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ARTICLE INFO ABSTRACT

Keywords: This study aimed to determine the main physical properties of green synthesized ZnO nanoparticles (ZnO-NPs)
Green synthesis using Thymus syriacus plant extract and their antibacterial activities against eight different Gram-positive and
Zn0 Gram-negative plant bacterial disease agents. The surface morphological, structural, optical and electrical at-
Thymus syriacus

tributes of the ZnO films were analyzed by various types of characterization techniques. The authors have
observed that the microstructural and surface morphological properties considerably changed by using
T. syriacus plant extract. UV-Vis. analysis showed that the bandgap values are increased from 3.17 to 3.28 eV
with the T. syriacus content in the growth solution. Impedance measurements presented an increase of the
semicircle diameters with the increase % of T. syriacus. The antibacterial effectiveness of ZnO-NPs was evaluated
against plant pathogenic bacterial species by using the agar disc diffusion method. Established on inhibition zone
diameter values, ZnO-NPs displayed varying levels of antibacterial activities against all bacterial species tested.
Gram-positive bacterial species were found more sensitive than Gram-negative species. In comparison, the
highest antibacterial activity was displayed against Clavibacter michiganensis subsp. michiganensis and Bacillus
subtilis subsp. subtilis, the lowest antibacterial activity was recorded for Pseudomonas corrugata. The present
research findings suggest that the green synthesized ZnO-NPs have a prospective to be used as optoelectronic
materials and antibacterial agents against plant pathogenic bacterial disease.

Antibacterial activity

sensors, dye-sensitized solar cells, biosensors, drug delivery, photo-
catalysts, light-emitting devices, antioxidant activity, and gas sensors [9-
14]. ZnO-NPs have been obtained through many procedures, including
spray pyrolysis, chemical precipitation, micro-emulsion, sol-gel,
chemical vapor deposition, electrodeposition microwave radiation, hy-

1. Introduction

Lately, nanostructured metal oxide particles including MgO, CuO,
TiOg, and ZnO have augmented the relevance to be used in many
technological applications [1-4]. Among these different kinds of nano-

particles, zinc oxide (ZnO) is an ample, innocuous and low cost oxide
material with high mechanical and chemical stability. ZnO is also an
II-VI wide bandgap transition metal oxide with enormous exciton
binding energy (60 meV) and n-type semiconductor with direct energy
band gap of ~3.2 eV at room temperature. ZnO has attracted great
attention because of its impressive biological, chemical, and physical
characteristics [5-8].

Nowadays, ZnO nanoparticles (ZnO-NPs) were used extensively in
many applications such as the pharmaceutical industry, smart UV
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drothermal and successive ionic layer adsorption and reaction (SILAR),
etc [15-19]. Although there are some different ways to synthesize ZnO
nanomaterials, the SILAR procedure is widely used, for it is relatively
cost-effective, easy, and low temperature [20-22].

Green synthesis involves synthesis through algae, bacteria, fungi,
and plants, etc. The use of plants for the deposition of NPs is a low-
priced, rapid and eco-friendly option and is innocuous for human use.
Besides, the synthesis by plant extracts is beneficial because it decreases
the risk of further contamination by reducing the reaction time and
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Fig. 1. The scheme of SILAR method for the growth of nanostructured ZnO samples.

preserving the cell structure. Various investigations have been con-
ducted on the green synthesis of several nanostructured metal oxides
using extracts from certain plant species as a biological origin [23-27].
ZnO-NPs are favored over other nanostructured metal oxides hence their
superior antibacterial potential and bio-compatible natures [13,27]. The
primary contraption of the bactericidal nature of ZnO-NPs includes
physical linkage between the bacterial cell wall and ZnO-NPs, genera-
tion of free radicals, reactive oxygen species (ROS). Releases of Zn?*
ions also display antibacterial activities that are useful for the biological
and pharmaceutical practices [28].

