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Background: Nanoparticles (NPs) have recently attracted extensive attention in the field of 
elimination and reduction of microbial load in various water resources. Accordingly, this study 
aimed to eliminate bacterial contamination from aqueous solutions using synthesized NPs.

Methods: In the present study, zinc oxide (ZnO) and silver (Ag) ion-doped zinc oxide (Ag/ZnO, 
1-6 wt%) nanoparticles were synthesized using the sol-gel process and then characterized in 
terms of structure, morphology, and antimicrobial activity. X-ray diffraction (XRD) was utilized 
to determine the nanoparticle size and crystal structure. Images from field emission-scanning 
electron microscopy (FE-SEM) and transmission electron microscopy (TEM) confirmed the 
successful production of NPs. The antimicrobial activity of ZnO and Ag1-6%/ZnO against 
Staphylococcus aureus and Escherichia coli was assessed by the agar well diffusion method.

Results: According to the findings, the synthesized ZnO had a hexagonal structure and the 
size of ZnO and Ag5%/ZnO were 32.56 nm and 12.81 nm, respectively; the field emission-
scanning electron microscopy (FE-SEM) images showed that the nanoparticle sizes were 
77.60 nm and 47.15 nm, respectively. Based on transmission electron microscopy (TEM) 
images, the mean size of ZnO and Ag5%/ZnO was 22.5 nm and 17.5 nm, respectively. 
The results showed that the diameter of the zone of inhibition created by Ag5%/ZnO at a 
concentration of 0.1 g/mL was 20 mm and 13 mm for S. aureus  and E. coli, respectively.

Conclusion: The results indicated that E. coli was more resistant than S. aureus, although E. 
coli was still more resistant at low concentrations.
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1. Introduction

ccelerated development in today’s world 
has necessitated the control of harmful 
microorganisms so bacterial infections 
have become a serious challenge these 
days. Pathogenic microorganisms such 
as Escherichia coli (gram-negative bac-

teria) and Staphylococcus aureus (gram-positive bacte-
ria) are common sources of contamination, especially 
in swimming pools. Nanotechnology as a scientific 
breakthrough is a promising window to escape such 
problems. Nanoparticles (NPs) can kill bacteria or in-
hibit their growth and proliferation [1-3]. Meanwhile, 
zinc oxide (ZnO) NPs are a crucial photocatalyst [4] 
acting as an antimicrobial agent, with the ability to pro-
duce oxidizing species, which can be toxic to bacteria 
and show antimicrobial activity against E. coli and S. 
aureus [5-7]. Nano-sized metal oxides (NMOs) induce 
cell membrane phospholipid peroxidation and lead to 
bacterial inactivation. The mechanism of action of NPs 
is based on the generation of reactive oxygen species 
(ROS), radical and oxidizing species; the exposure of 
ROSs to bacterial membranes results in cell death [8, 9].

In the photocatalytic process on the surface of NPs, 
the excitation of the electrons forms an electron-hole 
pair. The extruded electrons due to their high reducing 
power can reduce the dissolved metals and oxygen, as 
well as the holes formed on the surface of the NPs due 
to their high oxidizing power can oxidize the chemical 
substances and water, thereby leading to the genera-
tion of ions and radicals. The result is the production 
of superoxide anion (O2° ̄), hydrogen dioxide (HO2 ̄), 
and hydrogen peroxide (H2O2), as well as hydroxyl 
(°OH) and hydroperoxyl (HO2°) radicals [10-13]. The 
produced species can destroy the bacterial cell wall 
[14]. One of the main problems of using photocatalytic 
NPs is the rapid recombination of photo-generated 
electron-hole pairs [15, 16], which has been suggested 
to be solved by doping metal ions into the nanopar-
ticle network. Doping metal ions with ZnO increases 
the antibacterial activity [17, 18]. The NPs, due to their 
surface charge and high surface-to-volume ratio, can 
inactivate microbial enzymes and DNA [19, 20], dam-
age bacterial membranes, dissolve bacterial membrane 
vesicles, disperse membrane compounds, and reduce 
the activity of some membrane enzymes. These NPs 
can induce oxidative stress [21-25]. They are absorbed 
by nucleic acid and mitochondria, which in turn dis-
rupt their metabolism and cause genomic mutations 
[26]. The NPs also bind to the outer membrane of bac-
teria to block the function of dehydrogenase and peri-

