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ARTICLE INFO ABSTRACT

Keywords: The evolution of eco-friendly, green route and cheap technology for synthesizing nanostructured zinc oxide
Zinc oxide (ZnO) thin films using plant extracts is a promising choice because such materials present a widespread potential
Nanoparticles

for numerous technological applications. This study proposes the green and cost-effective technique to synthesize
stable ZnO thin films using a good reducing agent and facilitating many natural L-ascorbic acids (AA) metabolic
reactions capacity. The influence of AA concentrations in the starting bath solution on ZnO samples’ structural,
morphological, electrical and antibacterial performances has been reported in detail. The main physical char-
acteristics of the ZnO materials were improved by supplementing of reducing and capping agents AA. Average
particle size varies with the adding AA from 58.29 to 48.68 nm and also thickness of these films was decreased
from 0.82 to 0.44 pm. Also, it was seen that, the presence of AA in the bath solution significantly affected the
absorption process and causes a morphological alteration due to the reaction between Zn?* and AA during the
deposition process. FTIR transmittance spectra of bare ZnO presented that a transmittance peak about 886 cm ™!
and 748 cm ™! was created by the characteristic stretching vibration mode of the Zn—-O. The resistivity of the
produced films significantly changed with AA concentration in the bath solution. Antibacterial potentials of bare
ZnO and ascorbic acid added ZnO films were examined against economically important Staphylococcus aureus
(ATCC 25923) gram-positive bacteria and Escherichia coli (ATCC 35218) gram-negative bacterial disease agents
via handling paper disc diffusion assay. The obtained diameter of the zones of inhibition was 20.1 mm for E. coli
and 28.1 mm for S. aureus at the dose of ZnO+AA 8.0%. These inhibition diameters were larger than the diameter
of ampicillin as our positive control alone. This proves that the newly synthesized compound is a powerful
antibacterial agent.

L-ascorbic acid
Green synthesis
Antibacterial properties

1. Introduction

In the last ten years, zinc oxide (ZnO) nanofilms have invited
attention because of their attractive physical characteristics and po-
tential optoelectronic device applications. ZnO is one of the influential
group II-VI compound metal oxide materials. The natural crystal
morphology of ZnO is the hexagonal wurtzite structure, with lattice
constants a = 3.25 A and ¢ = 5.12 A. It is also a non-toxic, inexpensive,
and naturally n-type semiconducting material with a room temperature
direct and wide optical energy band gap of 3.37 eV [1-6]. Due to its
excellent performance in optics, electronics, and photonics, the manu-
facture of ZnO films has been a practical area for their commercial
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applications in transducers, solar cells, catalysts, optical waveguides,
UV-light emitters, photodetectors, lasers, and photodiodes [2-7].

A large number of fabrication techniques, such as sol-gel, thermal
decomposition, sol-gel, pulsed laser deposition, sputtering, hydrother-
mal, precipitation, vapor phase oxidation, and successive ionic layer
adsorption and reaction (SILAR) methods, have been used to synthesize
high-quality ZnO thin films [8-15]. SILAR has the crucial advantages of
economy, simplicity, flexibility, and easy control of deposit parameters
among these different growth procedures. It requires neither a sophis-
ticated instrument nor a vacuum system [16-18].

At present, a green attempt is preferred due to its reliability and
sustainability compared to other standard synthesis methods. AA acts as
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a capping and reducing agent for the synthesis of metal oxide nano-
structures. AA molecules can enclosure the crystalline structure and
intercept the uncontrolled growth of the particle size and distributions.
Furthermore, the physical characteristics of the thin film materials can
be improved by supplementing reducing and capping agents in the
growth bath.

Ascorbic acid is very similar in molecular structure to glucose; it is
the enolic form of alpha ketolactone. A set of compounds showing the
biological activities of AA is commonly referred to as vitamin C. Except
for primates, guinea pigs, and fruit bats, most mammals can synthesize
vitamin C from glucose. Ascorbic acid is absorbed in the distal part of the
small intestine up to 100 mg per day [19]. Significant dietary sources of
vitamin C are red pepper, citrus fruits, tomatoes, cabbage, Brussels
sprouts, cauliflower, strawberries, and spinach [20].

