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Abstract
Background The biosynthesis of zinc oxide nanoparticles (ZnO NPs) using Enterobacter sp. and the evaluation of 
their antimicrobial and copper stress (Cu+ 2)-reducing capabilities in Vicia faba (L.) plants. The green-synthesized 
ZnO NPs were validated using X-ray powder diffraction (XRD); Fourier transformed infrared (FTIR), Ultraviolet-
Visible spectroscopy (UV-Vis), Transmission electron microscope (TEM) and scanning electron microscopy (SEM) 
techniques. ZnO NPs could serve as an improved bactericidal agent for various biological applications. as well as these 
nanoparticles used in alleviating the hazardous effects of copper stress on the morphological and physiological traits 
of 21-day-old Vicia faba (L.) plants.

Results The results revealed that different concentrations of ZnO NPs (250, 500, or 1000 mg L-1) significantly 
alleviated the toxic effects of copper stress (100 mM CuSO4) and increased the growth parameters, photosynthetic 
efficiency (Fv/Fm), and pigments (Chlorophyll a and b) contents in Cu-stressed Vicia faba (L.) seedlings. Furthermore, 
applying high concentration of ZnO NPs (1000 mg L-1) was the best dose in maintaining the levels of antioxidant 
enzymes (CAT, SOD, and POX), total soluble carbohydrates, total soluble proteins, phenolic and flavonoid in all 
Cu-stressed Vicia faba (L.) seedlings. Additionally, contents of Malondialdehyde (MDA) and hydrogen peroxide 
(H2O2) were significantly suppressed in response to high concentrations of ZnO NPs (1000 mg L-1) in all Cu-stressed 
Vicia faba (L.) seedlings. Also, it demonstrates strong antibacterial action (0.9 mg/ml) against various pathogenic 
microorganisms.

Conclusions The ZnO NPs produced in this study demonstrated the potential to enhance plant detoxification and 
tolerance mechanisms, enabling plants to better cope with environmental stress. Furthermore, these nanoparticles 
could serve as an improved bactericidal agent for various biological applications.
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Background
Zinc oxide (ZnO) has recently emerged as a significant 
chemical compound, garnering widespread interest due 
to its versatile applications across various fields [1, 2]. 
The antimicrobial properties inherent in nanomateri-
als have positioned them as nano-antibiotics, marking 
a notable advancement in their functionality [3]. The 
extensive integration of nanomaterials into consumer 
products spanning nutrition, health, supply chains, 
space, chemicals, and cosmetics necessitates a conscien-
tious approach to their production with environmental 
considerations at the forefront [4]. The biosynthesis of 
nanoparticles by plants and microbes opens avenues for 
applications in biomedicine. This approach facilitates the 
large-scale production of ZnO NPs without introduc-
ing additional contaminants, thereby addressing envi-
ronmental concerns [5]. Notably, nanoparticles created 
through a biomimetic method exhibit heightened cata-
lytic activity while minimizing the reliance on costly and 
toxic chemicals. This underscores the potential for sus-
tainable and efficient production methods in the realm of 
nanomaterials.

The synthesis of nanomaterials through green routes 
has garnered considerable attention due to its eco-
friendly and sustainable nature. Among these, ZnO NPs 
have emerged as promising candidates with diverse appli-
cations, ranging from antimicrobial to stress-alleviating 
plant agents. The green method of synthesizing nanopar-
ticles using many bacterial species involves taking various 
safety measures, such as closely monitoring the microbial 
broth during the whole process to prevent infection [4]. 
Bacillus licheniformis (B. licheniformis) produced ZnO 
nanoflowers using a green method and reduced the color 
Methylene blue [6]. It is assumed that the greater vacancy 
of oxygen in the nanoparticles that have been synthesized 
imparts an attribute of improved photocatalytic capac-
ity and produces active species by consumption of light 
which decreases organic debris and could be used as an 
efficient bioremediation tool because these nanoflowers 
demonstrated enhanced photocatalytic activity [4]. The 
diameter and height of the nanoflowers produced using 
B. licheniformis reached 40 nm and 400 nm, respectively 
[7].

In addition to its ability to metabolize hydrophobic 
chemicals and endure harsh environments, Rhodococcus 
also plays a role in their biodegradation [8]. Rh. pyridini-
vorans and zinc sulfate were used as a substrate to create 
spherical nanoparticles (NPs), with an XRD and FE-SEM 
study confirming their size ranging from 100 to 130 nm 
[9]. A confirmation of the existence of amide II stretching 
band, enol of 1-3-di ketone, hydroxyaryl ketone, alkane, 
nuclear benzene band, amide 1 bending band, monosub-
stituted alkyne, β-lactone, amines salt, and phosphorus 
compound was also provided by FTIR examination [5]. 

ZnO was used as a substrate by Aeromonas hydroph-
ila (A. hydrophilla) to create ZnO NP. XRD examina-
tion verified the size range of the produced NPs, which 
ranged from 42 to 64 nm and had a variety of morpholo-
gies, including spherical and oval [10].

Additionally, Singh et al. [11] examined the antioxi-
dant capacity of ZnO NPs and Pseudomonas aeruginosa 
(P. aeruginosa) rhamnolipid stabilized NPs. They discov-
ered that rhamnolipid stabilizes ZnO NPs since micelle 
gathers on the outer layer of carboxymethyl cellulose are 
difficult to develop. Because of its long carbon chain, it 
functions as a better capping agent. Through TEM and 
XRD investigation, it demonstrated the synthesis of 
spherical-shaped NPs with nano sizes of 27–81 nm [11]. 
TEM and XRD investigation demonstrated that Lacto-
bacillus “Bacillaceae” formed hexagonal ZnO NPs with a 
nano-size of 5–15 nm [12].

Probiotic lactic acid bacteria (LAB), one of the micro-
organisms used to synthesize ZnO NP, have drawn a 
lot of attention because of their advantageous and non-
pathogenic characteristics. Gram-positive LAB is an 
aerobic bacterium that belongs to both function groups 
along with the biostructures group and has thick walls 
of cells [13]. To aid in the creation of ZnO NPs, these 
functional groups bind to the metal ions. Moreover, LAB 
secretes a variety of enzymes that assist in stabilizing and 
reducing ZnO NPs. Therefore, employing either cell-bio-
mass or cell-free supernatant, different studies have been 
conducted to ascertain probiotic LAB’s effectiveness in 
regulating the synthesis of ZnO NPs [1]. ZnO NP pow-
der’s antimicrobial activity against fungi, Escherichia coli 
(E. coli), and Staphylococcus aureus (S. aureus) was quali-
tatively assessed in culture medium [14]. It was thought 
that the metal oxide particles identified as active oxygen 
species could be the primary source for their antibacte-
rial effects. NPs can be used as fungicides due to their 
mycoses [15]. Nevertheless, the impacts of nanoparticles 
against S. aureus and E. coli as well as on fungal infec-
tions, are currently being evaluated in a few studies [16]. 
The antibacterial abilities of nano-TiO2 and oxidants of 
other nanomaterials, such as CdO and ZnO, have been 
reported, in addition to the bactericidal characteristics of 
nanosilver [17].