Plant diseases caused by particular plant bacterial species are major
limitations and cause enormous yield losses in agriculture globally.
Depending on the infection stage and environmental conditions, annual
yield loss caused by specific bacterial pathogens could reach up to
5-50% [29]. Currently, the management of bacterial diseases is mainly
achieved by cultural (such as the use of clean certified seeds) or chemical
treatment (such as applying chemical pesticides and antibiotics).
Although the application of cultural and chemical control measures may
control disease occurrence, the effectiveness of these methods for con-
trolling bacterial diseases is usually limited. Because of the several
adverse side effects, such as high cost, development of pesticides/
antibiotic-resistant isolates, residues on crops, governmental restric-
tion, and the public interest of environmental consideration, several
types of research were intensified to utilize novel environmentally
friendly control measures against bacterial disease [30]. Nowadays,
researchers have focused on the synthesis of different nanoparticles
using various synthesis routes of plant and animal origin [31]. The genus
Thymus, belonging to the Lamiaceae plant family, contains over 300
evergreen species that are naturally grown in Southern Europe and Asia.
Thymus syriacus Boiss, known as thyme, is native plant species and can
be found growing wildly in the eastern Mediterranean region [32]. The
chemical composition and high-level antimicrobial activity of essential
oil and major constituents of T. syriacus have been assessed against
gram-negative human pathogenic bacterial species [33]. Although a
limited number of studies are available on antibacterial performances of
nanostructured green synthesized particles against fungal and bacterial
disease agents [34-36], to the best of our knowledge, the antimicrobial
activities of green synthesized ZnO-NPs using T. syriacus aqueous leaf
extract against plant bacterial disease agents have never been tested
before.

Hence, multiple aims of the present study were to analyze green
synthesized (using T. syriacus leaf extract) nanostructured ZnO films by
using novel characterization methods. Besides, the antibacterial poten-
tials of two different concentrations of ZnO-NPs were also evaluated in
vitro against Gram-positive and Gram-negative bacterial disease agents
such as Bacillus subtilis subsp. subtilis, Clavibacter michiganensis subsp.
michiganensis, Pseudomonas syringae pv. phaseolicola, P. syringae pv.
syringae, P. cichorii, P. corrugate, Pectobacterium carotovorum subsp. car-
otovorum and Xanthomonas axonopodis pv. juglandis.

2. Material and methods
2.1. Plant material and preparation of plant extract

Wild populations of T. syriacus, used in the preparation of ZnO-NPs,
were collected from the naturally growing sites of wild populations of
T. syriacus in Hatay Province located in the Eastern Mediterranean Re-
gion of Turkey (36°21'24”N 36°10'32"” E). Plant species was further
identified by Prof. Dr. I. Uremis and voucher specimen of the plant has
been deposited in the herbarium of the BISAK unit of Hatay Mustafa
Kemal University (No. TsyAl25). Dried leaves of T. syriacus, which were
used for extraction, were washed with distilled water and ground in a
plant mill. The aqueous leaf extract of T. syriacus was prepared by
boiling dried powdered plant leaves (10 g) in double-distilled water
(100 mL) for 15 min, cooled down to room temperature, and finally
filtered using Whatman filter paper (No.1). The aqueous filtered plant
extract was stored in a fridge at 4 °C to synthesize ZnO-NPs as previously
described [36].

2.2. Green synthesis of ZnO-NPs

ZnO films with and without T. syriacus were obtained onto glass
substrates by the SILAR procedure. T. syriacus as a plant extract was used
in the deposition process to change ZnO films’ nanostructures. All the
chemicals, including zinc acetate dihydrate (Zn(CH3COO)y-2H50),
acetone ((CH3)2CO), and ammonium hydroxide (NH4OH) were of
analytical reagent quality and were used without any further
purification.

To obtain the cationic precursor solution, 2.2 g zinc acetate dihy-
drate was blended with 100 mL double-distilled water, which resulted in
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0.1 M zinc acetate solution. Ammonium hydroxide (NH4OH) was sup-
plemented to the cationic solution to regulate the value of pH ~ 10.
NH4OH was added to the growth bath drop by drop under constant
stirring until the pH values reached about 10. The cationic aqueous so-
lution was maintained at a temperature of 85 °C. The glass slides were
immersed in the solution bath for 15 s. Then to dismantle the unreacted
ions on the surface of the glass substrate, the substrate was rinsed with
double distilled water 15 s. This SILAR cycle was applied 16 times to
acquire adherent and uniform ZnO films. Likewise, to investigate the
impression of the T. syriacus content to the ZnO films T. syriacus extract
was supplemented to each precursor solution, and two series of speci-
mens were deposited. Fig. 1. shows the solution-based SILAR method’s
scheme for the deposition of ZnO films and particles. Eventually, the
obtained ZnO films and powders with and without T. syriacus were
heated at 525 K for 30 min.