Ascorbic acid is a biological electron donor agent that enables certain
enzymes to perform their activity. Blood concentrations of AA are ar-
ranged by renal excretion; dehydroascorbic acid enters erythrocytes and
leukocytes by passive transport [24]. The pituitary, adrenal, brain,
leukocytes, and eye have the highest quantities of AA [25]. Due to this
feature, it has a robust antioxidant capacity [21]. The main functions of
AA are fatty acid transport, collagen synthesis, neurotransmitter syn-
thesis, and the prevention of oxidative damage to DNA [22-27]. The
most specific symptoms of AA deficiency are scurvy, follicular hyper-
keratosis, Sjogren’s syndrome, ecchymoses, gingivitis, perifollicular
hemorrhage with petechiae and anemia [28].

One of the most important causes of community-acquired and
health-related bacteremia is S. aureus. The annual incidence of S. aureus
bacteremia (SAB) in the United States is between 38.2 and 45.7 per
100000 people per year [29-31] and leads to two to ten deaths per
100 000 population per year globally [32]. Also, annual mortality rates
for E. coli bacteremia ranged from 2.9 to 10.3 per 100 000 persons [33].
The yearly cost of average microbial resistance, which causes 33000
deaths in Europe and 29500 deaths in America, is approximately 1.5
billion dollars per year for European countries [19]. CLSI and EUCAST
have stated that E. coli (ATCC 35218) and S. aureus (ATCC 25923)
strains can be used in antimicrobial studies [34,35].

It has become imperative to take precautions against increasing
antibiotic resistance. Although there are studies on the antimicrobial
properties of AA, whose antioxidant properties are well known, they are
not sufficient. Furthermore, investigations on the green synthesis of
nanomaterials with AA are still limited [35-43]. The re-synthesis of
vitamins and ZnO as nanomaterials can provide us with new weapons in
fighting antibiotic-resistant bacteria to benefit from the synergistic ef-
fect. Green and cost-effective synthesized nanostructured materials for
this purpose are very significant for exploring alternative ways.

Because of this reason, in this research, synthesis, and character-
ization of zinc oxide thin films by r-ascorbic acid via SILAR technique
and their potential application for electronics and antibacterial have
been recorded. Our goal is to manufacture nanosized ZnO-based thin
films with enhanced structural, morphological electrical, and elevated
antibacterial properties. The obtained consequence exhibited that AA
concentration in the bath solution displayed an influential role in the
main physical properties and antibacterial effectiveness of ZnO thin
films.

2. Experimental procedure
2.1. Green synthesizing procedure of nanostructured ZnO

All the chemicals used in these syntheses were of analytical reagent
grade and were procured from Sigma-Aldrich, USA. Zinc acetate dihy-
drate (Zn(CH3COO)»-2H0) and r-ascorbic acid (CgHgOg) were used as
Zn?" ion source and reducing agent respectively. Also, in all experi-
ments, acetone, diluted sulfuric acid and pure water were used to clean
glass slides and beakers. The nanostructured ZnO films with and without
AA (C¢HgOg) were grown using the SILAR route on a soda-lime glass
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substrate (Fig. 1). A sufficient amount of zinc acetate dihydrate (Zn
(CH3C0O0),-2H20) was added to deionized (DI) water to get a 0.15 M
zinc acetate growth solution bath. Then, the solution was stirred at room
temperature for 30 min in a magnetic stirrer to obtain a homogeneous
synthesis mixture. The pH value of the growth bath was reached at
around 10.0 by using ammonium hydroxide (NH4OH). The pre-cleaned
soda-lime glass substrates were dipped into the zinc acetate growth bath
solution for 25 s (70 °C) and then rinsed with DI water (70 °C) for
another 25 s removing the loosely bounded ions on the substrates. These
dipping cycles were repeated 30 times to acquire good quality uniform
thin films of nanostructured ZnO. The possible chemical reactions of
ZnO films based on the SILAR deposition process can be summarized as
follows [44,45];