The effects of zinc on plant development and prolif-
eration have been the subject of numerous investiga-
tions. Since it is the sole metal found in all six types of 
enzymes, ligases, hydrolases, lyases, isomerases, oxidore-
ductases, and transferases all contain it [18]. Plant func-
tions, including photosynthesis and the creation of DNA 
and RNA, depend on zinc in one way or another [19]. 
Zinc amendment is so crucial and utilized to promote the 
production of cereals, vegetables, and fodder [20]. Zinc 
is necessary for plants to make pollen, metabolize carbo-
hydrates, synthesize enzymes, preserve the integrity of 
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cell membranes, and control the synthesis of auxin [18]. 
Additionally, it controls the expression of genes crucial 
for resistance to environmental stressors like intense light 
or temperatures. Plants that are zinc deficient exhibit 
aberrant growth of their structures. The symptoms of 
acute deficiency include sterility, reduced leaf area, chlo-
rosis of the leaves, and delayed growth [19].

However, ZnO NPs regarded to be one of the most 
significant nanomaterials and are frequently utilized as 
nanofertilizers, particularly in locations with a Zn short-
age, to promote plant development and growth [21]. 
According to [22] adding ZnO NP may help with nutri-
tional deficiencies and increase agricultural yields. Due 
to ZnO NPs’ extensive use in the agricultural industry, 
recent research has demonstrated a favorable effect on 
plant development and physiology [23]. Additionally, 
several studies investigated how adding ZnO NPs to 
soil-amended areas enhanced biomass formation and 
decreased the harmful effects of heavy metal absorption 
in various plant species [24].

The capacity of ZnO NPs to move across soils and 
interact with soil constituents is one of its most cru-
cial characteristics. According to [25–28], and others, 
the behavior of released Zn ions is the most significant 
factor in plant bioavailability in an acidic environment 
where Zn ONPs can form big aggregates and dissolve 
easily (partially or totally). The dissolution is signifi-
cantly reduced in more alkaline conditions, and in some 
cases, ZnO NPs can be transported more readily than 
ionic Zn even though both forms may attach to differ-
ent soil constituents similarly [29]. Zn ONPs have been 
demonstrated to enhance seed germination, growth [30], 
photosynthesis [31], antioxidant enzyme activity [32], 
chlorophyll production [33], proteins, oil, and seeds [34, 
35], as well as micronutrient absorption [33]. Addition-
ally, it was discovered that they mitigated abiotic stress-
ors, such as temperature [36], heavy metals [37], salt [38], 
and drought [39].

Additionally, the current investigation seeks to assess 
E. sp.‘s biosynthesized ZnO NP which have good bio-
logical uses and are very affordable and less hazardous. 
Furthermore, the ZnO NPs mitigate the harmful effects 
of copper stress on V. faba (L.) and can used as a stress-
reduction tool for crops cultivated in Cu-contaminated 
areas to promote crop development and production. The 
assessment was conducted on the morphological and 
physiological traits of 21-day-old Vicia faba (L.) seedlings 
in response to ZnO NPs.

Materials and methods
Isolation and identification of bacteria used in
On a Man, Rogosa, and Sharpe (MRS) medium, bacteria 
used to synthesize ZnO NPs were separated from yogurt. 

Following purification, the isolated strain was identified 
using 16s rRNA and validated by biochemical testing.

Preparation of supernatants
An inoculum of the discovered bacterial strain E. sp. 
cultivated recently and used to prepare, sanitize, and 
inoculate MRS broth. For 48  h, the culture flasks were 
incubated at 35 °C. Following the incubation, the cultures 
were centrifuged at 6000 rpm to extract the supernatants, 
which were then utilized in additional studies.

Synthesis of ZnO NPs
After mixing 50 ml of sodium hydroxide and zinc sulfate 
(0.1 M and 0.4 M, respectively) with 50 mL of superna-
tant, the mixture was agitated briskly and heated to 40 °C 
for one hour. Then the flask was placed in a microwave 
oven for two minutes, and cooled for one hour to allow 
the nanoparticles to settle. The white color deposition at 
the flask bottoms served as evidence that nanoparticles 
were forming. The nanoparticles were transported to 
the centrifuge tubes and distilled water was added. Cen-
trifugation was carried out repeatedly for ten minutes 
at 3000 rpm. After gathering the pellet in a tiny plate, it 
dried in an oven set at 40 °C until it was completely dry, 
and powdered ZnO NPs were produced [40].

Characterization of ZnO NPs
Ultraviolet-visible spectroscopy (UV-Vis spectroscopy)
Using a Cecil model 9200 Ultraviolet-visible spectro-
photometer operated at a resolution of 1 nm, the UV-Vis 
spectrum of solutions was measured to characterize the 
reduction of Zn through the supernatant of the exam-
ined bacteria in the solution as well as the resulting for-
mation of ZnO NPs. The aqueous component (2 mL) 
was sampled, and the UV-Vis spectrum of solutions was 
determined.

X-Ray diffraction spectroscopy (XDR)
ZnO NPs’ particle size, shape variation, and spatial distri-
bution were all assessed using X-ray diffraction spectros-
copy (XRD). Evaluation investigations were conducted 
with the white crystalline ZnO NPs. Using a diffractom-
eter, one-line reactor, and a Phillips PW 1729/40 genera-
tor, the powder sample was examined across an extensive 
variety of Bragg angles (20–80 ˚C) with Cu Kα radiation 
(λ = 1.5405 A).

Transmission Electron Microscopy (TEM)
The test bacteria’s culture supernatants produced ZnO 
NPs, which were utilized for transmission electron 
microscopy (TEM; Joel, 100SX, Japan with AMT digital 
camera). After ultrasonically dispersing each specimen to 
isolate the individual particles, a few drops of the solu-
tion were placed onto copper grids covered with holes in 
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carbon and allowed to dry under an infrared lamp. Pho-
tographs and observations were taken of the ZnO NP 
film.

