations
TEM examinations were performed using JEOL JEM-2100 high resolution transmission electron microscope 
with an accelerating voltage of 200 kV. The obtained images showed silver nanoparticles with uniformed spheri-
cal shape which was in a good agreement with the face-centered cubic (FCC) Ag(111) planes, also the diameter 
of silver NPs was calculated by HR-TEM and found to be about 20 ± 3 nm. Figure 2 showed a dark sphere 
representing AgNPs coated with outer diameter about 3 nm of C shell. The preparation method influenced the 
yield where the light color C shell was functionalized and surrounding the dark spheres of the obtained AgNPs.

Figure 2.   TEM of AgNPs@C shell.

Figure 3.   XRD pattren of Ag@C nanospheres.
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Physicochemical characterization
XRD
The first peak at 2θ = 26.4° indicated the formation of carbon shell as assigned to the software with code JCPDS 
No. 01-064644. The results were presented in Fig. 3. The obtained spectrum reveals the main peaks of silver phase 
at 2θ as tabulated in Table 2 which was in close agreement with the 04-078345 standard card from the JCPDS. 
Average crystalline domain of AgNPs, determined by Debye–Scherrer formula, was approximately 17 nm for 
C and 26 ± 3 nm for AgNPs as detected by the XRD pattern. AgNPs and C diameters in the diffraction pattern 
were correlated with the average crystal size in the sample. This correlation was described by the Scherrer equa-
tion as shown in Eq. (1):

where D is the crystal diameter, B is the full width at half maximum of the peak, θ represents the Bragg angle, 
and k is a constant related to the crystalline shape.

The crystallite index of AgNPs was also calculated using the Scherrer method which was found to be in the 
range of 76% (polycrystalline) for Nano sized synthesized Ag@C. The crystallinity index was evaluated through 
the equation expressed as blew in Eq. (2):

FTIR‑analysis
Figure 4 displayed the FTIR spectra of the AgNPs@C core shell. The strong and widespread absorption peak seen 
at 3405 cm−1 was created by the stretching vibration of OH8. The bands in the 2913–2842 cm−1 region could be 
attributed to the C–H stretching vibration46. The peaks at 1627 cm−1 and 1568 cm−1 were representative peaks of 
C=O (C6H5–C=O) and C=C vibrations, respectively8. Besides, the peaks from 1112 to 1447 cm−1 corresponded 

(1)D = K�/(B cos θ)

(2)Icry = Dp(TEM)/Dcry(XRD)

Table 2.   XRD diffraction pattern of Ag@C nanospheres.

Diffraction angles (2θ) degree d (Å) XRD (h k l) Miller indices Grain size (nm) Particle type

26.228 3.39500 (002) 17 nm CNTs

38.115 92 (111) 23 nm

AgNPs
44.299 37 (200) 25 nm

64.443 23 (220) 28 nm

77.397 24 (311) 28 nm
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Figure 4.   FTIR spectra of AgNPs@C nanospheres.
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to the C–OH stretching and OH bending vibrations, which suggested the existence of many residual hydroxyl 
groups on the surfaces of AgNPs@C nanospheres8,47.

UV–vis analysis
The sensitivity of UV–Vis is highly dependent on the shape of the nanoparticles that was indicated with a broad 
smooth peak around 396 nm that proved the formation of spherical shape silver nanoparticles (Fig. 5a) (probably 
a fairly wide absorbance band of silver due to excitation of electrons from the valence band to the conduction 
band). Another peak started around 200 nm refer to the presence of amorphous carbon. Moreover, owing to 
quantum confinement48, the optical energy band gap (Eg, eV) value of Ag@C NPs was 5.5 eV (Fig. 5b). However, 
no absorption peak of impurities was detected by using UV–vis spectroscopy. These results evidently indicate 
that Arc discharge technique are conspicuously successfully produced AgNPs@C without chemical impurities 
which can be a strength point in the medical applications49.