plasmic enzymes, as well as inhibit DNA, RNA, and 
protein synthesis, thereby resulting in cell lysis [27]. A 
study investigated the mechanism of action via ROS 
production by studying the reaction between the NPs 
and cell membrane surface [28]. In a study, the effect 
of ZnO, titanium dioxide (TiO2), and copper(II) oxide 
(CuO) NPs on the elimination of gram-positive and 
gram-negative bacteria was evaluated and it showed a 
direct relationship between nanoparticle concentration 
and the efficiency of bacterial removal [29]. Research 
findings showed that the ZnO NPs had strong antibac-
terial properties [30]. Evidence revealed that the ZnO 
NPs could kill 93% of E. coli strains [31]. In a work, 
the ZnO NPs could eliminate more than 90% of micro-
bial contaminants [32]. 

In this study, pure ZnO NPs and Silver (Ag)-doped 
ZnO NPs (with different weight percent, wt%) were 
synthesized by the sol-gel method. Subsequently, we 
investigated the influence of Ag ions doped into the 
ZnO lattice on the structure and morphology of ZnO 
nanocrystals and their antibacterial effects on S. au-
reus and E. coli. Among the various methods, such as 
coprecipitation, hydrothermal, thermal hydrolysis, and 
dc thermal plasma, the sol-gel process is one of the 
best with the possibility of controlling homogeneous 
stoichiometry with high purity and efficiency and pre-
paring powder with fine particle size and low cost [33]. 
Also, it is a very versatile process for homogeneous 
doping or co-doping of ions into the ZnO lattice [33]. 
Numerous studies have been performed to investigate 
the antibacterial activity of oxidized nanoparticles 
doped with metals such as Fe, Co, Mn, Cu, Ni, Co, 
Ag, Mg, Ta, Nd, Ce, La, Gd, and Sn. All these doped 
nanoparticles have been associated with increased an-
tibacterial activity [6].

2. Materials and Methods

Chemicals and bacterial strains

The NPs used in this work were produced by zinc ac-
etate dihydrate, oxalic acid dihydrate, 99.99% ethanol, 
and silver nitrate (as dopant). The antibacterial tests were 
performed using S. aureus (ATCC 25923), E. coli (ATCC 
25922), and Muller-Hinton agar medium. All utilized ma-
terials were from Merck (Germany) with analytical grade.

The production method of nanoparticles

In this work, based on stoichiometric calculations, 
6.585 g of zinc acetate dihydrate was dissolved in 150 
cc of ethanol while magnetic stirring for 30 minutes at 

A
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300 rpm and 60°C. For the synthesis of Ag-doped ZnO 
NPs (1-6 wt%), according to stoichiometric calcula-
tions, the desired molar concentrations were prepared 
in 20 cc of ethanol at 60°C, and transferred to burette, 
and added dropwise to the alcoholic solution of zinc 
acetate. Then, 7.564 g of oxalic acid dihydrate was 
dissolved in 30 cc of ethanol, transferred to a burette, 
and added dropwise to an alcoholic solution of zinc 
acetate. After the oxalic acid solution was finished, the 
obtained solution was thoroughly stirred to complete 
the sol-gel reaction for 2 h at 60°C. The obtained gel 
was dried in an oven at 90°C for 12 h. To complete the 
work, the calcination was performed in a furnace at 
400°C. As the calcined nanoparticles cooled inside the 
desiccator, the nanoparticles were pulverized inside 
the mortar to homogenize [33]. This action resulted in 
the synthesis of pure ZnO NPs. The above protocol 
was implemented for the synthesis of Ag-doped ZnO 
NPs (1-6 wt%), with the difference that before adding 
oxalic acid, the calculated stoichiometric values of 1 
wt% to 6 wt% of silver nitrate were dissolved in 20 
cc of ethanol, and added dropwise to the alcoholic so-
lution of zinc acetate using burette; thus, AgX%/ZnO 
NPs (X = 1-6 wt%) were prepared.