Fourier-transformed infrared analysis (FTIR)
ZnO NPs with a functional group range from 4000 to 
400 cm− 1 were analyzed using FT-IR. Using a hydraulic 
press, pellets produced after ZnO NPs were implanted in 
the KBr matrix. At a resolution of 4 cm− 1, samples were 
scanned in the 400–4000 cm− 1 frequency range to cap-
ture the FTIR spectra.

Inhibitory activity
The test microorganisms E. coli, S. typhimurium, K. 
pneumoniae, and C. albicans were procured from the 
Bacteriology Unit’s culture collection at Tanta Univer-
sity’s Botany Department, Faculty of Science. To grow 
the test bacterium and the yeast that resembles a fun-
gus, Sabouraud’s broth and nutrient-rich agar are utilized 
by C. albicans. Using plates sown with the bacteria that 
examined and inoculum fungus, the cut plug technique 
was used to investigate the antibacterial spectrum of the 
produced ZnO NPs [41]. In nutrient and sabouraud agar, 
night cultures of the bacterial and C. albicans indicators 
were grown, with inoculums diluted to 1 × 105 cfu mL − 1. 
The wells with a diameter of 5 mm were filled with 200 
µL of ZnO NPs that had been previously created by the 
strain of bacteria that was being studied, along with 200 
µL of 1 × 105 cfu mL− 1 for the fungal and bacterial indi-
cators. Following a 24-hour incubation period at 30  °C, 
the diameters of the regions of inhibition on the plates 
were measured to determine the inhibitory effects and 
the data obtained compared with standard antibiotics 
tetracycline.

Plant material
The faba bean seeds (Vicia faba cv. Giza 3) were obtained 
from the Sakha Research Station, Kafr El-Sheikh, Agri-
culture Research Center, Department of Agronomy, 
Egypt. Before use, the seeds were disinfected by wash-
ing them in 1% NaClO for two minutes and then rinsing 
them three times in sterile distilled water.

Preliminary experiments
Faba bean seeds of uniform size and shape were soaked 
in distilled water for 10 h. Six of the soaked seeds were 
sown in each plastic pot; n = 15 (10  cm diameter and 
15  cm depth) containing one Kg of clay-sandy soil (2:1 
w/w). The sawn seeds were watered with every two days 
with different concentrations of CuSO4 (50, 100, 150, 200, 
and 250 mM) to 80% field capacity. The seedlings were 
left to grow in the greenhouse for 7 days then the ger-
mination percentages were detected to determine the 
lethal and sub-lethal concentrations of CuSO4.We chose 

100 mM CuSO4 as the sub-lethal dose that was found 
to have the most negative impacts based on the results 
of our initial screening. Plants showed signs of chlorosis 
before symptoms developed and leaf necrosis patches 
appeared. Moreover, different concentrations of ZnO 
NPs (250, 500, and 1000 mg L− 1) were prepared and 
applied according to [42].

Main experiment and growth conditions
During the growing season (October 2022), seeds of 
faba beans of uniform size and shape were soaked in 
distilled water for 10  h before sowing. After that, seeds 
were divided into ten groups of three replicates (n = 3; 
30 pots) and ten seeds were sown in each plastic pot 
(25  cm diameter and 30  cm depth) filled with 15  kg 
clay-sandy soil (2:1w/w) and placed in a randomized 
complete block design as follows; the first group was 
irrigated with distilled water (control), the 2nd group 
was irrigated with CuSO4 solution (100 mM), the 3rd 
group was irrigated with bacterial suspension, 4th, 5th 
and 6th groups were irrigated with different concentra-
tions of ZnO NPs solutions (250, 500, and 1000 mg L-1, 
respectively) moreover, the 7th group was irrigated with 
bacterial suspension + 100 mM CuSO4 solution while 
8th, 9th and 10th groups were irrigated with different 
concentrations of ZnO NPs solutions (250 mg L-1 + 100 
mM CuSO4, 500 mg L-1 + 100 mM CuSO4, and 1000 mg 
L-1 + 100 mM CuSO4, respectively) till 80% field capacity. 
Then the seeds were left to grow to represent the seedling 
stage. Under the conditions of 11 h light and 13 h dark, 
at 28  °C ± 2 and 16  °C ± 2, respectively with 62% relative 
humidity, the sown seeds were left in the greenhouse for 
7 days to germinate while they were watered with tap 
water every two days for the first week (before seedling 
emergence). On the 7th and 14 th days, all the groups 
were watered with previuos prepared solutions except 
the control which was watered with water. Thereafter, 
all seedlings were watered with water twice a week then 
The 21-day-old Vicia faba (L.) seedlings were harvested, 
washed with water to get rid of soil particles, and sepa-
rated into roots, shoots and leaves. The fresh mass (FM) 
of all samples was determined. For at least 72 h, the sam-
ples were dried at 50 °C in the oven to a constant weight 
for determination of dry mass (DM). The growth criteria 
{shoot height, leaf area, shoot fresh mass (FM), root fresh 
mass (FM), shoot dry mass (DM), and root dry mass 
(DM)} were determined.

Photochemical measurements
According to [43] for chlorophylls and carotenoids, as 
accepted by [44] the photosynthetic pigments chloro-
phyll a (Chl a), chlorophyll b (Chl b), and carotenoids 
(Carot.) identified in the leaves of the 21-day-old seed-
lings. A chlorophyll fluorometer (OS-30 p) was used to 
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quantify the fluorescence parameters by determining 
the maximum efficiency of a photosystem PSII (FV/Fm) 
of leaves that were acclimated to darkness (Hudson, NH 
03051 USA) [45].

Physiological analysis
MDA concentration was determined using the [46] 
technique, and the extinction coefficient (155 mM− 1 
cm− 1) was used to quantify the lipid peroxidation 
level. The hydrogen peroxide (H2O2) was calculated 
using the method described by [47]. Superoxide dis-
mutase [EC1.15.1.1] (SOD) activity calculated by [48] 
Catalase[EC1.11.1.6] (CAT) and peroxidase [EC1.11.1.7] 
(POX) activities were measured by [49] and reported in 
units of U min− 1 mg− 1 protein. According to the [49] 
method, the total soluble protein content of V. faba 
leaves is quantitatively assessed. The phenol-sulfuric acid 
method was used by [50] to calculate the total quantity of 
soluble carbohydrates. The total concentration of pheno-
lic and flavonoid content has been determined according 
to the previous study [51].