Energy dispersive X‑ray (EDX)
Chemical purity of the product was examined by EDX for identification of elemental compositions of the yield 
which proved high purity of the sample ~ 100% as shown in Fig. 6. It was observed that the majority of the 
product was due to the presence of silver nanoparticles (59.29 ± 0.38 Atom%) while carbon Atom% was found 
to be 40.71 ± 0.50.

AgNPs@C stability
The type of capping agent, the surrounding environmental variables, such as pH, ionic strength, and the back-
ground electrolyte composition, all play a role in colloidal stability. If the NPs are not shielded by a capping 
agent that provides colloidal stability by electrostatic or steric repulsion, their high surface area to volume ratio 

Figure 5.   UV analysis (a) and band gap energy (b) of the fabricated AgNPs@C.

Figure 6.   EDX analysis of the formulated Ag@C nanospheres.
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results in high reactivity, which causes particle aggregation and settling. According to the traditional Derjaguin, 
Landau, Verwey, and Overbeek (DLVO) hypothesis, colloidal particles are encircled by a diffuse electrostatic 
double layer (EDL), and the equilibrium between the electrostatic repulsion and van der Waals forces controls the 
stability of the colloidal suspension. Solution characteristics like pH, ionic strength, and electrolyte ion valence 
are strongly related to the size of the electrical charge inside and the thickness of the EDL50. Hence The stabil-
ity of the synthesized AgNPs@C was evaluated by monitoring the zeta potential changes in serum, phosphate 
buffer solution at pH 4, 7 and 10. Table 3 proved that AgNPs@C were highly stable at physiological pH and in 
serum. During the different incubation periods, the zeta potential measurements slightly increased with time. 
Generally, a suspension that exhibits a zeta potential less than ± 20 mV is usually considered unstable and will 
result in particles settling out of solution in the absence of other factors50.

Antibacterial activity
Antibacterial Activity of AgNPs@C against P. aeruginosa was assessed through disc diffusion method, MIC, MBC, 
confocal laser microscope, molecular study, and transmission electron microscope examination. Disc diffusion 
method revealed that the synthesized AgNPs@C could inhibit the bacterial (P. aeruginosa) growth at a concen-
tration equaled 50 µg/mL (Fig. 7a). Hence, MIC and MBC studies were required to assess the exact required 
concentration that would inhibit the bacterial growth. It was revealed that P. aeruginosa 2, P. aeruginosa 3 and P. 
aeruginosa 4 were the most resistant strains with MIC values reached 4, 4 and 16 µg/mL respectively (Table 4). 
These results were confirmed using the live and dead staining method, where red indicates the dead cells and 
green represents the live cells51. The live and dead assay of nanoparticles against P. aeruginosa were displayed 

Table 3.   Zeta potential (mV) of AgNPs@C.

24 h 48 h 72 h

PBS pH 4 − 30.4 − 36.7 − 40.1

PBS pH 7 − 25.0 − 25.4 − 26.0

PBS pH 10 − 43.8 − 46.9 − 48.5

Serum − 27.1 − 27.8 − 28.0

Figure 7.   AgNPs@C activity assessment through disc diffusion method (a) and gene expression of fimH (L1, 
L1’and L1″), rmpA (L2, L2’and L2″), and mrkA (L3, L3’and L3″) genes expression (b).

Table 4.   Antibacterial activity of AgNPs@C. IZD inhibition zone diameter, MIC minimum inhibitory 
concentration, MBC minimum bactericidal concentration.

Tested pathogen

Ceftazidime (antibiotic) AgNPs@C

IZD (mm) MIC (µg/mL) MBC (µg/mL) IZD (mm) MIC (µg/mL) MBC (µg/mL)

P. aeruginosa 1 10.0 8.0 64.0 10.0 2.0 16.0

P. aeruginosa 2 6.0 16.0 250.0 9.0 4.0 64.0

P. aeruginosa 3 6.0 16.0 250.0 9.0 4.0 64.0

P. aeruginosa 4 6.0 32.0 500.0 8.0 16.0 128.0

P. aeruginosa 5 11.0 8.0 128.0 15.0 2.0 32.0

P. aeruginosa 6 12.0 8.0 128.0 15.0 2.0 32.0
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Figure 8.   Transmission electron microscope study of P. aeruginosa treated cells.