Determination of antibacterial effects using 
agar well diffusion method

There are several methods to determine bacterial sus-
ceptibility to NPs; this study used the agar well diffusion 
method. To do this, first lawn cultures were prepared 
from bacterial suspension by swapping in aseptic condi-
tions. After 10 minutes, several wells with a diameter of 
5 mm and a distance of 2 cm from each other depend-
ing on the number of nanoparticle concentrations were 
created on the medium surface using a sterile Pasteur 
pipette. The bottom of the well was filled by pouring 1 
mm of the liquid medium to prevent any leakage. Then, 
nanoparticle stocks (100 μl) were poured into wells and 
left for 45 minutes to be adsorbed to the medium. The 
media should not be shaken under any circumstances 
during this period. Next, the plates were incubated at 
37°C for 24 h, then the results were evaluated by mea-
suring the diameter of the zone of inhibition (ZOI). The 
ZOI diameters were measured by a caliper in millime-
ters (mm) and the mean values were calculated. The 
sensitivity of the tested bacteria to different concentra-
tions of used NPs was determined.

Characterization of synthesized nanoparticles

Determination of crystal structure and particle 
size using X-ray powder diffraction (XRD) data

An X-ray diffractometer (XRD, PANalytical X’Pert 
Pro MPD; Day Petronic Company, Tehran, Iran) was 
used to determine the crystal structure of the synthe-
sized NPs. The size of the crystals was estimated by 
calculating the angle of full width at half of the maxi-
mum peaks on the XRD spectrum. First, the strongest 
peak was considered at a scattering angle of 2θ, and 
then the peak width was obtained at half the peak in-
tensity. The XRD patterns were measured using cop-
per (Cu)/kα radiation with a wavelength of 0.154 nm 
and a setting of 40 kV and 40 mA at 2θ = 5-80°. The 
mean crystallite size (D, nm) was calculated using 
Scherrer’s equation (Equation 1):

1. D=0.89 λ / (β cosθ)

, where, D stands for the crystallite size (nm), λ for the 
X-ray wavelength using Cu-Kα radiation (λ=0.154 nm), 
β for the peak width calculated using the full width at 
half maximum (FWHM), and θ for the Bragg diffrac-
tion angle (in degrees) corresponding to the peak (101). 

Field emission-scanning electron microscopy (FE-
SEM) analysis

The FE-SEM shows the microstructure of materi-
als by surface scanning via electron beam with much 
higher resolution and a much larger depth of field. The 
FE-SEM images of the samples were prepared by Day 
Petronic Company (Tehran, Iran) using an apparatus 
from (ZEISS, SIGMA VP-500, Germany).

Transmission electron microscopy (TEM) analysis

This method is used to determine the size and shape 
of NPs. Some other properties of nanomaterials, such 
as crystal structure, chemical composition, and mor-
phological analysis can be obtained using electron dif-
fraction. In this method, the electron beam is irradiated 
to the phosphor imaging plate by irradiating the ma-
terial and passing the electron beam via the material, 
allowing the nanoparticles to be observed. TEM im-
ages of synthesized samples of pure and doped ZnO 
nanoparticles were prepared by Day Petronic Com-
pany (Tehran, Iran) using an apparatus from (Zeiss-
EM10C-100KV, Germany).
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3. Results and Discussion

Characterization of zinc oxide (ZnO) and silver 
(Ag)5%/ZnO nanoparticles (NPs) synthesized 
by sol-gel process

Figure 1 shows the XRD patterns of synthesized ZnO and 
Ag5%/ZnO NPs. These NPs were calcined at 400°C for 2 h 
to form a crystalline structure. The spectra with the wurtzite 
hexagonal crystal structure conformed well to the standard 
pattern of ZnO with the ID JCPDS36-1451 [34]. 