Statistical analysis
All measurements were performed in three biological 
replicates, with each treatment replicated three times 
(n = 3), with data expressed as mean ± standard devia-
tion (SD). One-way analysis of variance (ANOVA) was 
conducted, followed by Duncan’s multiple range test for 
post-hoc comparisons among the treatment groups. Sta-
tistical differences were determined at a significance level 
of 0.001. A heat map of Pearson’s correlation coefficients 
was computed among variables using the SPSS software 
(version 23) to interpret the relationships between the 
treatments and measured parameters. The use of multi-
variate classification, also known as cluster analysis, was 
employed to improve the processes of interpretation 

and determine the degree of similarity between many 
treatments.

Results
The biosynthesized ZnOs NP by E. sp. was established 
via the UV–visible absorption spectra at the wavelength 
range of 300 to 360 nm which is the typical wavelength 
range of ZnO NPs. The biosynthesized ZnO NPs dis-
played a Surface Plasmon Resonance (SPR) band at 
375 nm as shown in Fig.  (1). While, in Fig.  (2), an EDX 
study was carried out. Utilizing an aqueous extract of E. 
sp., the number of Bragg reflections for ZnO NPs utiliz-
ing this extract is 2θ 32.2 34.4, 36.5, 47.59, 56.65, 63.94, 
67.46, 68.00, and 69.09, corresponding to the reflection 
from (100), (002), (101), (1 02), (1 0 3), (200), (112) to (2 0 
1), respectively. The current finding demonstrated strong 
agreement with earlier findings that unveiled ZnO NPs’ 
hexagonal wurtzite structure.

The size and shape of the produced ZnO NPs assessed 
using transmission and scanning electron microscopy 
(TEM) measurements; the outcome is shown in Fig. (3). 
The size range of 14.92 to 22.54 nm and the aggregated 
hexagonal structure of ZnO NPs displayed in Fig.  (3). 
Many of the particles under analysis had homogeneous 

Fig. 3 TEM image of synthesized ZnO NPs using Enterobacter sp

 

Fig. 2 XRD Pattern of synthesized ZnO NPs using aqueous Enterobacter sp

 

Fig. 1 UV–visible spectrum of ZnO NPs synthesized using bacterial ex-
tract of Enterobacter sp
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sizes. The green ZnO NPs that were produced had a 
mean value of 18.4  nm. The current discovery demon-
strated the bacterial extract’s potential as a capping and 
reducing agent. The isothermal evaporation approach 
exhibited in Fig.  (4) resulted in the growth of large-size 
single crystals measuring 30 × 17.2 × 8  mm, which were 
clear and nicely faceted when examined with a scanning 
electronic microscope (SEM).

FTIR analysis was performed for the ZnO NPs recogni-
tion of the biomolecules responsible for the biosynthesis 
of ZnO NPs to evaluate the existence or absence of the 
different vibrational techniques for ZnO NPs. The acces-
sible functional group of the phytochemical substances 
implicated in the stability and reduction of ZnO NPs may 
be found via FTIR analysis. Figure  (5). The functional 
group of the bacterial supernatants was identified by the 
E. sp. extract’s FTIR spectra (Fig. 5). The bacterial super-
natant showed Different peaks at 3420, 2373, 1715, 1685, 
865, and 496  cm− 1. The absorption band at 3420  cm− 1 
with novel peaks at established fatty acids, protein, and 
carbohydrate molecules because of increased second-
ary metabolites in the bacterial supernatant. Various 

overlapping bands were detected from 1715 to 865 cm− 1 
region revealed carbonyl groups and the band at 
1658  cm− 1 revealed carbonyl amides. In ZnO NPs, an 
intrinsic absorption peak was observed at 496  cm − 1, 
which revealed the presence of stretching mode and OH 
group.

ZnO NPs mediated by E. sp. were tested for their anti-
fungal and antibacterial properties. The microorganisms 
utilized were S. typhimurium, K. pneumoniae, E. coli, and 
C. albicans. The outcomes were contrasted with those of 
the widely used, commercially accessible medication tet-
racycline. When compared with fungal strains, the pro-
duced ZnO NPs have very favorable outcomes against 
antibacterial strains. Most of the precipitating ZnO NPs 
had antibacterial and antifungal action, albeit to differing 
degrees, according to data in Table  1. This discrepancy 
might result from the nanoparticles’ varied interactions 
with the many creatures under test. Additionally, it was 
discovered that the ZnO NPs’ minimum inhibitory con-
centrations (MICs) for E. Coli, S. Typhimurium, K. pneu-
moniae, and C. albicans were, 0.4, 0.9, 1.0, and 1.5  mg/
mL respectively, as shown in (Table 1).

Results in Table 2 show the effects of Cu, bacterial sus-
pension, and/or different concentrations of ZnO NPs on 

Table 1 Antimicrobial activity and minimum inhibition 
concentration of the synthesized ZnO nanoparticles on different 
microorganisms compared with standard antibiotic
Microbial strains Diameter 

of Inhibi-
tion zone 
(mm)

Stander 
antibiotics 
Tetracycline 
(zone mm)

Minimum 
inhibition 
concentration 
(MIC) (mg/ml)

Escherichia coli 1.5 ± 0.32D 1.3 0.4
Salmonella 
typhimurium

2.6 ± 0.21A 2.7 0.9

Klebsiella pneumoniae 1.9 ± 0.10C 1.8 0.1
Candida albicans 2.3 ± 0.22B 2.1 1.5
The same letters in the column indicate no significant difference (p < 0.05) as 
analyzed by the Duncan test. Each value is the average of 3 replicates ± SD.

Fig. 5 FTIR spectrum of synthesized ZnO NPs using Enterobacter sp

 

Fig. 4 SEM image of green-synthesized ZnO NPs using Enterobacter sp
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the germination percentage (GP%), of Vicia faba. shoot 
height, root depth, the fresh mass (FM) of the shoot, and 
root, dry mass (DM) of the shoot and leaf area of the faba 
bean seedling. Our results indicate that copper stress 
(100 mM CuSO4) significantly decreased the germination 
percentage (GP%) by 66.7% and declined all measured 
growth parameters of faba bean seedlings compared 
with the control. Application of the bacterial suspen-
sion and different concentrations of ZnO NPs increased 
all measured growth parameters in all treated faba bean 
seedlings compared with the control (Table  2). More-
over, different concentrations of ZnO NPs reduced the 
harmful effects of copper stress and increased all growth 

parameters in Cu-stressed seedlings as shown in Table 2 
and Fig S1. Furthermore, the data revealed that the high-
est concentration of ZnO NPs (1000 mgL− 1) was the 
effective concentration among all treatments compared 
with control and Cu stress (Table 2).