2.3. Characterizations of ZnO-NPs

The SILAR synthesized ZnO films were analyzed using varied tech-
niques. Crystallographic attributes were carried out using Bruker D8
Advance, a high-resolution X-ray diffractometer (XRD) with CuK, radi-
ation (A = 1.540056 A). The surface topography measurements of the
grown films were studied by Scanning Electron Microscope (SEM, Jeol
JEM-2100F) and Atomic Force Microscope (AFM, Solaris Atomic Force
Microscope). The elemental composition in the prepared ZnO film was
confirmed by using energy-dispersive X-ray spectroscopy (EDX)
attached to SEM. The thickness of the films was acquired using a surface
profilometer (Nanomap — 500LS 3D). The existence of chemical
bonding in green synthesized ZnO films was studied by Thermo Scien-
tific Nicolet 6700 FTIR spectrometer. UV-visible absorption and trans-
mittance spectra of the green synthesized ZnO films were determined
with a UV-Vis. spectrometer (Thermo Scientific Genesys 10S UV-Vis.)
between 190 and 1100 nm at room temperature. Impedance measure-
ments were performed on films and an HP 4284 A LCR meter, which has
a measurement frequency range of 20 Hz-1 MHz. All the impedance
measurements were performed at room temperature.

2.4. Bacterial microorganisms and preparation of inoculum suspension

Bacterial cultures of C. michiganensis subsp. michiganensis
(CmmAd12), B. subtilis subsp. subtilis (BssA19), P. cichori (PcSa2),
P. syringae pv. phaseolicola (PspE22), Pectobacterium carotovorum subsp.
carotovorum (PccSyl7), P. corrugata (PcSa27), P. syringae pv. syringae
(PssE8) and X. arboricola pv. juglandis (XajE5) used in the study were
isolated from their host plants such as tomato, lettuce, bean, potato,
citrus, and walnut. Identities of bacterial isolates used in this study were
confirmed by using MALDI-TOF and molecular analyses [37]. Bacterial
isolates were stored on Trypic Soybean Agar (Merck, Darmstadt, Ger-
many) medium at 4 °C until further tests.

Bacterial suspensions were prepared from a single colony of stock
culture and inoculated in a commercial Luria Broth (Merck, Darmstadrt,
Germany) liquid growth medium. The resulting bacterial culture was
incubated at 26 °C on an orbital shaker for 24 h to grow a sufficient
population. Bacterial suspensions were subsequently prepared in sterile
10 mM MgCl,, solution, and their concentrations were adjusted to 108
cfu ml™! spectrophotometrically (OD;g29 = 0.15) as described earlier
[38].

2.5. Antibacterial application test of ZnO-NPs

The stock solution of green synthesized ZnO-NPs was prepared by
dissolving 500 mg ZnO-NPs in 1 mL sterile dimethyl sulfoxide (DMSO,
Merck, Darmstadt, Germany).

The agar disc diffusion method was used for the determination of the
qualitative antibacterial assay of the ZnO-NPs. The obtained bacterial
suspensions (250 uL at 108 cfu mi! concentration) were uniformly
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Fig. 2. XRD patterns of SILAR derived ZnO films synthesized without (bare
Zn0O) and with T. syriacus plant extract.

spread over petri plates containing Trypic Soybean Agar medium and
sterile 5 mm diameter discs (Antibiotic susceptibility test discs, Bio-
analyse, Turkey). They were treated with 10 uL/disc of the ZnO-NPs, and
gently pressed onto nutrient media to ensure contact with the surface of
the media. The inoculated petri plates with bacterial isolates were left
30 min at room temperature to allow the diffusion of the tested ZnO-
NPs, sealed with sterile parafilm, and then were incubated at 26 °C for
48 hr. At the end of the period, a clear zone of inhibition (expressed as
mm) around the disc was measured for the antibacterial activity of ZnO-
NPs by using a steel ruler. Negative control was prepared using sterile
DMSO employed to prepare ZnO-NPs.

In vitro antibacterial studies were performed in three different petri
plates for each treatment. The obtained data were analyzed using vari-
ance analysis (ANOVA) using the SPSS Statistic program (Version 17.0).
Significant differences between treatments were compared using Dun-
can’s Multiple Range Test (P < 0.05).

3. Results and discussions
3.1. Structural analysis of ZnO-NPs

Structural properties all produced ZnO films examined by using X-

Table 1
Relative peak intensity, crystallite size and film thicknesses of green synthesized
ZnO-NPs.