Figure 9.   Confocal microscope study of bacterial treated cells where (a) merged, (b) dead and (c) viable cells.
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in Fig. 9, which were in alignment with the plate assay results. These pictures showed an increasing red region, 
representing the dead cells, correlated with the presence of AgNPs@C. Thus, confirmed the cells death at the 
MIC dose of AgNPs@C. Transmission electron microscope study proved the bactericidal effect of the synthesized 
AgNPs@C (Fig. 8) where AgNPs@C attached to the bacterial membrane due to their surface negative charge 
causing cell lysis. Similar antibacterial mechanisms were reported by Xu et al.52 and Ssekatawa et al.53. Moreover, 
Barbalinardo et al.54 reported that the small spherical shape of silver nanoparticles was another possibility of 
the easy uptake and bacterial cell damage. It is worth noting that previous study stated that all of the surface 
parameters were responsible for the activity of the fabricated AgNPs against pathogens due to cytoplasmic cell 
wall membrane penetration leading to destroying the selective permeability, and eventually causing cell death55.

Another silver nanoparticles antibacterial mechanism of action was attributed to Ag+ ions release that intrude 
cell cycle, make the mitochondria malfunction and induce apoptosis in bacterial cells56,57. Several studies revealed 
that silver nanoparticles not only cause cell lysis but also increased ROS production, DNA damage, inhibition 
of proteins and ribosomes functions, etc.58,59. Hence in the present investigation it was important to assess the 
genetic damage caused by the synthesized nanoparticles. Data represented in Fig. 7b revealed the potent effect 
of the AgNPs@C against fimH (virulence adhesion gene), rmpA (mucoid factor encoding gene), and mrkA 
(biofilm forming gene) genetic expression which prove that the observed inhibitory effect occurred by intracel-
lular signaling pathway hindrance including inhibition of both the bacterial ability to adhere to the host cell and 
biofilm formation (Figs. 8, 9).

AgNPs@C cytotoxicity
The in vitro cytotoxic effect of the synthesized AgNPs@C was evaluated in L929 cell line. It was revealed that at 
310 μg/mL of the tested nanoparticles, the normal lung cell viability% was 40% (Fig. 10). Moreover, data revealed 
that AgNPs@C showed CC50 reached 235.5 μg/mL. Hafez et al.60 found that despite the high antimicrobial 
activity of the prepared AgNPs@poly(tannic acid) (PTA) it showed high cytotoxicity towards L929 cells which 
hindered their biological applications and they needed to add natural cell viability enhancers (e.g. tannic acid 
and chitosan) to the prepared AgNPs@PTA (1000 ppm) in order to improve the cell viability.

Conclusion
AgNPs@C synthesized by arc discharge method was highly stable, spherical with size 17 nm coated by carbon 
shell. The percentage of carbon mass increased when replacement carbon rod as anode compared with previous 
work6. Moreover results appear of more sharpness XRD of carbon peak of high intense peak at 2θ 26° indicate 
more coating of carbon to silver nanoparticles. The antibacterial effect of the synthesized nanoparticles was 
tested against Pseudomonas aeruginosa in relation to a commonly used antibiotic Ceftazidime. It was revealed 
that AgNPs@C shell showed superior activity over the used antibiotic. Confocal scanning fluorescent microscope 
and transmission electron microscope proved the bactericidal effect of the synthesized nanoparticles. On the 
other hand, the molecular studies of the genetic expression of fimH (virulence adhesion gene), rmpA (mucoid 
factor encoding gene), and mrkA (biofilm forming gene) in the presence of AgNPs@C implied that the observed 
antibacterial effect may be attributed to the intracellular signaling pathway hindrance including inhibition of 
both the bacterial ability to adhere to the host cell and biofilm formation. The cytotoxic effect of the synthesized 
AgNPs@C showed CC50 reached 235.5 μg/mL against normal lung cells (L929 cell line).