Based on XRD spectrum analysis, no peak of impurities, 
such as AgO was observed. The lack of Ag-specific diffrac-
tion in the XRD pattern of Ag-doped NPs was due to the 
small amount of Ag-doped element in the ZnO network 
or the appropriate diffusion in the ZnO network [16]. The 
values of 2θ for the (101) diffraction peak (the main peak 
of ZnO) in the XRD pattern for ZnO and Ag5%/ZnO NPs 
were 24.027 and 36.377 degrees, respectively. The ionic 
radius of Ag+ (1.26 Å) was larger than the ionic radius of 

Zn2+ (0.74 Å). The shift at 2θ and the broadening of dif-
fraction peaks indicated that the dopant ions were easily 
and successfully introduced into the ZnO network. Due to 
the significant difference in the ionic radii of Ag and Zn, it 
was difficult to replace Ag with Zn, and Ag ions could only 
penetrate in the intra-network position in the ZnO network 
[35]. The mean crystallite size of NPs was calculated by the 
X-ray line broadening the (101) diffraction peak using the 
Debye- Scherrer equation. Table 1 presents the full results 
of these calculations, which clearly shows the decrease in 
the ZnO crystallite size due to doping.

The decrease in crystallite size was mainly due to the pres-
ence of Ag-O-ZnO on the doped ZnO surface, which inhibits 
the growth of crystalline particles [36]. The Ag doping also 
led to oxygen deficiency in the crystal structure of ZnO, re-
sulting in the reduction of its crystallite size. The micro stress 
of NPs was calculated using the Equation 2:

2. Ɛ=β cosθ/4

Figure 1. X-ray powder diffraction (XRD) spectra of nanoparticles synthesized Using sol-gel process

(a) Zinc Oxide (ZnO); (b) Silver (Ag) 5%/ZnO

Table 1. Mean crystallite size of synthesized nanoparticles, calculated by the debye-scherrer equation

Nanoparticles 0.89 λ Sample β 
(Degree)

Modified β 
(Degree)

Modified 
β (Rad) 2θ θ Cos θ βcos θ Crystallite 

Size (D, nm)

ZnO 0.1371 0.256 0.246 0.0043 24.027 12.0135 0.9781 0.00421 32.56

Ag5%/ZnO 0.1371 0.66 0.65 0.0113 36.327 18.1635 0.95 0.0107 12.81

ZnO: zinc oxide; Ag: silver

Table 2. Micro stress level of nanoparticles synthesized using sol-gel process

Nanoparticle Type Nanoparticle Size (nm) Micro Stress Level (Ɛ×10-3)

ZnO 32.56 1.1

Ag5%/ZnO 12.81 2.7

ZnO: zinc oxide; Ag: silver
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As shown in Table 2, the amount of micro stress was 
slightly changed, meaning that the increase in micro stress 
of NPs altered the diffraction peak broadening and de-
creased the particle size, resulting in less XRD peak shift. 
The line broadening might be related to the nanoparticle 
size or micro stress or the interaction between the two [37].

Morphological study of synthesized nanoparti-
cles (NPs) using field emission-scanning electron 
microscopy (FESEM) and elemental analysis of 
nanoparticles (NPs) using energy-dispersive X-
ray spectroscopy (EDX)

The FE-SEM was employed to study the structure and 
morphology of NPs [37]. Figure 2 shows FE-SEM imag-
es of nanoparticles synthesized using the sol-gel process. 
As seen in the images, the NPs have a uniform spherical 
morphology; the Ag doping did not affect nanoparticle 
morphology and also decreased the particle size. The mean 
size of ZnO and Ag5%/ZnO NPs was 77.60 nm and 47.15 
nm, respectively. In the doped samples, the particle size was 
reduced. The EDX analysis was performed to investigate 
the chemical composition of NPs. Figure 3 shows the EDX 

spectrum of nanoparticles synthesized using the sol-gel 
process. The presence of constituent elements was visible 
and no peak related to impurities was observed. The EDX 
spectrum for pure ZnO NPs showed that the synthesized 
NPs contained only two elements of Zn and O, highlighting 
the purity of ZnO NPs. The EDX images for Ag-doped NPs 
also revealed that the samples were composed of Zn, Ag, 
and O elements, emphasizing the purity of the NPs.