The data in Table 3 reveals that treatment with Cu led 
to a noticeable reduction in the photochemical activity 
(Fv/Fm), and photosynthetic pigments (Chl a and Chl 
b) with percentages of decrease of 43%, 67%, and 53%, 
respectively compared with the control. On the con-
trary, the Carotenoid ratio exhibited a highly significant 
enhancement with copper stress treatment represented 
by 1.3-fold compared with the control. Conversely, the 

Table 2 Effect of different concentration of ZnONPs and bacterial suspension on germination percentage (GP%), shoot height, root 
depth, shoot fresh mass (Shoot FM), root fresh mass (Root FM), shoot dry mass (Shoot DM), root dry mass (Root DM) and leaf area of 
21-day-old cu-stressed Vicia faba (L.) seedlings
Treatments GP (%) Shoot height

(cm plant− 1)
Root depth
(cm plant− 1)

Shoot FM
(g organ− 1)

Root FM
(g organ− 1)

Shoot DM
(g organ− 1)

Root DM
(g organ− 1)

Leaf area
(cm2 plant− 1)

Control 100 ± 0.00A 16.3 ± 0.61B 20.2 ± 0.72A 2.9 ± 0.59C 1.4 ± 0.03B 0.82 ± 0.03B 0.43 ± 0.04C 17.9 ± 0.43B

Bacterial Sus. 86.6 ± 4.7B 15.3 ± 0.42B 17.8 ± 0.03B 2.4 ± 0.08C 1.4 ± 0.21B 0.80 ± 0.06B 0.52 ± 0.04B 15.6 ± 0.33C

ZnO NPs 250 mgL− 1 100 ± 0.00A 17.9 ± 0.63B 20.4 ± 0.44A 3.7 ± 0.07B 2.0 ± 0.41A 1.00 ± 0.09A 0.58 ± 0.04B 19.5 ± 0.25A

ZnO NPs 500 mgL− 1 100 ± 0.00A 18.0 ± 0.34A 20.8 ± 0.53A 3.7 ± 0.06B 2.1 ± 0.02A 1.05 ± 0.05A 0.69 ± 0.04A 19.8 ± 0.76A

ZnO NPs 1000 mgL− 1 100 ± 0.00A 19.7 ± 0.83A 21.8 ± 0.32A 4.8 ± 0.09A 2.4 ± 0.13A 1.06 ± 0.03A 0.79 ± 0.04A 20.7 ± 0.86A

Cu100mM 33.3 ± 4.72E 10.0 ± 0.42E 10.6 ± 0.95F 1.2 ± 0.07D 0.54 ± 0.02E 0.041 ± 0.05E 0.13 ± 0.06F 10.8 ± 0.23F

Bacterial Sus.+
Cu100 mM

60.0 ± 8.12D 10.4 ± 0.44E 12.3 ± 0.53E 2.3 ± 0.09C 0.69 ± 0.02DE 0.051 ± 0.06D 0.22 ± 0.01E 12.5 ± 0.36E

ZnO NPs 250 mgL− 1+Cu100 
mM

73.3 ± 4.71C 11.7 ± 0.45D 13.6 ± 1.05D 2.1 ± 0.08C 0.72 ± 0.03D 0.06 ± 0.013C 0.27 ± 0.03E 14.0 ± 0.14D

ZnO NPs 500 mgL− 1

+Cu100mM
76.6 ± 4.74C 13.1 ± 0.07C 14.4 ± 0.25CD 2.5 ± 0.40C 0.93 ± 0.02C 0.061 ± 0.06C 0.33 ± 0.03D 14.3 ± 1.17D

ZnO NPs 1000 mgL− 1+Cu100 
mM

86.6 ± 4.75B 13.8 ± 0.48C 15.5 ± 0.36C 2.5 ± 0.45C 1.2 ± 0.23B 0.069 ± 0.07C 0.38 ± 0.06D 15.7 ± 0.95C

The same letters in each column indicate no significant difference (p < 0.05) as analyzed by the Duncan test. Each value is the average of 3 replicates ± SD.

Table 3 Effect of different concentrations of ZnO NPs and bacterial suspension on Photosynthetic activity (Fv/Fm), and contents of 
Chlorophyll a (Chl a), Chlorophyll b (Chl b), Carotenoids (Carot.), Total soluble proteins (TSP), Total soluble carbohydrates (TSC), Total 
phenolic (T. Ph) and Total Flavonoid (T. Flav) of 21-day-old cu-stressed Vicia faba (L.) seedlings
Treatments Fv/Fm Chl a

(mg g− 1 FM)
Chl b
(mg g− 1 FM)

Carot.
(mg g− 1 FM)

TSP
(mg g− 1 DM)

TSC
(mg g− 1 DM)

T.Ph
(mg g− 1 DM)

T.Flav
(mg g− 1 DM)

Control 0.62 ± 0.01C 6.29 ± 0.13B 3.53 ± 0.28B 0.298 ± 0.01E 34.20 ± 2.4E 3.33 ± 0.47E 14.86 ± 0.40E 3.63 ± 0.76D

Bacterial Sus. 0.69 ± 0.01BC 7.15 ± 0.43A 3.48 ± 0.05B 0.327 ± 0.02D 33.07 ± 1.7E 4.39 ± 0.35D 13.06 ± 1.75F 3.44 ± 0.83D

ZnO NPs 250 mgL− 1 0.72 ± 0.01B 7.43 ± 0.08A 3.71 ± 0.15B 0.314 ± 0.06D 35.46 ± 2.5D 4.46 ± 0.44D 15.46 ± 1.51E 3.70 ± 0.83D

ZnO NPs 500 mgL− 1 0.76 ± 0.03AB 7.48 ± 0.19A 4.46 ± 0.44A 0.398 ± 0.01D 37.46 ± 0.4C 4.66 ± 0.40D 16.46 ± 1.16D 4.46 ± 0.85C