Sample Relative Peak Intensity Crystallite Film Thickness
(cps) Size (um)
002) (nm)
Bare ZnO 16,423 17.19 1.82
2.5% 13,910 15.62 1.74
T. syriacus
5.0 % 7291 14.51 1.40
T. syriacus
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Fig. 3. XRD patterns of SILAR derived ZnO thin film and NPs synthesized
without T. syriacus plant extract.

ray diffraction analyses. The crystallite size values were calculated by
using the XRD data. Fig. 2. indicates the XRD patterns of ZnO films with
and without leaf extract T. syriacus on glass substrates. From the pat-
terns, it is obvious that all ZnO films are grown preferentially on (002)
and (101) planes. Except for those two basic peaks, there are five more
diffraction lines of (100), (102), (110), (103), and (11 2) planes. These
observed XRD results are exactly similar to the results of previous studies
[39,40]. The planes are indexed to polycrystalline ZnO phase nature
with a hexagonal wurtzite structure (JCPDS file No. 0 01-075-6445)
[41]. The relative intensity of the (002) peak was presented in Table 1.

Inorganic Chemistry Communications 135 (2022) 109088

Table 1 shows that the peak intensities decreased by adding T. syriacus
extract to the aqueous solution [42,43]. Fig. 3. shows XRD patterns of
SILAR derived ZnO thin film and powders synthesized without
T. syriacus plant extract. It can be seen that the relative peak intensities
of ZnO powders are smaller than thin-film structures.

To find the T. syriacus effect on the structural parameters, the crys-
tallite size (D) values of the ZnO-NPs are estimated from their XRD
patterns via the well-known Scherrer equation [44]:

KA

b= Ppcosd M

where K, A, 5, and 0 are the Scherrer’s constant, the X-ray wave-
length, the FWHM value of the peak and 0 the Bragg’s angle of the peaks,
respectively. Estimated crystallite size values are given in Table 1. The
average crystallite size of ZnO film is decreased by T. syriacus from 17.19
to 14.51 nm, which means the addition of T. syriacus to the precursor
solution, alters the crystallite growth. A similar trend of crystallite size
was reported by [45,46]. For the solution-based metal oxide growth
process, the formation of nanostructured materials is vigorously related
to the chemical composition of the growth bath. The plant extracts as
reducing agent and stabilizers of NPs like T. sysriacus are the significant
agents that can efficiently reduce speed and with this the crystallinity
quality and particle size. The existence of T. syriacus in the starting so-
lution may further modify the diffusion percentage of Zn and O hence
leading to the alteration of structure, size and morphology [47,48].

3.2. Surface morphological analysis of ZnO-NPs

It is quite essential to study the surface morphological properties of
films because the surface shapes of the nanostructured ZnO films affect
their optical application efficiency. Surface morphologies of synthesized
ZnO films were investigated by SEM. The SEM pictures of the ZnO films
with diverse concentrations of T. syriacus (0%, 2.5%, and 5.0%,
respectively) grown on glass slides were demonstrated in Fig. 4. As can
be seen from SEM images, all ZnO films exhibited a homogeneous and
dense surface structure. The addition of plant extracts in the deposition

Fig. 4. SEM micrographs of SILAR derived ZnO films synthesized without (bare ZnO) and with T. syriacus plant extract.
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Fig. 5. SEM micrographs of SILAR derived ZnO-NPs synthesized without T. syriacus plant extract.
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Fig. 6. EDX spectrum of SILAR derived bare ZnO film.

bath is exceedingly crucial for nanostructured metal oxide films and
powders. Because it displays an important mission in arranging their
surface morphological, optical, and electrical properties.

The bare ZnO film has rod-shaped particles as denoted in Fig. 4 (a).
We observed that the T. syriacus plant extract content in the bath solu-
tion impresses the ZnO samples’ particle morphology and crystalline
quality. As illustrated by the SEM images, with increasing T. syriacus
plant extract concentration, the prepared ZnO samples displayed a ho-
mogeneous and dense surface structure with changing size. From Fig. 4
(b,c) it is seen that when T. syriacus is added into the reaction mixture,
ZnO films exhibit densely packed, nearly spherical-like ZnO crystals
[49,50]. That is to say, the leaf extract T. syriacus plays a major role in
the formation of surface morphology of ZnO film [11,51,52]. The vari-
ation in plant extract content of the bath solution depicted different sizes
and morphologies of ZnO Nps and films. Hence, the T. syriacus plant
extract can be used as a modifier and stabilizer agent to alter the
morphology and crystalline quality of metaloxide-based samples. Also,
Fig. 5. displays the SEM micrographs of SILAR derived ZnO powders
synthesized without T. syriacus plant extract.

The chemical elemental analysis of bare ZnO film is defined by

energy-dispersive X-ray spectroscopy (EDX). The EDX spectrum for ZnO
film is depicted in Fig. 6. The sharp peaks in the spectrum verify the
presence of Zn and O elements. The atomic percentages of Zn and O in
the film are measured as 49.67 and 50.33 %, respectively.