Determination of nanoparticle size using trans-
mission electron microscopy (TEM) images

Figure 4 shows the particle shape, size, and dispersion for 
the synthesized NPs determined by TEM images. The im-
ages displayed a slight aggregation of NPs along with dis-
persed particles. According to these images, all synthesized 
NPs had a regular dispersion and spherical morphology. The 
size obtained from the XRD patterns was slightly different 
from the TEM images because the measurement in the TEM 
images was done by measuring the distance between the vis-
ible particle boundaries. On the other hand, the particle size 
was measured on the XRD pattern in the range of the crys-
tal region that uniformly diffracts the X-rays [38]. The size 

Figure 2. FE-SEM images of nanoparticles synthesized using sol-gel process

(a) Zinc Oxide (ZnO) and (b) Silver (Ag) 5%/ZnO

Figure 3. EDX spectra of nanoparticles synthesized using sol-gel process
(a) zinc oxide (ZnO) and (b) silver (Ag) 5%/ZnO
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Table 3. Mean diameter of zone of inhibition (mm) against Staphylococcus aureus at different concentrations

Concentrations and Types of NPs 0.1 g/mL 0.05 g/mL 0.025 g/mL 0.0125 g/mL 0.00625 g/mL

ZnO 13 13 12 12 11

Ag1%/ZnO 13 12 12 11 8

Ag2%/ZnO 14 12 11 11 10

Ag3%/ZnO 18 15 13 12 11

Ag4%/ZnO 13 15 14 12 11

Ag5%/ZnO 20 18 18 16 12

Ag6%/ZnO 13 12 11 11 10

ZnO: zinc oxide; Ag: silver; NPs: nanoparticles

of synthesized ZnO NPs was in the range of 15 nm to 30 
nm with an average of 22.5 nm and the size of synthesized 
Ag5%/ZnO NPs was in the range of 15 nm to 20 nm with 
an average of 17.5 nm. The results revealed that the particle 
size decreased as a result of Ag doping into the ZnO network.

Antibacterial activity of nanoparticles synthesized us-
ing the sol-gel process against bacterial strains tested

The antibacterial activity of synthesized ZnO and 
AgX% (X=1-6 wt%)/ ZnO NPs was determined against 
S. aureus (Figure 5a). The mean diameters of ZOI gener-
ated by the agar well diffusion method at different con-
centrations of NPs were calculated as shown in Table 3.

According to Table 3, the data on the mean diameter 
of ZOI for S. aureus showed that at a concentration of 
0.1 g/mL of NPs, the highest diameter of ZOI (20 mm) 
was related to Ag5%/ZnO NPs. With decreasing the NPs 
concentration to 0.05, 0.025, and 0.0625 g/ml, the high-
est ZOI diameter was again related to Ag5%/ZnO NPs, 
which meant that Ag5%/ZnO NPs had the highest bac-
terial inhibitory activity among NPs against S. aureus. 
The antibacterial activity of synthesized ZnO and AgX% 
(X=1-6 wt%)/ ZnO NPs was determined against E. coli 
(Figure 5b). The mean diameters of ZOI generated by 
the agar well diffusion method at different concentra-
tions of NPs were calculated as shown in Table 4.
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According to Table 4, the data on the mean diameter of 
ZOI for E. coli showed that, at a concentration of 0.1 g/mL 
of NPs, the highest diameter of ZOI (13 mm) was related 
to Ag5%/ZnO NPs. It had the highest bacterial inhibitory 
activity among NPs used against E. coli. The larger ZOI di-
ameter for S. aureus in the presence of different concentra-
tions of NPs indicated greater resistance of E. coli to these 
NPs compared to S. aureus. At lower concentrations, E. coli 
was more resistant to these NPs. By doping Ag on ZnO, the 
efficiency of bacterial removal increased significantly, and 
this doping showed the highest value at 5% by weight. The 
degree of cell wall vulnerability in different bacterial strains 
varies due to differences in membrane permeability. There-
fore, the sensitivity of different bacteria was very different 
from each other under the same conditions, nanoparticle 
concentration, and contact time.