Data availability
All the original data are available upon reasonable request for correspondence authors.

Figure 10.   MTT essay.



10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5324  | https://doi.org/10.1038/s41598-024-54648-y

www.nature.com/scientificreports/

Received: 30 June 2023; Accepted: 14 February 2024

References
	 1.	 Sadegh, H. et al. The role of nanomaterials as effective adsorbents and their applications in wastewater treatment. J. Nanostruct. 

Chem. 7, 1. https://​doi.​org/​10.​1007/​s40097-​017-​0219-4 (2017).
	 2.	 Sharan, J. et al. Applications of nanomaterials in dental science: A review. J. Nanosci. Nanotechnol. 17(4), 2235–2255. https://​doi.​

org/​10.​1166/​jnn.​2017.​13885 (2017).
	 3.	 Ahamed, M., AlSalhi, M. S. & Siddiqui, M. K. J. Silver nanoparticle applications and human health. Clin. Chim. Acta 411(23–24), 

1841–1848. https://​doi.​org/​10.​1016/j.​cca.​2010.​08.​016 (2010).
	 4.	 Husain, Q. Nanomaterials as novel supports for the immobilization of amylolytic enzymes and their applications: A review. J. 

Biocatal. 3(1), 37–53. https://​doi.​org/​10.​1515/​boca-​2017-​0004 (2017).
	 5.	 Marambio-Jones, C. & Hoek, E. M. A review of the antibacterial effects of silver nanomaterials and potential implications for 

human health and the environment. J. Nanoparticle Res. 12, 1531–1551. https://​doi.​org/​10.​1007/​s11051-​010-​9900-y (2010).
	 6.	 El-Khatib, Ahmed M. et al. Synthesized silver carbon nanotubes and zinc oxide nanoparticles and their ability to remove methylene 

blue dye. J. Nano Res. 56, 1–16. https://​doi.​org/​10.​4028/​www.​scien​tific.​net/​JNanoR.​56.1 (2019).
	 7.	 Kumar, P., Singh, P. K., Hussain, M. & Das, A. K. Synthesis of silver metal nanoparticles through electric arc discharge method: A 

review. Adv. Sci. Lett. 22(1), 3–7. https://​doi.​org/​10.​1166/​asl.​2016.​6772 (2016).
	 8.	 Aljohani, F. S. et al. Water treatment from MB using Zn-Ag MWCNT synthesized by double arc discharge. Materials 14(23), 7205. 

https://​doi.​org/​10.​3390/​ma142​37205 (2021).
	 9.	 Bekkeri, S. A review on metallic silver nanoparticles. IOSR J. Pharm. (IOSRPHR) 4(7), 38–44. https://​doi.​org/​10.​9790/​3013-​04070​

38044 (2014).
	10.	 Tseng, K. H., Chen, Y. C. & Shyue, J. J. Continuous synthesis of colloidal silver nanoparticles by electrochemical discharge in 

aqueous solutions. J. Nanoparticle Res. 13, 1865–1872 (2011).
	11.	 Arora, N. & Sharma, N. N. Arc discharge synthesis of carbon nanotubes: Comprehensive review. Diamond Relat. Mater. 50, 135–150 

(2014).
	12.	 Lian, Y., Shi, Z., Zhou, X., He, X. & Gu, Z. High-yield preparation of endohedral metallofullerenes by an improved DC arc-discharge 

method. Carbon 38(15), 2117–2121. https://​doi.​org/​10.​1016/​S0008-​6223(00)​00070-1 (2000).
	13.	 Somu, C. et al. Synthesis of various forms of carbon nanotubes by arc discharge methods—Comprehensive review. Int. Res. J. Eng. 

Technol. 4(1), 344–354 (2017).
	14.	 Kim, H. H. & Kim, H. J. Preparation of carbon nanotubes by DC arc discharge process under reduced pressure in an air atmosphere. 