Zn(CH3COO); + 2NH40H — Zn(OH); +2CH3COONH4
Zn(OH); — ZnO + H,0

Meanwhile, AA was supplemented to the growth bath, Zn?* ions
interacted with AA. Zn*2 ions can electrostatically interplay with
CeHgOg ions. This process can be specified as given below [44-46];

Z[‘l2+ + C¢HgOg — Zn + CcHgOg + 2H"

Two series of samples (the volume proportion of r-ascorbic acid
powder are 0%, 4.0%, and 8.0%, respectively) were prepared to inves-
tigate the impact of different concentrations of 1-ascorbic acid powder in
the zinc acetate bath as a green additive on ZnO thin samples. Finally,
the grown ZnO thin film and powders were annealed at 50 °C for 180
min.

TLM patterns were fabricated by using a tungsten mask technique.
The Au contacts were evaporated thermally in NANOVAK-NVTS 400
evaporation system, and thickness was 150 nm. During the Au evapo-
ration process, background pressure was better than 1x10~° Torr, and
the deposition rate was 1-1.2 nm/s.

2.2. Characterizations of nanostructured ZnO

The morphological characterization of the ZnO films was done with a
scanning electron microscope (SEM) and SEM- Evo Ls 10, Carl Zeiss NTS.
The chemical composition was determined by using energy-dispersive
X-ray spectroscopy (EDX). The crystal structure of the ZnO samples
was carried out by X-ray diffraction (A Bruker D8 Advance X-ray
diffractometer) by the use of Cu Ka radiation (A = 1.5418 A). The
thickness of ZnO films was determined using a surface profilometer (AEP
Technology, NanoMap 500LS 3D). The infrared spectrum of the ZnO
films was obtained by a Fourier transform infrared (FTIR) spectrometer
(Vertex 70v FTIR Spectrometer-Bruker). I-V measurements were
executed by using a computer-controlled Agilent B2912A SMU at room
condition and in the dark. Recording and calculations of data were
conducted via SeCLaS software [47,48].

2.3. Preparation of Staphylococcus aureus (ATCC 25923) and
Escherichia coli (ATCC 35218) strains and antibacterial responses of
nanostructured ZnO

We used the agar disk diffusion method, one of the most flexible
susceptibility testing methods to perform antimicrobial examinations of
nanosized ZnO materials. Gram-positive S. aureus (ATCC 25923) and
gram-negative E. coli (ATCC 35218) bacterial strains approved by
EUCAST for antibacterial studies were selected as test microorganisms.
For resuscitation, bacterial strains were first inoculated onto Blood agar
(Merck, Germany). Colonies of the strains were inoculated on Tryptic
Soy Agar (TSA) (Merck, Germany) after overnight incubation, and
antimicrobial studies were performed for each species in the TSA. Each
bacterial suspension was inoculated in 0.9% saline solution at 0.5
McFarland (1x10% cells per/ml) standard density. The prepared
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Fig. 1. Schematic illustration of experimental setup of SILAR procedure for deposition of AA added ZnO films

Fig. 2. SEM images of ZnO thin films as a function of AA concentrations. It can be seen that the bare ZnO has a rod-like structure. With the introduction of AA to the
reaction bath, the surface structure of the ZnO sample changed intensely.
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bacterial suspension overlaid the Mueller-Hinton (Becton Dickinson;
USA) agar surface by sterile swab. Six discs (6 mm) were placed in each
Petri dish. Standard antibiotic discs (ampicillin) were placed in the
middle of the Petri dishes as positive controls. The bare ZnO, ZnO+AA
4.0% and ZnO+AA 8.0% were solved (mg/mL) in 10% dimethyl sulf-
oxide (DMSO) (Merck, Germany). Microorganisms were kept at 37 °C
for 24 h in the incubator. An electronic caliper is used for determining
the diameters of the inhibition zones.