3.3. AFM analysis of ZnO-NPs

The condition of the surface of ZnO films synthesized without and
with T. syriacus plays a crucial role in determining not only electrical
properties but also some physical properties such as the film nature and
the functional performance. Fig. 7. illustrates AFM topography photos
with a 10x10 pm? scan size of the three examined film surfaces. Mi-
crographs showed that films are tightly packed and granular; any sign of
aggregation of grains almost does not exist. It can be seen in Fig. 7. the
microstructure varies with the adding of T. syriacus in growth solution,
the grains have less sharp edges, and for the first sight it seems that the
surface is rough and grains are much bigger.

Surface structure parameters Sa (Average surface roughness), Sq
(Root mean square), and Sz (Ten-point height) are listed in Table 2.
According to Table 2, as can be seen in SEM images and XRD spectra,
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Fig. 7. AFM images of SILAR derived ZnO films synthesized without (bare ZnO) and with T. syriacus plant extract.

Table 2

Surface roughness parameter and band gap energy values of ZnO films synthe-
sized without and with T. syriacus

Sample Sa (nm) Sz (nm) Sq (nm) Bandgap(eV)
Bare ZnO 122 494 152 3.17
2.5 % T. syriacus 183 621 221 3.21
5.0 % T. syriacus 161 652 199 3.28

particle size changed significantly after adding T. syriacus in the growth
solution, so the Sa, Sq, and Sz values also changed. These findings are in
excellent concurrence with the results of the SEM investigations.

3.4. FTIR analysis of ZnO-NPs

FTIR spectroscopy is an advantageous technique for investigating
vibrational modes of synthesized materials. This method was used to
investigate various vibration modes of synthesized ZnO films. The FTIR
spectrum of films is shown in Fig. 8. In general, metal-oxides show an
absorption band below 1000 cm’l), which arises from inter-atomic vi-
brations. Peaks appearing at ~ 853 cm ™}, 728 cm ™!, and ~ 560 cm?
can be assigned to the ZnO characteristic stretching modes [57,58].
However, the peak at the 1583 c¢m-1 range belongs to the stretching

Transmittance (%)

s s>
— Bare ZnO ) 2

— 2.5 % T. syriacus N (;\q’
— 5.0 % T. syriacus &»
4000 3200 2400 1600 800

Wavenumbers (cm-1)

Fig. 8. FTIR spectroscopy of SILAR derived ZnO films synthesized without
(bare ZnO) and with T. syriacus plant extract.
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Fig. 9. Plots of (ahv)? versus (hv) of SILAR derived ZnO films synthesized without (bare ZnO) and with T. syriacus plant extract.

vibration of the C = O group and indicates the presence of some acetate
moieties at the surface [53].

The peaks of ZnO are compatible with the literature [53-55]. How-
ever, the peak of organic compounds occurs when T. syriacus is added to
the growth solution. These peaks belong to a wide variety of compounds.
Water-distilled oil from aerial parts of T. syriacus contains 34 (corre-
sponds to 94.75% of the oil) components, and the main components are
thymol, carvacrol, p-cymene, borneol, and y-terpinene [56]. These
monoterpenoid phenols and monoterpene derivatives (and other known
29 components of oil) did not create a sharp spectrum peak but a weak
broad peak around the functional group region.

3.5. Optical analysis of ZnO-NPs

The optical bandgap (E,) of the ZnO films without and with
T. syriacus were estimated by Tauch’s relation [57]:

ahw = (hv — E,)" 2)

where n, E,, o, and hv are characterized which absorption process is
involved in the sample (n = 1/2 for direct bandgap transitions), the
optical bandgap energy, the absorption coefficient, and the photon en-
ergy, respectively. To analyze the effect of T. syriacus on the bandgap
diagrams of ZnO films (ozhz))2 versus (hv) were drawn (Fig. 9) as a
function of plant extract material. Using this graph, the E, values were
found to be 3.17, 3.21, and 3.28 eV for bare, 2.5 %, and 5.0 % T. syriacus

5.0 % T. syriacus
A 2.5% T. syriacus !
O Bare ZnO I

<
|

Transmittance (%)

T T T T T
600 800 1000
Wavelenght (nm)

1200

Fig. 10. Transmittance spectra of SILAR derived ZnO films synthesized without
(bare ZnO) and with T. syriacus plant extract.
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Fig. 11. Variation Z’ with frequency of SILAR derived ZnO films synthesized without (bare ZnO) and with T. syriacus plant extract.

added ZnO films, respectively. These values are also summarized in
Table 2. A parallel trend was also reported in the previous works
[58,59]. It is clear from Fig. 9 that the bandgap value ascends by aug-
menting the T. syriacus concentration in the ZnO film. This variation of
the bandgap energy may be attributed to the impression of several
factors like structural parameters, film thickness, crystallite size, etc.
[60-62]. As the supplementation of T. syriacus plant extract in the bath
boosts the nucleation process which alters the crystallization quality
hence modifying the optical properties. Furthermore, the presence of
T. syriacus in the growth solution may additionally modify the diffusion
proportion of Zn and O at the substrate and hereby lead to the variation
of main physical properties.