Mater. Sci. Eng. B 133(1–3), 241–244 (2006).
	15.	 Zhen-Hua, L. et al. Synthesis oflarge quantity single-walled carbon nanotubes by arc discharge. Chin. Phys. Lett. 19(1), 91–93 

(2002).
	16.	 Mohammad, M. I., Moosa, A. A., Potgieter, J. H. & Ismael, M. K. Carbon nanotubes synthesis via arc discharge with a yttria catalyst. 

ISRN Nanomater. 2013, 1–7 (2013).
	17.	 Charinpanitkul, T., Tanthapanichakoon, W. & Sano, N. Carbon nanostructures synthesized by arc discharge between carbon and 

iron electrodes in liquid nitrogen. Curr. Appl. Phys. 9(3), 629–632 (2009).
	18.	 Khezri, S. H., Yazdani, A. & Khordad, R. Pure iron nanoparticles prepared by electric arc discharge method in ethylene glycol. 

Eur. Phys. J. Appl. Phys. 59, 30401. https://​doi.​org/​10.​1051/​epjap/​20121​10303 (2012).
	19.	 Zhao, T., Liu, Y. & Zhu, J. Temperature and catalyst effects on the production of amorphous carbon nanotubes by a modified arc 

discharge. Carbon N. Y. 43(14), 2907–2912 (2005).
	20.	 Song, X., Liu, Y. & Zhu, J. Multi-walled carbon nanotubes produced by hydrogen DC arc discharge at elevated environment tem-

perature. Mater. Lett. 61(2), 389–391 (2007).
	21.	 Fetterman, A. J., Raitses, Y. & Keidar, M. Enhanced ablation of small anodes in a carbon nanotube arc plasma. Carbon N. Y. 46(10), 

1322–1326 (2008).
	22.	 Su, Y. et al. Length-controlled synthesis of single-walled carbon nanotubes by arc discharge with variable cathode diameters. Phys. 

E Low-dimensional Syst. Nanostruct. 44(7–8), 1548–1551 (2012).
	23.	 Ando, Y. et al. Arc plasma jet method producing single-wall carbon nanotubes. Diamond Relat. Mater. 10(3–7), 1185–1189 (2001).
	24.	 Haghighi, N. R. & Poursalehi, R. The effect of liquid environment on composition, colloidal stability and optical properties of nickel 

nanoparticles synthesized by arc discharge in liquid. Procedia Mater. Sci. https://​doi.​org/​10.​1016/j.​mspro.​2015.​11.​119 (2015).
	25.	 Safronikhin, A., Ehrlich, H. & Lisichkin, G. Double-jet precipitation synthesis of CaF2 nanoparticles: The effect of temperature, 

solvent, and stabilizer on size and morphology. J. Alloys Compd. https://​doi.​org/​10.​1016/j.​jallc​om.​2016.​10.​128 (2016).
	26.	 Tejamaya, M., Römer, I., Merrifield, R. C. & Lead, J. R. Stability of citrate, PVP, and PEG coated silver nanoparticles in ecotoxicol-

ogy media. Environ. Sci. Technol 46(13), 7011–7017. https://​doi.​org/​10.​1021/​es203​8596 (2012).
	27.	 Shaban, S. M., Ismael, E. H., Elsharif, A. M., Elged, A. H. & El Basiony, N. M. Preparation gemini non-ionic surfactants-based 

polyethylene oxide with variable hydrophobic tails for controlling the catalytic and antimicrobial activity of AgNPs. J. Mol. Liq. 
367, 120416. https://​doi.​org/​10.​1016/j.​molliq.​2022.​120416 (2022).

	28.	 Elged, A. H. et al. Impact of hydrophobic tails of new phospho-zwitterionic surfactants on the structure, catalytic, and biological 
activities of AgNPs. J. Ind. Eng. Chem. 94, 435–447. https://​doi.​org/​10.​1016/j.​jiec.​2020.​11.​017 (2021).