3. Results and discussions
3.1. Surface morphological analysis of nanostructured ZnO

Microstructural properties on nanostructured ZnO films with and
without AA as a reducing agent were carried out by SEM. The SEM
photographs of the ZnO nanoparticles obtained with various concen-
trations of AA are presented in Fig. 2, from which it is observed that the
bare ZnO has a rod-like structure. With the introduction of AA to the
reaction bath, the surface structure of the ZnO sample changed
intensely. If AA is added to the solution bath at a 4.0% concentration,
sphere-like ZnO structures are observed, as indicated in Fig. 2. While the
content of AA 8.0% had increased, the shape of nanoparticles trans-
ferred to a rod-like structure, owing to the impact of AA. The reason for
the morphological alteration is the reaction between Zn?* and AA
during the deposition process. After the nucleation, AA may influence
the particle morphological structure [49-51]. Fig. 3 indicates that
magnified SEM images of ZnO films with various concentrations of
reducing agent like AA. Measured mean values of the particle thickness
were found to be 134.5, 707.5 and 142.3 nm for the ZnO films without
AA, 4.0 and 8.0% AA contents in the growth bath, respectively. It can be
seen in Fig. 3 that, the particle thickness of the ZnO films changed with
the AA concentrations. The reason for the particle thickness alteration is
the reaction between Zn?* and AA during the deposition procedure. The
results of the EDX point analysis from the ZnO sample are shown in
Fig. 4, where the presence of Zn and O is confirmed from EDX analysis.

3.2. Structural analysis of nanostructured ZnO

The structural characterization of ZnO film with and without AA as a
reducing agent is examined by the X-ray diffraction (XRD) technique.
The XRD plots of the as-synthesized products using various AA con-
centrations by the SILAR method are displayed in Fig. 5. From the XRD
analysis, it is observed that all the diffraction patterns are well matched
with the standard hexagonal wurtzite structure of ZnO corresponding to
the JCPDS card (File No. 0 01-075-6445) [52]. Three dominant
diffraction peaks at 26 value 32.19°, 34.87°, and 36.65°, correspond to
the crystal lattice planes of (100), (002), and (101), respectively. No
characteristic diffraction peaks of other impurities were observed in the
XRD patterns. The intense and sharp diffraction peaks indicate well
crystallinity of the deposited films. As the concentration of AA was
increased from 4.0% to 8.0%, the intensity of the (100) diffraction peak
decreased gradually. The reduction in the peak intensity may be due to
the synergistic effect of AA as a reducing agent. From this, it is under-
stood that the change in the AA content of the reaction bath has a sig-
nificant effect on the crystallinity of the ZnO films [53,54].

To compute the mean crystallite size of the ZnO films, the Debye-
Scherrer rule was used [55-57].

.
= Peost

@

In this equation, D is crystallite size, K is the Scherrer constant (equal
to 0.94), f is the full-width half-maximum measured in radiations, and 6
is the Bragg’s diffraction angle. The estimated crystallite sizes of ZnO
nanoparticles are highlighted in Table 1. The average D for ZnO films is
58.29, 50.41, and 48.68 nm, respectively. Table 1 clearly illustrates that
crystallite size decreases with adding AA compared with bare ZnO film
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Fig. 3. Magnified SEM images of ZnO films with various concentrations of AA.

[58,59]. The thickness of these films is outlined in Table 1. It can be seen
that the AA concentration increases from 0.0% to 8.0% as the film
thickness decreases from 0.82 to 0.44 pm. The capping and reducing
agent like AA are significant materials that can affect the degradation
speed and hereby crystallinity quality and particle morphology. The
degradation ability the capping and reducing agents may reason a
change in the nucleation and growth kinetics of nanostructured metal
oxide materials [52,60].

3.3. FTIR analysis of nanostructured ZnO

Fig. 6 shows the FTIR transmittance spectra of bare ZnO and AA
added ZnO films. In the spectrum of bare ZnO, it can be seen that a
transmittance peak emerged at about 886 cm™! and 748 cm™! created
by the characteristic stretching vibration mode of the Zn-O. It was
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Fig. 4. EDX profile for the ZnO thin film. The presence of Zn and O is confirmed from EDX analysis as displayed in Figure.
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Fig. 5. XRD patterns of ZnO thin films as a function of AA concentrations. It is
presented that all the diffraction patterns are good matched with the standard
hexagonal wurtzite structure of ZnO. As the concentration of AA was increased
from 4.0% to 8.0%, the intensity of the (100) diffraction peak
decreased gradually.