Among the synthesized NPs, Ag5%/ZnO NPs showed 
the highest antimicrobial activity against S. aureus (20 
mm for 0.1 g/mL of NPs) and E. coli (13 mm for 0.1 g/
mL of NPs). These results showed the higher resistance 
of E. coli to NPs compared to S. aureus, especially at 
lower concentrations. The mechanism of action of NPs 
on bacteria can be attributed to damage to proteins, 
DNA, and cell walls [39-41]. Due to the negative surface 
charge in bacteria and the positive charge in NPs, this 
difference between the charges acts as an electromag-
netic absorber between the bacterium and the nanopar-
ticle, so that the nanoparticle binds to the cell surface 
and results in cell death. Oxidation of surface molecules 
occurs following the attachment of NPs to the cell sur-
face, which causes the membrane to perforate and NPs 
to enter the bacterial cell, thereby disrupting metabolic 

Table 4. Mean diameter of zone of inhibition (mm) against Escherichia coli at different concentrations

Concentrations and Types of NPs 0.1 g/mL 0.05 g/mL 0.025 g/mL 0.0125 g/mL 0.00625 g/mL

ZnO 8 R R R R

Ag1%/ZnO R R R R R

Ag2%/ZnO 10 9 8 R R

Ag3%/ZnO 8 7 6 R R

Ag4%/ZnO 10 9 9 R R

Ag5%/ZnO 13 9 R R R

Ag6%/ZnO 10 9 7 R R

ZnO: zinc oxide; Ag: silver; NPs: nanoparticles

Figure 5. Antibacterial test results and zone of inhibition generated by zinc oxide (ZnO) and silver (Ag) X%/ZnO (X=1-6 wt%) 
nanoparticles (NPs) in the presence of (a) S. aureus and (b) E. coli
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pathways and ultimately leading to the death of bac-
teria [42]. The possible reaction mechanism of NPs is 
associated with the release of ions from NPs (Zn2+ and 
Ag+) that react with the functional groups of bacterial 
cell surface proteins, such as the thiol group. These cell 
membrane proteins facilitate the transport of nutrients 
and minerals across the wall due to their outward protru-
sion. By acting on these compounds, the NPs deactivate 
the membrane and make it impermeable to nutrients [43-
45]. A study in 2007 found that the effect of Ag and Zn 
NPs on E. coli and S. aureus was the same, while TiO2 
NPs were more effective against S. aureus. The TiO2 
NPs caused loss of respiratory processes and ultimately 
cell death by oxidizing the membrane phospholipids of 
S. aureus and E. coli [44, 46, 47]. Previous studies have 
shown that membrane lipid compounds in E. coli were 
more resistant to NPs than in S. aureus. In this study, 
E. coli was more resistant as well. The ZnO NPs had 
antibacterial activity against gram-positive and gram-
negative bacteria, and the degree of antibacterial proper-
ties depended on the susceptibility of microorganisms. 
The bacterial sensitivity is determined by differences 
in cell wall thickness. The gram-positive bacterial cell 
wall has a thick peptidoglycan layer, while the gram-
negative bacterial cell wall has a thin peptidoglycan 
layer [6]. The gram-positive bacteria exposed to ZnO 
NPs are more affected than the gram-negative bacteria. 
Positively charged NPs can greatly affect gram-negative 
bacteria more than gram-positive bacteria. In this regard, 
studies have shown that gram-positive bacteria are more 
sensitive to Fe2O3, ZnO, and MgO than gram-negative 
bacteria. In addition, metal oxide NPs show different 
antibacterial properties based on their surface-to-volume 
ratio [48, 49]. Chung et al. concluded that the accumula-
tion of negative charge on gram-negative bacteria was 
higher than on gram-positive bacteria. The interaction 
of positively charged NPs and negatively charged cell 
walls led to the leakage of bacterial intracellular contents 
[50]. Due to the negatively charged cell membrane, a 
resulting membrane electrostatic attraction directs NPs 
into the cell [32]. Arakha et al. investigated the antimi-
crobial potentials of iron oxide and copper oxide NPs 
against E. coli and Bacillus subtilis. They found that 
suspending NPs in the culture medium exposed them to 
different biological interfaces due to the existence of cell 
components, such as DNA, lipids, proteins, and polysac-
charides. The very small dimensions of NPs due to their 
high surface-to-volume ratio cause a high concentration 
of free energy on their surfaces. Due to the electrostatic 
forces in biological systems, to reduce the free energy 
and achieve relatively high stability, these interactions 
with enough energy to overcome the band gap barrier 