	29.	 Shaban, S. M. & Kim, D. H. The influence of the Gemini surfactants hydrocarbon tail on in-situ synthesis of silver nanoparticles: 
Characterization, surface studies and biological performance. Korean J. Chem. Eng. 37, 1008–1019. https://​doi.​org/​10.​1007/​s11814-​
020-​0542-1 (2020).

	30.	 Hussain, F. et al. One-pot synthesis of highly stable and concentrated silver nanoparticles with enhanced catalytic activity. Korean 
J. Chem. Eng. 36, 988–995. https://​doi.​org/​10.​1007/​s11814-​019-​0270-6 (2019).

	31.	 Tseng, K. H., Chen, Y. C. & Shyue, J. J. Continuous synthesis of colloidal silver nanoparticles by electrochemical discharge in 
aqueous solutions. J. Nanopart. Res. 13, 1865–1872. https://​doi.​org/​10.​1007/​s11051-​010-​9937-y (2011).

	32.	 Hanaor, D. A. H., Michelazzi, M., Leonelli, C. & Sorrell, C. C. The effects of carboxylic acids on the aqueous dispersion and elec-
trophoretic deposition of ZrO2. J. Eur. Ceram. Soc. 32(1), 235–244. https://​doi.​org/​10.​1016/j.​jeurc​erams​oc.​2011.​08.​015 (2012).

	33.	 World Health Organization. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery, and Development 
of New Antibiotics. 2017. Accessed 1 January 2023 http://​www.​who.​int/​medic​ines/​publi​catio​ns/​WHO-​PPL-​Short_​Summa​ry_​
25Feb-​ET_​NM_​WHO.​pdf.

	34.	 Suetens, C. et al. Prevalence of healthcare-associated infections, estimated incidence and composite antimicrobial resistance index 
in acute care hospitals and long-term care facilities: results from two European point prevalence surveys, 2016 to 2017. Eurosurveil‑
lance 23(46), 1800516 (2018).

	35.	 Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United States. 2019. Accessed 1 Jan 2023 https://​
www.​cdc.​gov/​drugr​esist​ance/​pdf/​threa​ts-​report/​2019-​ar-​threa​ts-​report-​508.​pd.

	36.	 Rice, L. B. Federal funding for the study of antimicrobial resistance in nosocomial pathogens: No ESKAPE. J. Infect. Dis. 197(8), 
1079–1081 (2008).

https://doi.org/10.1007/s40097-017-0219-4
https://doi.org/10.1166/jnn.2017.13885
https://doi.org/10.1166/jnn.2017.13885
https://doi.org/10.1016/j.cca.2010.08.016
https://doi.org/10.1515/boca-2017-0004
https://doi.org/10.1007/s11051-010-9900-y
https://doi.org/10.4028/www.scientific.net/JNanoR.56.1
https://doi.org/10.1166/asl.2016.6772
https://doi.org/10.3390/ma14237205
https://doi.org/10.9790/3013-0407038044
https://doi.org/10.9790/3013-0407038044
https://doi.org/10.1016/S0008-6223(00)00070-1
https://doi.org/10.1051/epjap/2012110303
https://doi.org/10.1016/j.mspro.2015.11.119
https://doi.org/10.1016/j.jallcom.2016.10.128
https://doi.org/10.1021/es2038596
https://doi.org/10.1016/j.molliq.2022.120416
https://doi.org/10.1016/j.jiec.2020.11.017
https://doi.org/10.1007/s11814-020-0542-1
https://doi.org/10.1007/s11814-020-0542-1
https://doi.org/10.1007/s11814-019-0270-6
https://doi.org/10.1007/s11051-010-9937-y
https://doi.org/10.1016/j.jeurceramsoc.2011.08.015
http://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
http://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pd
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pd


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5324  | https://doi.org/10.1038/s41598-024-54648-y

www.nature.com/scientificreports/

	37.	 Matos, E. C. O. D. et al. Mortality in patients with multidrug-resistant Pseudomonas aeruginosa infections: A meta-analysis. Revista 
da Sociedade Brasileira de Medicina Tropical 51, 415–420 (2018).