Table 1
Crystallite size and film thickness values of green synthesized ZnO samples as a
function of AA concentrations.

Sample Name Crystallite size (nm) Film Thickness (pm)

ZnO 58.29 0.82
ZnO + AA 4.0% 50.41 0.71
ZnO + AA 8.0% 48.68 0.44

observed that these peaks slightly shifted to higher energy values
because of the interactions with the AA. These interactions are more
evident in peak intensity, O-H and C-H stretching changes, and bending
peaks discussed later. Peaks of ZnO are compatible with the literature,
which is prepared by similar methods [9,61-63].

However, the number of peaks occurs when AA is added to the
growth solution. From the spectrum of ZnO samples obtained with 4.0%
and 8.0% AA, it can be seen that a weak transmittance peak appeared in
the range 3217-3730 cm™! created by the OH stretch owing to the
presence of moisture in the sample [64,65]. Also, peaks at 2377 cm ™!
and 2317 cm ™! matched with the absorbed atmospheric CO, and C=0 in
acetate moiety [9,66]. Feeble and broadened peaks were observed in the
range of 2907-3025 cm™! G-H stretching vibrations. The spectrum’s
firm absorption peaks at 1745-1570 cm™! have been based on the
stretching vibrations of C=0 and C=C along with the furanone ring
system [64]. Around the short-frequency fingerprint region, bending
and wagging bands of C-H are observed in the range 1405-1325 cm .
The peaks at 1288-1020 cm ™! are attributed to characteristic G-O-C and
C-O-H bending and stretching vibrations.

At higher frequencies, the characteristic peaks of ZnO were mixed
with the vibration peaks of OH out of plane deformations. Moreover, C-
H and O-H bending peaks occur at higher energies because of the ZnO-
AA interaction. In the presence of a robust intermolecular H bond, the
peak intensity tends to decrease [67,68]. In the present study, different
from the well-defined examples for AA in the literature, it has been
observed that there is a significant decrease in the intensity of the peaks
above 2800 cm™! and some shift and peak intensities change at the
wavelengths below 1020 cm™!. This type of deformation in some IR
peaks indicates the presence of intermolecular hydrogen bonding [69].
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3.4. Electrical analysis of nanostructured ZnO samples

To take current crowding into account and to be able to extract the
specific contact resistivity (p.), contact resistance (R¢), and the transfer
length (L), the transmission line model (TLM) was used [70,71]. The
measurement structure was made on thermally evaporated gold contacts
and schematic structure and dimensions given in the inset (Fig. 7). Based
on this approach total resistance (Rt) between the pads is described by
Ref. [71]:

_ 2Ry | 2Ryl
n w w

Ry (2)
where Rsk,Rsy, [ and w, are the sheet resistance under the contact, sheet
resistance outside the contact pad width and pad length, respectively.
The intercept of calculated total resistance versus gap spacing (d) plot
(Fig. 7) is given by 2R¢ = 281 and can be calculated R¢ and Ly values of
films (Table 2). By Equation (2), a calculation of p. can be conducted
using the Lr, measured from the intersection of the Ry plot for the
condition Rt = 0 in Fig. 7.
Under the condition d>L, p. can be defined as given below,

3

Rt values of the AA added and bare ZnO films were determined from

pe=RsuL3

Table 2
TLM results of green synthesized ZnO samples as a function of AA
concentrations.

Sample R R, R3 Lt Pe
Name (x10°Q) (x10°Q) (x10°Q) (upm) (x10°Qem?)
Zno 1.229 1.535 1.957 29.041  0.430
ZnO-+AA 0.625 0.836 1.085 21.138  0.144

4.0%
ZnO+AA 0.537 0.649 0.803 37.133  0.257

8.0%
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the current-voltage (I-V) measurements. Rectification was not observed
in I-V graphs of AA added or bare ZnO films, and the graphics were
linear.