ZnO NPs 1000 
mgL− 1

0.82 ± 0.01A 7.78 ± 0.39A 4.99 ± 0.73A 0.398 ± 0.01D 37.46 ± 2.0C 3.73 ± 0.82E 16.13 ± 1.19D 4.99 ± 0.91C

Cu100mM 0.35 ± 0.03F 2.03 ± 0.63F 1.63 ± 0.23E 0.694 ± 0.01A 54.63 ± 1.3A 9.37 ± 0.28A 24.63 ± 1.16A 9.63 ± 1.01A

Bacterial Sus.
+Cu100 mM

0.41 ± 0.01E 3.33 ± 0.47E 2.23 ± 0.13D 0.567 ± 0.01B 43.06 ± 1.7B 6.43 ± 0.08B 20.70 ± 0.08B 5.23 ± 0.74B

ZnO NPs 250 mgL− 1

+ Cu100 mM
0.43 ± 0.04E 4.39 ± 0.35D 2.43 ± 0.06D 0.430 ± 0.01C 42.03 ± 1.5B 5.77 ± 0.48C 20.23 ± 0.16B 5.10 ± 0.79B

ZnO NPs 500 mgL− 1

+Cu100 mM
0.47 ± 0.02DE 4.46 ± 0.44D 2.63 ± 0.23D 0.425 ± 0.02C 36.40 ± 1.4D 4.77 ± 0.94D 20.03 ± 0.40B 4.97 ± 0.81C

ZnO NPs 1000 
mgL− 1

+Cu100 mM

0.50 ± 0.01D 5.33 ± 0.40C 3.06 ± 0.12C 0.422 ± 0.02C 35.36 ± 1.0D 4.11 ± 0.09D 19.23 ± 0.73C 3.73 ± 0.82D

The same letters in each column indicate no significant difference (p < 0.05) as analyzed by the Duncan test. Each value is the average of 3 replicates ± SD
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Cu-induced reductions in the photosynthetic pigments 
and activity recovered with the bacterial suspension 
treatments and different concentrations of ZnO NPs. In 
this regard, they caused a significant increase in the con-
tent of Chl a, Chl b, and Fv/Fm compared to the stress 
treatment; where the results indicated that the highest 
concentration of ZnO NPs (1000 mgL− 1) had the high-
est pronounced increase respectively relative to Cu 
treatment. Moreover, the carotenoids were enhanced 
by different concentrations of Zn ONPs, whereas (1000 
mgL− 1 ZnO NPs) treatment caused the highest impact 
with a decrease of the carotenoid percentage of 39% rela-
tive to Cu treatment (Table 3).

It is apparent from the results in Table 3 that Cu stress 
significantly elevated the total soluble carbohydrates 
(TSC), total soluble proteins (TSP), total phenolic (T. Ph), 
and total flavonoid (T. Flav) of the seedling’s shoots by 
1.8-fold, 59%, 65%, and 1.6-fold, respectively compared to 
the control. On the other hand, the treatment with bacte-
rial suspension or ZnO NPs recovered the toxic impacts 
of Cu on the TSC, TSP, T. Ph, and T. Flav of stressed 
seedlings. Among these treatments, the ZnO NPs sig-
nificantly reduced the contents of measured compounds 
than the Cu treatment to reach near the control value 
whereas the ZnO NPs (1000 mg L− 1) treatment caused 
the most significant effect reaching even over the control 
(Table 3).

The effects of ZnO NPs, bacterial suspension, and/ or 
Cu on (MDA), H2O2, and the Antioxidant enzyme activi-
ties in shoots of faba bean seedlings are shown in Table 4. 
Cu induced a significant increase in the content of MDA 
and H2O2 and the activity of SOD, CAT, and POX in 
comparison to the control. Indicating an alleviating 
capacity of Cu stress, bacterial suspension, and different 
concentrations of ZnO NPs inhibited the Cu-stimulated 

antioxidant enzymes. ZnO NPs significantly diminished 
the content of MDA and H2O2 and the activity of SOD, 
CAT, and POX relative to the Cu stress treatment and 
became lower even than the control whereas ZnO NPs 
(1000 mgL− 1) caused a significant reduction in the con-
tent of MDA and H2O2 also, the activities of SOD, CAT, 
and POX compared to stress treatment and reached 
approximately near the control values (Table 4).

The interpretive methods for showing the level of simi-
larity among more than two treatments or features are 
improved by multivariate classification (cluster analysis). 
Then, using the data gathered, it was feasible to identify 
any parallels or variations in seedlings’ morpho-physio-
logical characteristics and their responses to the treat-
ments (Fig.  6). Under the Cu stress, plant responses to 
the treatments showed that they all followed the same 
trend (Fig.  6b). While this was going on, the cluster 
(Fig.  6a) demonstrated substantial correlations between 
the control and Cu stress (with both bacterial suspension 
and different concentrations of ZnO NPs).

The interpretation procedures for determining the 
extent of similarities among multiple treatments or fea-
tures are improved by the cluster analysis as well. Data 
shown in Fig.  (6a) showed that plant responses to treat-
ments were more similar between (control and different 
concentrations of ZnO NPs) indicating that this subclus-
ter is the most significant effective group in enhancing all 
control seedlings and ameliorating the harmful effect of 
Cu stress, while, the second subclusters containing the 
bacterial suspension treatment and low concentrations of 
ZnO NPs (250 and 500 mgL− 1) also, had a potent to alle-
viated the Cu stress in V. faba (L.) individuals but their 
effects still lower that the highest concentration of ZnO 
NPs (1000 mgL− 1) (Fig. 6a).

Table 4 Effect of different concentrations of ZnONPs and bacterial suspension on the activity of antioxidant enzymes (Catalase; CAT, 
Superoxide dismutase; SOD, Peroxidase; POX) and the content of MDA and H2O2 of 21-day-old cu-stressed Vicia faba (L.) seedlings
Treatments CAT

(U min− 1 mg− 1 protein)
SOD
(U min− 1 mg− 1 protein)

POX
(U min− 1 mg− 1 protein)

MDA
(µmol g− 1 FM)

H2O2
(µmol g− 1 FM)

Control 8.44 ± 0.47C 0.083 ± 0.004D 3.38 ± 0.004D 15.33 ± 0.18D 0.153 ± 0.001E

Bacterial Sus. 9.05 ± 0.46B 0.064 ± 0.011F 3.38 ± 0.004D 13.06 ± 0.09E 0.129 ± 0.01G

ZnO NPs 250 mgL− 1 8.86 ± 0.54C 0.073 ± 0.015E 3.63 ± 0.208D 13.09 ± 1.35E 0.145 ± 0.009F

ZnO NPs 500 mgL− 1 8.50 ± 0.42C 0.073 ± 0.016E 3.44 ± 0.241D 12.90 ± 1.83F 0.139 ± 0.02F

ZnO NPs 1000 mgL− 1 8.40 ± 0.08C 0.070 ± 0.016E 3.70 ± 0.360D 11.01 ± 0.81G 0.110 ± 0.008G