	38.	 Abdelalatif, A. M., Elwakil, B. H., Mohamed, M. Z., Hagar, M. & Olama, Z. A. Fungal secondary metabolites/dicationic pyridinium 
iodide combinations in combat against multi-drug resistant microorganisms. Molecules 28(6), 2434 (2023).

	39.	 Dev, A., Kumar, S., Prashob Peter, K. J. & Antony, T. Antimicrobial potential of bio-synthesized silver nanoparticle against human 
pathogen Pseudomonas aeruginosa and Klebsiella pneumoniae. Innov. J. Life Sci. 6, 1–4 (2018).

	40.	 Alshabanah, L. A. et al. Elastic nanofibrous membranes for medical and personal protection applications: Manufacturing, anti-
COVID-19, and anti-colistin resistant bacteria evaluation. Polymers 13(22), 3987 (2021).

	41.	 Moghadam, M. T. et al. The effect of bacterial composition shifts in the oral microbiota on Alzheimer’s disease. Curr. Mol. Med. 
3, 13–28. https://​doi.​org/​10.​2174/​15665​24023​66622​08191​40748 (2023).

	42.	 Auty, M. A. E. et al. Direct in situ viability assessment of bacteria in probiotic dairy products using viability staining in conjunction 
with confocal scanning laser microscopy. Appl. Environ. Microbial. 67(1), 420–425 (2001).

	43.	 Shahbandeh, M., Moghadam, M. T., Mirnejad, R., Mirkalantari, S. & Mirzaei, M. The efficacy of AgNO3 nanoparticles alone and 
conjugated with imipenem for combating extensively drug-resistant Pseudomonas aeruginosa. Int. J. Nanomed. 15, 6905 (2020).

	44.	 Gotoh, K. et al. Exfoliated graphene sheets decorated with metal/metal oxide nanoparticles: Simple preparation from cation 
exchanged graphite oxide. Carbon 49, 1118–1125. https://​doi.​org/​10.​1016/j.​carbon.​2010.​11.​017 (2011).

	45.	 El-Khatib, A. M., Khalil, A. M., El-Kaliuoby, M. I. & Elkhatib, M. The combined effects of multisized silver nanoparticles and 
pulsed magnetic field on K. pneumoniae. Bioinspired Biomim. Nanobiomater. 8(2), 154–160. https://​doi.​org/​10.​1680/​jbibn.​18.​
00042 (2019).

	46.	 Donga, W. et al. Preparation of hollow multiple-Ag-nanoclustes-C-shellnanostructures and their catalytic properties. Appl. Catalysis 
B Environ. 180, 13–19. https://​doi.​org/​10.​1016/j.​apcatb.​2015.​05.​061 (2016).

	47.	 Dinh, N. X., Van Quy, N., Huy, T. Q. & Le, A.-T. Decoration of silver nanoparticles on multiwalled carbon nanotubes: Antibacterial 
mechanism and ultrastructural analysis. J. Nanomater. https://​doi.​org/​10.​1155/​2015/​814379 (2015).

	48.	 Vanathi Vijayalakshmi, R., Ravichandran Kuppan, P. & Kumar, P. Investigation on the impact of different stabilizing agents on 
structural, optical properties of Ag@SnO2 core—shell nanoparticles and its biological applications. J. Mol. Liq. 307, 112951 (2020).

	49.	 Zhang, J. et al. Core-shell Ag@nitrogen-doped carbon quantum dots modified BiVO4 nanosheets with enhanced photocatalytic 
performance under Vis-NIR light: Synergism of molecular oxygen activation and surface plasmon resonance. Chem. Eng. J. 410(15), 
128336. https://​doi.​org/​10.​1016/j.​cej.​2020.​128336 (2021).

	50.	 ElBadawy, A. M. et al. Impact of environmental conditions (pH, ionic strength, and electrolyte type) on the surface charge and 
aggregation of silver nanoparticles suspensions. Environ. Sci. Technol. 44(4), 1260–1266 (2010).