As shown in Table 2, the lowest contact resistivity of 0.144 Qcm? was
achieved by 4.0% AA. Adding AA in the growth bath slightly reduced the
specific contact resistivity, and these values were compatible with films
produced by similar methods in the literature [72]. However, the values
of p. and Lt were relatively high for all thin films. Both thin films pro-
ducing method and annealing treatment can be boosting these types’
main physical characteristics of obtained nanostructured thin film
materials.

3.5. Antibacterial activities of nanostructured ZnO-AA mats

Due to their size, nanoparticles can easily associate with microbial
fauna living anywhere. We can use this relationship to our advantage to
develop antimicrobial agents. In the study, we tested whether the syn-
thesized ZnO+AA mats have antimicrobial activity. For this purpose, the
agar disc diffusion test based on the measurements of the inhibition
zones where bacteria could not survive was performed to determine the
antimicrobial activity. According to Table 3, ZnO-AA mats are anti-
bacterial against both E. coli (ATCC 35218) and S. aureus (ATCC 25923).
The diameter of the zones of inhibition of 20.1 mm for E. coli and 28.1
mm for S. aureus at the dose of ZnO+AA is 8.0% (Fig. 8 A.B, e). These
inhibition diameters are almost closer or even greater than the diameter
of ampicillin, our positive control alone. This proves that the newly
synthesized compound is a powerful antibacterial agent. We found that
DMSO, which we used as negative control and solvent of synthesized
compounds, did not have an antimicrobial effect (Fig. 8 A-B, b). These
findings agree with the previous study in our laboratory and other
literature [9,36-38].

It was determined that S. aureus (ATCC 25923) was more sensitive to
ZnO+AA mats than E. coli (ATCC 35218), considering the inhibition
zones. It is known that gram-positive bacteria are more sensitive to
antimicrobial agents than gram-negative bacteria. This is due to the
difference in the wall structure of the bacteria. This may explain why
gram-positive bacteria with a thick peptidoglycan layer are more
exposed to antimicrobial agents [73]. Ascorbic acid had the most sub-
stantial effect among boric acid, curcumin, and ascorbic acid used to test
its antimicrobial properties against S. enteritidis [36]. Likewise, it has
been reported that a mixture of nisin, AA, EDTA is effective against
S. enteritidis ATCC 13076 strain at a dose of 2000 ppm [37]. The
chemical characteristic of AA or ascorbate is more anionic and, due to
this feature, binds to gram-positive bacteria rather than gram-negative
bacteria with a more anionic outer membrane. This feature can
explain the more substantial antibacterial effect in gram-positive bac-
teria. Another study related that the amount of AA in the environment
increases the antibacterial activity [74]. Ascorbic acid, which is found in
high amounts in the environment, reduces the useable oxygen of the

Table 3

Antibacterial activity of nanostructured ZnO + AA mats in the different con-
centrations, bare ZnO, pure AA and reference antibiotic (ampicillin) against
gram-positive and gram-negative bacteria species. The inhibition zone includes
a diameter of the disc (6 mm).

Sample Name Microorganisms

Escherichia coli
(gram-negative)

Staphylococcus aureus
(gram-positive)

Inhibition zone ~ ZnO 11.8 11.3
(mm) AA 16.2 25.5

ZnO+AA 4.0% 17.7 27.8
ZnO+AA 8.0% 20.1 28.1
(+) Control, 23.8 23.8
(amp.)
(—) Control - -
10% DMSO
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environment because it is a reducing agent. The lack of available oxygen
in the environment can have a devastating effect on S.aureus, which can
grow well in rich oxygen conditions, and E. coli which is metabolically
versatile. We think that this is the reason for the increased effect at 4.0%
and 8.0% concentrations. This finding is consistent with the relevant
literature [39]. It is thought that AA alters the outer membrane of
bacterial cells, impairing selective permeability, allowing access to
target sites of antimicrobial agents [75]. Ascorbic acid in a solution of
1.5% is effective on aerobic bacteria, coliforms, and yeast [38]. Ascorbic
acid and lactic acid treatments were applied against E. coli 0157:H7
strains in food, and it was reported that the 0.4% + 0.2 mixture kept the
initial bacterial concentration of 3.98 at 4.12 CFU/ml [39]. Antimicro-
bial applications of AA have also been mentioned in many other studies
[40-43]. The synergistic effect from the antimicrobial agent combina-
tion has a greater impact than the individual effect of each antimicrobial
agent [52,76-78]. At the same time, the replacement of Zn*? ions
leaking into the bacterial culture medium with magnesium ions involved
in enzymatic events in bacteria facilitates bacterial death [79]. The
destruction of the bacterial cell wall, inhibition of bacterial biochemical
activities by leaking compounds, DNA damage and oxidative stress
nanoparticles can cause damage to bacteria [80]. It is therefore usual
and promising that our combination of ZnO and AA has a higher effect.
So far, ZnO mats have been synthesized in many ways and their anti-
microbial activities against some bacteria have been tested (Table 4.) [9,
81-89].