of nanoparticle result in the generation of electron-hole 
pairs (or free electrons). The free electrons result in the 
formation of reactive oxygen species and subsequently 
induce oxidative stress. Oxidative stress is one of the vi-
tal potentials of NPs to induce toxicity, which occurs due 
to oxidation-reduction properties on the surface of NPs 
and causes inflammation in the cell leading to increased 
ROS production. Metal ions released from the nanopar-
ticle surface induce ROS production. The entry of NPs 
into the cell results in damage to cellular components 
and disruption of the electron transport chain, eventually 
leading to ROS production [51]. Mechanisms of toxic-
ity and antimicrobial properties reported for NPs include 
induction of oxidative stress via the production of ROS, 
release of Zn2+ ions and internalization of ZnO NPs via 
membrane binding, loss of membrane arrangement due 
to the membrane and intra-cellular accumulation of 
NPs, resulting in the destruction of bacterial cell wall 
and membrane by the collision of NPs with the mem-
brane, thereby reducing cell integrity, transport interrup-
tion, inhibition of enzymatic activity and inhibition of 
DNA synthesis [52, 53]. The ROS production increases 
membrane lipid peroxidation [54], thereby degrading the 
unsaturated phospholipids of the bacterial cell wall and 
thus cell death [55-57]. In this regard, Sawai et al. inves-
tigated the role of oxygen radicals produced by ZnO in 
exerting an antimicrobial effect. They showed that the 
production of hydrogen peroxide has an antimicrobial 
impact, and stated that as the concentration of oxygen 
radicals increases, the level of hydrogen peroxide pro-
duced also increases linearly [58]. The hydrogen perox-
ide can pass through the cell wall and enter the bacterial 
cell, causing cell death. In the suspension of ZnO NPs, 
the partial dissolution of NPs in solution leads to the re-
lease of Zn2+ whose antimicrobial activity accelerates the 
reduction of metabolism rate and the disturbance of the 
enzyme system. A study investigated the antimicrobial 
activity of NPs based on ROS production and release of 
Zn2+ ions from ZnO NPs suspension. They found that 
at a concentration of 1 mg/L of Zn2+, no inhibition of 
E. coli was observed; however, the growth rate of these 
bacteria was reduced. Studies have shown that ZnO NPs 
colliding with S. aureus causes holes in the membrane; 
subsequently, the ions released by transmembrane dif-
fusion affect the DNA, thereby causing nuclear damage 
similar to irreparable chromosome damage [6].

Via energy absorption, ZnO NPs stimulate and acti-
vate the valence electron band and promote the elec-
tron to the conduction band, thereby creating a highly 
active electron-hole pair that directly or indirectly 
reacts with organic compounds. Electron-hole pairs 
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produced by migration to the interface can cause the 
following redox reactions [6]:

ZnO+hv   →   e ̄+h+

H2O   →   H++OH ̄

H++OH ̄   →   HO°

h+ + H2O   →   H++OH ̄

e ̄+O2   →   O2° ̄

O2° ̄+H+   →   HO2°

2HO2°   →   O2° + H2O2

H2O2+O2° ̄   →   OH ̄+OH°+O2

H2O2+hv   →   2OH°

Organic matters of bacterial cell wall + Radical and per-
oxide oxygen compounds CO2+H2O + inert substances