	51.	 Singh, P. & Mijakovic, I. Rowan berries: A potential source for green synthesis of extremely monodisperse gold and silver nano-
particles and their antimicrobial property. Pharmaceutics 14, 82 (2022).

	52.	 Xu, L. et al. Silver nanoparticles: Synthesis, medical applications and biosafety. Theranostics 10, 8996–9031 (2020).
	53.	 Ssekatawa, K. et al. Green strategy-based synthesis of silver nanoparticles for antibacterial applications. Front. Nanotechnol. 3, 59 

(2021).
	54.	 Barbalinardo, M., Caicci, F., Cavallini, M. & Gentili, D. Protein corona mediated uptake and cytotoxicity of silver nanoparticles 

in mouse embryonic fibroblast. Small 14, e1801219 (2018).
	55.	 Shaban, S. M. & Kim, D. H. The influence of the Gemini surfactants hydrocarbon tail on in-situ synthesis of silver nanoparticles: 

Characterization, surface studies and biological performance. Korean J. Chem. Eng. 37, 1008–1019 (2020).
	56.	 Anees Ahmad, S. et al. Bactericidal activity of silver nanoparticles: A mechanistic review. Mater. Sci. Energy Technol. 3, 756–769. 

https://​doi.​org/​10.​1016/J.​MSET.​2020.​09.​002 (2020).
	57.	 Parikh, R. Y. et al. Extracellular synthesis of crystalline silver nanoparticles and molecular evidence of silver resistance from 

Morganella sp.: Towards understanding biochemical synthesis mechanism. ChemBioChem 9(9), 1415–1422 (2008).
	58.	 Kumar, S. et al. Plant extract mediated silver nanoparticles and their applications as antimicrobials and in sustainable food packag-

ing: A state-of-the-art review. Trends Food Sci. Technol. 112, 651–666 (2021).
	59.	 Wypij, M. et al. Green synthesized silver nanoparticles: antibacterial and anticancer activities, biocompatibility, and analyses of 

surface-attached proteins. Front. Microbiol. 12, 888 (2021).
	60.	 Hafez, E. et al. Fabrication of activated carbon fiber functionalized core–shell silver nanoparticles based in situ and low-cost 

technology for wound dressings with an enhanced antimicrobial activity and cell viability. J. Mol. Liq. 360, 119561 (2022).

Author contributions
B.H.E., M.E., A.M.E., and A.R.Z.A. Conceptualization, Methodology, Investigation, and Wrote the main manu-
script text. All authors reviewed the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB). This research received no external funding.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​54648-y.

Correspondence and requests for materials should be addressed to M.E.-K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.2174/1566524023666220819140748
https://doi.org/10.1016/j.carbon.2010.11.017
https://doi.org/10.1680/jbibn.18.00042
https://doi.org/10.1680/jbibn.18.00042
https://doi.org/10.1016/j.apcatb.2015.05.061
https://doi.org/10.1155/2015/814379
https://doi.org/10.1016/j.cej.2020.128336
https://doi.org/10.1016/J.MSET.2020.09.002
https://doi.org/10.1038/s41598-024-54648-y
https://doi.org/10.1038/s41598-024-54648-y
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5324  | https://doi.org/10.1038/s41598-024-54648-y

www.nature.com/scientificreports/

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 Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Potent biological activity of newly fabricated silver nanoparticles coated by a carbon shell synthesized by electrical arc
	Materials and methods
	Materials
	Experimental system
	Antibacterial activity
	Disc diffusion assay
	MIC and MBC determination
	Bacterial lethality curve
	RNA extraction and quantitative real-time PCR
	Confocal scanning laser microscopy (CLSM)
	Transmission electron microscope (TEM)

	MTT essay
	Institutional review board statement

	Results and discussions
	Morphological examinations
	Physicochemical characterization
	XRD
	FTIR-analysis
	UV–vis analysis
	Energy dispersive X-ray (EDX)
	AgNPs@C stability

	Antibacterial activity
	AgNPs@C cytotoxicity

	Conclusion
	References