The optical transmittance spectra of the ZnO films in the wavelength
range of 200-1200 nm are depicted in Fig. 10. As it can be seen from

Fig. 10. bare ZnO film has the lowest transmittance. The transmittance
augmented with enhancing T. syriacus content in the aqueous solution
bath. This alteration in transmittance can be imputed to adjusted crys-
tallinity attributes, crystallite size, and film thickness [63,64].

3.6. Impedance analysis of ZnO-NPs

The impedance spectroscopy makes it possible to allocate the real
(resistive) and the imaginary (reactive) part of the electrical character-
istic of the materials to investigate an obvious picture of the sample
characteristics. Fig. 11. shows changes of the real part of complex
impedance with frequency for the bare ZnO, 2.5%, and 5.0 % T. syriacus
samples. At the low-frequency region of the graph, a relatively higher Z’
value is noticed due to the effectiveness of resistive grain boundaries for
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Fig. 12. Variation Z” with frequency of SILAR derived ZnO films synthesized without (bare ZnO) and with T. syriacus plant extract.



B. Sahin et al. Inorganic Chemistry Communications 135 (2022) 109088
7.50x10° T T T T T
1 7AN
6.00x10° - .
' —o— Bare ZnO
o | —2—2.5% T. syriacus
—~ 4.50x10" 5.0 % T. syriacus l
g 1 1.5x10"4 % ” E
N | 1.2x107 f§ E
3.00x10° 1 7 -
v = 9.0x10° 4 E
12 5
1 {‘? 6.0x10° - E
8 &
1.50x10 -§ 5 oxr0t ] b
|| 0.0 ﬂ L
o 0.0 3.0x107
0.00 1 1 p ze) 1 1
2.0x10°  4.0x10°  6.0x10°  8.0x10°  1.0x10°
Z'(Q)

Fig. 13. Complex plane of the impedance for the bare ZnO and T. syriacus added samples, at room temperature.

all the samples [65,66]. Especially, 2.5% and 5.0 % T. syriacus samples
have relatively higher Z’ at the low-frequency region. The AFM results
show that 2.5% and 5.0 % T. syriacus additives cause greater grains than
the bare ZnO sample. T. syriacus content may create charge accumula-
tion at grain boundaries. The grain boundary-space charge effect could
cause higher impedance at the low-frequency region [67]. At the high-
frequency region of the graph, a decrease for Z’ all the samples ap-
pears, maybe due to increasing ac conductivity [68]. After the sub-
stantial variation in Z’ in the low-frequency region is followed by
saturation in the high-frequency region. The inset makes possible the
visibility of the graph of the bare ZnO with relatively low Z’ values. The
graph for the bare ZnO has a maximum Z’ value at a relatively higher
frequency region, while those of the % T. syriacus addictive samples
have peaks at the low frequency.

Fig. 12 indicates the variation of the imaginary part of the impedance
with frequency. The graph gives us an insight into the electrical relax-
ation process. When the graph is viewed, a correlation between %
T. syriacus addiction and the peak position of the graph at the frequency-
axis is noticeable. The higher % T. syriacus addiction causes peak loca-
tion at the lower frequency while the bare ZnO has a peak at the near of
10.000 Hz. The presence of the single peak in the bare ZnO is associated
either with grain or grain boundary depending upon the respective
resistance value. These results show the presence of different relaxa-
tional processes for all samples [69].

The Cole-Cole graph of all the samples is given in Fig. 13. The inset
was again prepared for the bare ZnO sample. A slight decentralization of
the semicircle can be associated with a relaxation time distribution. The
fact of a single semi-circular arc confirms the presence of resistance due
to the intrinsic grain boundary effect [70]. While the bare ZnO sample
has a semicircle with the smallest radius, 2.5%, and 5.0 % T. syriacus
samples have higher radiuses, which are related to grain boundary
resistance.