The ROS is composed of oxygen-derived free radi-
cals, including hydroxyl radicals, superoxide anions, 
and highly active non-radical oxygen derivatives, such 
as hydrogen peroxide, peroxynitrite, and hypochlorite. 
The hydroxyl radicals can directly enter the photocata-
lytic reaction with bacteria and eventually kill them [59]. 
The ROS are formed in the body of organisms possess-
ing aerobic respiration during respiratory processes or 
reactions of photochemical compounds in the electron 
transport chain in mitochondria. When the production of 
oxygen radicals increases, the toxic substances in the cell 
will increase, resulting in oxidative stress [32]. Sunada et 
al. investigated the mechanisms of action of TiO2 NPs in 
the elimination of E. coli. They described the following 
steps for this mechanism. The outer membrane of bacte-
ria is partially attacked and disintegrated by highly reac-
tive species, such as OH°, O2° ̄, and H2O2. Disruption of 
the inner membrane arrangement leads to the membrane 
lipid pre-oxidation and ultimately cell destruction. The 
dead cells then disintegrate and E. coli is generally con-
verted to carbon dioxide, water, and other minerals [60]. 
However, the antibacterial effects of NPs depend on their 
concentration (Tables 2 and 3), shape, and size [61]. Ac-
cording to the images, the results show that doping NPs 
reduces their size and consequently increases the release 
of nanoparticle ions from the surface and thus increases 
the antibacterial property [62]. By reducing nanoparticle 
size due to doping, NPs appear to be involved in anti-
microbial mechanisms, including intrusion into the cell, 
interference with the membrane process, and induction 

of oxidative stress. However, it is emphasized that the 
formation of oxidative stress and free radicals is the rea-
son for the antimicrobial effect of metal NPs [63, 64].

Aqueous suspension of ZnO accelerates the chemical 
interaction of hydrogen peroxide with cell membrane 
proteins. Due to the recombination nature of electron-
hole pairs in pure NPs, to prevent recombination and in-
crease the antimicrobial activity of NPs, researchers sug-
gested the surface modification of NPs, which increases 
the dispersion and less aggregation of ZnO NPs. Doping 
of metal oxides is one of the crucial methods to improve 
the properties of NPs and prevent recombination, which 
leads to surface changes due to the entry of dopant ions. 
The presence of these impurities leads to changes in the 
structure of NPs and doping provides new conditions 
for crystal growth and severe changes in internal defects 
and morphology. In these defects, photocatalytic reac-
tions are accelerated by increasing oxygen vacancy, and 
due to the synergistic effect of dopant ions, the produc-
tion of ROS increases, and the antimicrobial activity of 
ZnO increases. As shown in this study, the presence of 
dopants alters the size of ZnO NPs [6]. One of the main 
reasons for using NPs over antibiotics is that NPs are 
not resistant to bacteria and can affect a wide range of 
bacteria; the NPs also influence other microorganisms 
after acting on the target point [65]. However, NPs such 
as chromium (Cr), Ag, titanium (Ti), Zn, and their ox-
ides have shown the lowest level of toxicity in the life 
cycle and ecosystem due to their bactericidal properties. 
These nanomaterials can be suitable candidates to con-
trol pathogenic microorganisms [66].

4. Conclusion 

The present study was performed on Escherichia coli 
(gram-negative bacteria) and S. aureus (gram-positive 
bacteria) due to the hazardous and pathogenic nature of 
these microorganisms. To control these bacteria, we suc-
cessfully synthesized zinc nanoparticles (ZnO NPs) and 
then could dope these synthesized nanoparticles with 
silver ions (Ag5%/ZnO NPs) to decrease their size. The 
introduction of silver ions into the nanoparticle network 
was successful due to the difference in ionic radius and 
did not cause any disturbance in the morphology of the 
synthesized uniform spherical nanoparticles. The anti-
microbial results of doped nanoparticles associated with 
reduced size had the highest bacterial removal efficien-
cy. The Ag5%/ZnO NPs greatly affected S. aureus than 
E. coli. In practice, membrane lipid compounds in E. coli 
were more resistant to nanoparticles than in S. aureus. 
The improved positive properties of pure ZnO NPs and 
Ag-doped ZnO NPs suggest them as a better alternative 
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to control multidrug-resistant microorganisms. This is 
because nanoparticles act in a non-specific way and can 
work in paths not targeted by antibiotics.
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