Cu100mM 11.7 ± 0.47A 0.143 ± 0.014A 8.68 ± 0.470A 25.79 ± 0.63A 0.257 ± 0.006A

Bacterial Sus.
+Cu100 mM

9.6 ± 0.57B 0.138 ± 0.008A 5.13 ± 0.004B 18.86 ± 0.18B 0.227 ± 0.04B

ZnO NPs 250 mgL− 1

+Cu100 mM
8.9 ± 0.004C 0.104 ± 0.008B 5.77 ± 0.481B 17.09 ± 1.23C 0.229 ± 0.04B

ZnO NPs 500 mgL− 1

+Cu100 mM
8.8 ± 0.16C 0.099 ± 0.004C 4.77 ± 0.944C 17.04 ± 0.92C 0.190 ± 0.009C

ZnO NPs 1000 mgL− 1

+Cu100 mM
8.6 ± 0.47C 0.086 ± 0.004D 4.11 ± 0.093C 16.03 ± 0.08D 0.179 ± 0.013D

The same letters in each column indicate no significant difference (p < 0.05) as analyzed by the Duncan test. Each value is the average of 3 replicates ± SD.
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The measured plant attributes showed substantial to 
highly positive significant relationships (Fig.  6b). Plant 
characteristics were divided into two sub-clusters. There 
was a high significant negative correlation between the 
first sub-cluster parameters including (Carot., SOD, POX, 
CAT, H2O2, T. Flav, T. Ph, MDA, TSC, and TSP), and the 
second one (germination percentage, shoot height, root 

depth, shoot fresh mass, root fresh mass, shoot dry mass, 
root dry mass, leaf area, maximum PSII (Fv/Fm), Chl a, 
Chl b, ) therefore, a substantial connection with these 
clusters was found (r2 = 0.6** to 1.0***) (Fig. 6b).

The correlation between the parameters obtained in 
the copper-stressed V. faba seedlings treated with bacte-
rial suspension and/or different concentrations of ZnO 

Fig. 6 Multivariate cluster analysis of 21-day-old cu-stressed Vicia faba (L.) seedlings responses and the study treatments (a) and morpho-physiologi-
cal traits (b). Abbreviations; B.Sus. = Bacterial suspension, Cu = 100mM CuSO4, ZnO 250 = ZnO NPs (250 mgL− 1), ZnO 500 = ZnO NPs (500 mgL− 1), ZnO 
1000 = ZnO NPs (1000 mgL− 1). The tested variables included germination percentage (GP), shoot height, root depth, shoot fresh mass (Shoot FM), root 
fresh mass (root FM), shoot dry mass (Shoot DM), root dry mass (Root DM), leaf area, maximum PSII (Fv/Fm), Chl a, Chl b, carotenoids (Carot.), total soluble 
proteins (TSP), total soluble carbohydrates (TSC), total phenolic (T. Ph), total flavonoid (T. Flav), catalase (CAT), superoxide dismutase (SOD), peroxidase 
(POX), malondialdehyde (MDA) and hydrogen peroxidase (H2O2)
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NPs, Pearson’s correlation analysis (heat map) was cre-
ated as shown in Fig.  (7) of the variable traits. Pearson 
correlation coefficient (r) values were expressed from 
− 1/1 to 1, where − 1/1 denotes a perfect negative rela-
tionship, 1 denotes a perfect positive relationship, and 0 
denotes no relationship at all between the variables under 
study (Fig.  7). The results showed a positive association 
between GP, shoot height, Root depth, Shoot FM, Shoot 
DM, Root FM, Root DM, and Leaf area in addition to, Chl 
a, Chl b, and Fv/Fm whereas the values of Pearson corre-
lation coefficient ranging from (0.332 to 1) at (p < 0.05). 
There was an inverse relationship with Carotenoids, TSC, 
TSP, T. Ph, T. Flav, H2O2, MDA, and the activity of SOD, 

CAT, and POX whereas, the values of Pearson correlation 
coefficient ranged from (-0.333 to -1) at (p < 0.05) (Fig. 7).

Discussion
The use of microbes in creating nanoparticles (NPs) has 
drawn a lot of interest recently as an alternative to chemi-
cal and physical processes. It was done to create ZnO NPs 
using E. sp. culture supernatants. One milligram of zinc 
ions was added to the cell filtrate of the examined bac-
terial strain. The development of colloidal zinc nanopar-
ticles was indicated by the white material that appeared 
in the reaction vessels. It was suggested that biological 
substances produced into the supernatant by the bacteria 

Fig. 7 Heat map of person correlation analysis between all measured morphological and physiological parameters {(germination percentage (GP 100%), 
shoot height (shoot H), root depth (root D), shoot fresh mass (Shoot FM), root fresh mass (root FM), shoot dry mass (Shoot DM), root dry mass (Root DM), 
leaf area, maximum PSII (Fv/Fm), Chl a, Chl b, carotenoids (Carot.), total soluble proteins (TSP), total soluble carbohydrates (TSC), total phenolic (T. Ph), total 
flavonoid (T. Flav), catalase (CAT), superoxide dismutase (SOD), peroxidase (POX), malondialdehyde (MDA) and hydrogen peroxidase (H2O2)} of 21-day-old 
cu-stressed Vicia faba (L.) in response to different concentrations of ZnO NPs (250, 500 and 1000 mg/L− 1)
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and functional groups like protein and carboxylate that 
are present in the bacterial cell are what cause the reduc-
tion of Zn2+ to ZnO NPs [52].

An innovative method for characterizing ZnO NPs 
is UV-vis absorption spectroscopy. ZnO’s UV-vis spec-
trum has a distinctive peak at 375 nm, which is indicative 
of ZnO NPs and validates their creation. Additionally, 
the blue shift showed that the produced ZnO NPs had 
higher blue shift absorption than the bulk ZnO. This dif-
ference might be due to both a significant reduction in 
particle size and the large excitation binding energy of 
the ZnO NPs at ambient temperature. Absorption spec-
troscopy has long been used to confirm that the band gap 
increases with decreasing particle size. The results were 
comparable to those of earlier investigations by [52] who 
reported a similar absorption peak of the ZnO NPs that 
were biosynthesized.

To ascertain the crystalline structure and elemental 
content of the biosynthesized ZnO NPs, XRD analysis 
was performed on the ZnO NPs. Several Bragg reflec-
tions for ZnO NPs using an aqueous extract of E. sp. were 
found during the ZnO NPs element characterization. 
These reflections appear at 32.2, 34.4, 36.5, 47.59, 56.65, 
63.94, 67.46, 68.00, and 69.09, respectively, and corre-
spond to the refection from (100), (002), (101), (1 02), (11 
0), (200), (112) to (2 0 1), respectively. The current dis-
covery demonstrated strong agreement with earlier find-
ings that demonstrated ZnO NPs’ hexagonal wurtzite 
structure [52].