3.7. Antibacterial activities of ZnO-NPs

The antibacterial activities of different concentrations (2.5% and
5.0%) of ZnO-NPs were investigated by standard disc diffusion tech-
nique (Fig. 14). The inhibition zones formed by ZnO-NPs against

bacterial species tested were given in Table 3. Although low quantities
were used, ZnO-NPs exhibited significantly varying levels of antibacte-
rial activities against all bacterial species tested. In general, ZnO-NPs
with T. syriacus extract caused significantly higher inhibition zones
against tested bacterial isolates in comparison to pristine ZnO-NPs. In
each case, ZnO-NPs displayed an increasing antibacterial activity as
their concentration increased. Based on the inhibition zone diameter
recorded, Gram-positive bacterial species were found to be more sensi-
tive than Gram-negative species. The strongest antibacterial activities
were observed against Gram-positive bacterial agents C. michiganensis
subsp. michiganensis and B. subtilis subsp. subtilis followed by Gram-
negative bacterial disease agents P. syringae pv. phaseolicola,
P. cichorii, P.syringae pv. syringae, X. axonopodis pv. juglandis,
P. caratovorum subsp. carotovorum and P. corrugata, respectively
(Table 3). The mean observed inhibition zones ranged between 28.67
and 35.0 mm were recorded for Gram-positive C. michiganensis subsp.
michiganensis and 14.67 and 20.33 mm for B. subtilis subsp. subtilis.
Among the Gram-negative bacterial species, the highest antibacterial
activity was recorded against P. syringae pv. phaseolicola with the mean
zone of inhibition values of 11.0 and 19.33 mm, followed by P. cichorii
(between 9.0 and 17.0 mm) P. syringae pv. syringae (between 7.67 and
14.0 mm), X. axonopodis pv. juglandis (between 8.0 and 13.33 mm),
P. caratovorum subsp. carotovorum (between 6.33 and 12.33 mm) and
P. corrugata (between 6.0 and 7.0 mm), respectively. Sterile DMSO,
which was used as the negative control, did not cause inhibition zone
against bacterial microorganisms tested (Fig. 14 I)

In recent years, the public concern about antibiotic-resistant micro-
organisms stimulated research studies on new and novel
environmentally-friendly —antimicrobial agents. Environmentally
friendly novel antimicrobial materials can be achieved from several
sources of biological material (such as animal-originated side products,
plant extracts and essential oils) or synthesized organic/inorganic
compounds [71-73]. Since their high surface area to volume ratio and
unmatched physical and chemical characteristics, nanostructured inor-
ganic metal compounds have been previously shown to retain potent
antimicrobial effects at even very low concentrations used without or
with the minimal effect on human cells [71-75]. The chemical compo-
sition and antimicrobial activities of plant extracts, essential oils, and
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Fig. 14. Antibacterial activities of green synthesized ZnO-NPs using T. syriacus extract against different bacterial disease agents C. michiganensis subsp. michiganensis
(A), Bacillus subtilis subsp. subtilis (B), Pseudomonas cichorii (C), Pseudomonas syringae pv. phaseolicola (D), Pectobacterium carotovorum subsp. carotovorum (E),
Pseudomonas corrugata (F), Pseudomonas syringae pv. syringae (G); Xanthomonas axonopodis pv. juglandis (H). Note clear zone of inhibition (arrow) around the filter
disc (*) containing 10 pL of the 5.0 % ZnO-NPs (a), 2.5 % ZnO-NPs (b) and bare ZnO nanoparticles (c¢), in each petri plates. Note absence of inhibition zones around
filter disc (*) containing 10 pL of the pure DMSO (I).

Table 3

Determination of antibacterial activities caused by green synthesized ZnO-NPs against different species of bacterial disease agents by using agar disc diffusion assay.
Treatments Zone of inhibition (mm)” against bacterial disease agents

CmmA12 BssA19 PcSa2 PspE22 PccSyl17 PcorSa27 PssE8 XajES

Bare ZnO 28.67fB 14.67eB 9.00cB 11.00 dB 6.33abB 6.00aA 7.67bcB 8.00cB
2.5 % T. syriacus 30.33eB 15.67 dB 12.67cC 11.33cB 8.67bC 6.00aA 9.33bC 8.67bB
5.0 % T. syriacus 35.00eC 20.33dC 17.00cD 19.33cdC 12.33bD 7.00aA 14.00bD 13.33bC
Negative Control 0.0A 0.0A 0.0A 0.0A 0.0A 0.0A 0.0A 0.0A

Cmm: C. michiganensis subsp. michiganensis; Pc: Pseudomonas cichorii; Psp: P. syringae pv. phaseolicola; Pcc: P. caratovorum subsp. carotovorum; Pcor: Pseudo-
monas corrugata; Pss: Pseudomonas syringae pv. syringae; Xaj; Xanthomonas axonopodis pv. juglandis; Bss: Bacillus subtilis subsp. Subtilis.