Zinc is an essential element for both microorganisms and higher taxa.
Also, the association between zinc and immunity is well known. During
bacterial infection, host release of Zn?" at mucosal surfaces is an
important innate defense mechanism. However, this mechanism has not
been fully elucidated. Firstly, manganese is essential for Staphylococcus
strains growth and its ability to cause disease. Zn>* ions could bind to
the manganese transport protein. So, zinc prevented manganese uptake.
This slowed bacterial growth and rendered it hypersensitive to immune
cell killing [90]. Likewise, bacterial growth cultures also contain man-
ganese. Therefore, this pathway may be a cause of bacterial inhibition.
Antibiotics are often ineffective against biofilm-producing bacteria, due
to their reduced growth rate and different gene expression [91,92].
Therefore, their synthesis with ZnO mats and Zn?* can eliminate this
effect. Ion channels and proton pumps in the cell membrane maintain
the membrane potential. It is known that Zn?* depolarizes the mem-
brane potential. Zn?t ions released from ZnO-derived mats increase
their concentration in aqueous solutions over time. Ion channels work-
ing to maintain the membrane potential will carry the increased Zn**
ions in the extracellular environment into the cell with these pumps step
by step. P-type ATPases are enzymes that provide bacterial resistance to
heavy metal ions [93]. Zn%* jons transported into the cell inhibit ATP
synthesis in this way. Changing the membrane potential and inhibiting
the synthesis of ATP, which is used to obtain basic energy, ultimately
leads to the death of the bacteria.

The size of the synthesized nanoparticle affects its antimicrobial
properties. It has been determined that nanoparticles in the size of
100-800 nm disrupt the wall’s integrity by changing the bacterial cell
wall [94]. The size of the synthesized nanoparticles is 226-758 nm for
bare ZnO, 713-887 nm ZnO+AA 4.0% and 438-1123 nm for ZnO+AA
8.0%. Relatively small particle size increases the effect of antimicrobial
agents as they increase the permeation capacity of the bacterial mem-
brane. For the synthesized ZnO+AA nanoparticles, this size is compat-
ible with the size stated in the literature [94]. Fighting resistant bacterial
strains that cause loss of life, hospital infections, and great financial
losses are among the primary targets of newly synthesized nano-
particles. It is essential to synthesize such cheap, easy and environ-
mentally friendly nanoparticles and increase their usage area in the fight
against multi-drug-resistant bacterial strains.
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Table 4
Some selected studies on published about ZnO mats.

Synthesized Antimicrobial Pathogenic Refs.

materials activity test microorganisms

methods

ZnO+Vipurnum DDM Escherichia coli Tasdemir et al.,
opulus (plant Staphylococcus 2021 [9]
extract) aureus

ZnO nanotubes DDM, MIC Escherichia coli Elkady et al.,

Staphylococcus 2015 [81],
aureus Pseudomonas
aeruginosa
Bacillus subtilis
ZnO NPs DDM, SD, MIC Klebsiella Reddy et al.,
pneumoniae 2014 [82]
ZnO nanorods DDM Escherichia coli Sharma et al.,
Bacillus subtilis 2012 [83]
Zn0-1,2,3 NPs DDM, BD, MIC Escherichia coli Pasquet et al.,
Staphylococcus 2014 [84]
aureus
Pseudomonas
aeruginosa Candida
albicans
ZnO MPs and NPs DDM Enterobacter Jeyabharathi
aerogenes etal., 2020 [85]
Staphylococcus
epidermidis
ZnO/TiO, DDM, BD; MIC Staphylococcus Azizi-Lalabadi
aureus etal., 2019 [86]
Pseudomonas
fluorescens
Listeria
monocytogenes
Escherichia coli
C-nZnO composites DDM, CC Escherichia coli Noman and
Staphylococcus Petru, 2020
aureus [87]

Zinc oxide DDM Escherichia coli Bajpai et al.,
microparticles 2011 [88]
loaded cotton
(ZOMLC)

Kappa-carrageenan DDM, MIC Staphylococcus Vijayakumar
wrapped ZnO NPs aureus et al., 2020

[89]

*DDM: Disk diffusion method, MIC: The minimum inhibitory concentration, SD:
Serial dilution, BD: Broth dilution CC: Colony counting.

4. Conclusion

In this paper, nanosized ZnO samples were grown by the cost-
effective SILAR method, and their main physical characteristics were
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Fig. 8. Antimicrobial effect of synthesized
ZnO nanoparticles using ascorbic acid in the
different doses. Ampicillin and synthesized
ZnO + AA nanoparticles were shown an
inhibitory effect on the Staphylococcus aureus
(A) and Escherichia coli (B). Inhibition zones
of different diameters were showed in the
bare ZnO (a), bare AA (c), ZnO+AA 4.0%
(d), ZnO+AA 8.0% (e) and ampicillin as
positive control (f). Pure AA extracts and
ZnO doped AA have been shown to an
inhibitory effect on Staphylococcus aureus (A)
and Escherichia coli (B). On the contrary,
inhibition zone of the disc containing 10 pl
of the pure DMSO (b) was not shown.

*The red circle to the largest diameter of the
zone of inhibition. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

investigated as a function of AA concentration. Different concentrations
of AA (0.0%, 4.0% and 8.0%) influenced the structural, morphological,
electrical, and antibacterial properties of nanostructured ZnO materials.
The structural and morphological analyses of the samples confirm the
structure of beneficial grade ZnO materials with a hexagonal wurtzite
structure. The grain sizes and distribution of the particles were modified
significantly after AA adding in the starting growth bath. As the con-
centration of AA was increased from 4.0% to 8.0%, the intensity of the
(100) diffraction peak decreased gradually.

Meanwhile, AA concentration increased from 0.0% to 8.0% as the
film thickness decreased from 0.82 to 0.44 pm. FTIR transmittance
spectra of bare ZnO presented a transmittance peak of about 886 cm™!
and 748 cm ™! created by the characteristic stretching vibration mode of
the Zn-O. It was recorded that these peaks slightly shifted to higher
energy values because of the interactions with the AA. The lowest con-
tact resistivity of 0.144 Qcm? was achieved by AA 4.0%. Adding AA in
the growth bath slightly reduced the specific contact resistivity, and
these values were compatible with films produced by similar methods in
the literature. The size of the synthesized nanoparticles was 226-758 nm
for bare ZnO, 713-887 nm ZnO+AA 4.0%, and 438-1123 nm for ZnO-
+AA 8.0%.

Compared with existing antibiotics, it was observed that the newly
synthesized compound showed antibacterial activity with different
mechanisms. These mechanisms are physical damage caused by the
release of Zn"2, particle absorption, photocatalytic activity depending
on the production technique, and ROS production. This bacterial
interaction mechanism gives the newly synthesized compounds stronger
properties than antibiotics. Also, we observe that, relatively small par-
ticle sizes increased the effect of antimicrobial agents as they increased
the permeation capacity of the bacterial membrane and synergistic ef-
fect from the antimicrobial agent combination has a greater impact than
the individual effect of each antimicrobial agent. Thus, AA added ZnO
nanostructures could be a cheap, easy and environmentally friendly
promising candidate for multiple technological device technology and
management of bacterial diseases.
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