2 Inhibition zones (mm) measured 24 days after inoculation. Inhibition zone includes diameter of disc (5 mm). + indicates standard error of means. Means in the
rows and columns followed by different small and capital letters are significantly different according to Duncan’s Multiple Range Test (P < 0.05).

their major compounds from different medicinal plant species were a choice as a new novel antimicrobial substance [77].
previously evaluated against the wide range of human, plant, and food In several studies, ZnO-NPs were described as an antimicrobial agent
spoiling bacterial, fungal, and viral microorganisms [76]. Because of against a wide range of both human and food spoilage microorganisms

several advantages, ZnO-NPs that were fortified with plant extracts, are [71,78-80]. Although antimicrobial activities of green synthesized NPs
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have been rarely addressed against very few plant pathogenic fungal and
bacterial disease agents [34-36,81], the antibacterial activities of green
synthesized NPs using T. syriacus aqueous leaf extract against plant
pathogenic bacterial disease agents were not studied previously.

Essential oils of plants belonging Lamiaceae family were reported to
be rich in phenolic compounds, which are believed to be responsible for
the marked antimicrobial activity [33,38,82] reported chemical com-
positions and antibacterial activities of the essential oil of T. syriacus,
which contains high percentage of carvacrol and thymol as major
components. The antimicrobial activities of the essential oils and
phenolic compounds could be attributed to their hydrophobic nature
that allows these compounds to penetrate microbial cells and cause al-
terations in their structure and functionality, as reported [82-84]. The
involvement of essential oil components may disrupt the bacterium’s
cell membrane and change its permeability as reported by [83]. Essen-
tial oils and their major components of oregano, thyme and thymus have
been reported to induce rapid cell lysis of certain fungal and bacterial
disease agents [38,84,85].

Although the process underlying the antibacterial effect of ZnO-NPs
was not studied in the current study, previous studies have reported that
membrane deterioration owing to the accumulation of ZnO-NPs therein
and internalization of nanoparticles followed by the release of antimi-
crobial Zn*2 ions was the primary mode of action of the antibacterial
effect of green synthesized ZnO-NPs [71,86,87]. The stimulation of
oxidative stress because of the formation of hydrogen peroxide (H205), a
strong oxidizing reactive oxygen species which is harmful to bacterial
cells, was also reported as another mode of action of antimicrobial ac-
tivities of ZnO-NPs [88,89]. The induction of Hy02 by ZnO-NPs at the
reaction sites may cause membrane leakage of the cytosol of the bac-
terial cell and the inactivation of respiratory chain dehydrogenase,
which was possibly responsible for the enhanced antibacterial effi-
ciencies of nanostructured materials. Antibacterial activities of green
synthesized ZnO-NPs were also demonstrated by morphocellular studies
by using Scanning (SEM) and Transmission Electron Microscopes (TEM).
Following the treatment of bacterial cells with ZnO-NP, nanoparticles
caused considerable morphological changes in the cell membrane.
Following accumulation in the cytoplasm, ZnO-NPs interact with bio-
molecules, eventually leading to cell death [90].

4. Conclusion

In this study, ZnO-NPs were successfully synthesized by using
different concentrations of T. syriacus plant extract by the SILAR
method. The ZnO-NPs have hexagonal structures (wurtzite phases) and
the crystallite size changes from 17.19 nm to 14.51 nm. The SEM and
AFM pictures revealed the homogenous distribution of well-defined
spherical-like morphology ZnO-NPs depending on the concentration of
T. syriacus. EDX results verified the existence of Zn and O components in
the synthesized ZnO-NPs. The absorption peaks at ~ 853 em !, 728
em ™!, and ~ 560 cm ! in the FTIR spectrum are dedicated to stretching
modes of the Zn-O bond. The energy bandgap calculated from Tauc’s
relation with various T. syriacus concentrations was found to be in the
range 3.17-3.28 eV. Cole-Cole plots indicate the presence of a single
semicircle for all the ZnO-NPs and their radius defined with % T. syriacus
addictives, which affect grain boundary resistance. This study also
demonstrated that the green synthesis of ZnO-NPs with the use of
T. syriacus aqueous leaf extract is a promising choice against plant
pathogenic bacterial disease agents.
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