TEM was used to examine the size and form of the 
green-produced ZnO NPs. The results unmistakably 
demonstrate the NPs’ hexagonal structure and size range 
of 14.92 to 22.54 nm. Most of the particles under analysis 
had homogeneous sizes. The green ZnO NPs that were 
produced had a mean value of 18.4 nm. The current dis-
covery demonstrated seed extract’s potential as a cap-
ping and reducing agent. The hexagonal and spherical NP 
structures matched earlier findings [52, 53].

The biomolecules responsible for the biosynthesis of 
ZnO NPs identified via FTIR analysis. The accessible 
functional group from the phytochemical components 
implicated in the stability and reduction of ZnO NPs may 
be found via FTIR analysis. The functional group of the 
bacterial supernatants identified by the E. sp. extracts 
FTIR spectra. The bacterial supernatant showed Different 
peaks at 3420, 2373, 865, 1715,1685 and 496 cm -1. ZnO 
NPs participated in C = C and CAH bending, carbonyl 
groups, and carbonyl amides, as seen by the absorption 
band of new peaks at 2373, 1715,1685, 865 and 496 cm 
− 1 The peak at 496  cm− 1 also showed the presence of 
stretching mode and OH group [54]. Zinc ions (Zn2+) 
were reduced to Zn+ 1 and then to zinc NPs by the elec-
trons that the bacteria’s available functional group gave 
the bacterial supernatant functions as a stabilizing agent 

with negative functional groups. The ZnO vibrations 
were detected as a strong and sharp band at 496  cm− 1, 
while the weak vibration was detected as a peak at 
865  cm− 1 [55]. Wave numbers less than 1000  cm− 1 are 
indicative of very strong absorption bands that are gen-
erally present in meal oxides [52]. An inherent absorp-
tion peak in ZnO NPs found at 496 cm − 1, indicating the 
presence of an OH group and a stretching mode at higher 
wave numbers [52].

The powdered zinc nanoparticles produced by bacterial 
organisms exhibited varying inhibitory effects on distinct 
human pathogenic bacteria, including S. Typhimurium, 
K. pneumoniae, E. coli, and the yeast C. albicans, which 
resembled fungus and displayed distinct inhibition zones 
of varying sizes. According to the data, most of the pre-
cipitated zinc nanoparticles had variable degrees of anti-
bacterial and antifungal activity. This discrepancy might 
result from the nanoparticles’ varied interactions with 
the species under test. Part of the process by which zinc 
ions suppress bacteria is understood [56]. The antibacte-
rial action might include the buildup of ZnO NPs in the 
cytoplasm or outer membrane of bacterial cells, which 
would induce the release of Zn2+ and lead to the disin-
tegration of bacterial cell membranes, damage to mem-
brane proteins, and genetic instability, causing the death 
of bacterial cells [57, 58]. It was demonstrated that ZnO 
NPs, which had an average size of around 30 nm, killed 
cells by coming into close contact with the membrane’s 
phospholipid bilayer and damaging its integrity. The bac-
tericidal effect of ZnO NPs inhibited by the addition of 
radical scavengers such as glutathione, vitamin E, and 
mannitol. This might indicate that the generation of ROS 
was essential for ZnO NPs’ antibacterial qualities. How-
ever, it did not appear that Zn2+ released from ZnO NP 
suspensions had an antimicrobial impact. The results of 
testing ZnO NPs against various isolates revealed that 
their minimum inhibitory concentrations (MICs) varied 
in terms of antibiotic resistance profiles, suggesting that 
ZnO NPs had strong antibacterial action. So, it is reason-
able to assume that eluted Zn2+ from ZnO NPs contrib-
utes significantly to the antibacterial effect.

Among metals that are highly persistent in the environ-
ment are heavy metals, and copper is one of the micronu-
trients that is crucial for plant growth and development 
[59]. High concentrations of Cu are regarded as a stress 
factor and hurt several physiological processes that result 
in plant mortality, even though Cu plays important roles 
in many physiological processes [60, 61]. The reduced 
biomass and growth seen in response to Cu stress may 
be caused by excess Cu metal interfering with several 
physiological and biochemical processes that are neces-
sary for healthy plant root cells in conjunction with the 
suppression of mitotic activity [62, 63]. As seen in Cu-
treated Phaseolus vulgaris [64] and Oryza sativa [65], 
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Cu-induced cell wall rigidity linked to the strong induc-
tion of cell wall peroxidase activity and increasing its 
rigidity may be the cause of such growth inhibition [66, 
67].

The present findings demonstrated that applying Cu 
significantly reduced both the photosynthetic activity 
and the pigments involved in photosynthesis (chloro-
phyll a and chlorophyll b) and increased the content of 
carotenoids. Ali et al. [68] observed similar outcomes in 
cabbage (Brassica oleracea) because of impaired chlo-
roplast formation. Because of Cu’s interaction with free 
sulfur groups at the enzyme’s active site, as well as Fe 
and Mg deficiencies, the resulting Cu-induced reduction 
in chlorophyll content may be caused by inhibition of 
enzymes involved in the biosynthesis of photosynthetic 
pigments, restricting the formation of 5-aminolevulinic 
acid and protochlorophyllide reductase activity [69], 
according to [70]. Carotenoids are known to improve the 
ability of chlorophylls to withstand peroxidation, hence 
Cu-induced oxidative stress may increase the amount of 
these compounds. Furthermore, the stronger antioxida-
tive state of the plants under investigation is shown by a 
notable rise in the carotenoid content in the leaves of the 
copper-resistant variety of faba bean seedlings as well as 
high activity of SOD and CAT in these leaves [71].

The results of this study clearly showed that treating 
the V. faba shoots with Cu stress increased their levels 
of total soluble carbohydrates (TSC), total soluble pro-
teins (TSP), total phenolic (T. Ph), and total flavonoid 
(T. Flav) significantly. According to [72] this rise may 
offer an adaptive mechanism that maintains a positive 
osmotic potential in the face of Cu toxicity. According 
to [71] enhanced synthesis of stress-related proteins may 
be the cause of the buildup of proteins under stress. The 
subsequent rise in the overall flavonoid content under Cu 
stress indicated that it has metal-chelating qualities and 
plays a function in neutralizing free radicals to scavenge 
reactive oxygen species (ROS) [71]. Orthosiphon stamin-
eus showed a similar rise in flavonoid content following 
Cu stress, as reported by [73]. According to [74] pheno-
lic compounds function as pro-oxidants under abiotic 
stress, which means they can indirectly influence the 
concentration of harmful oxygen radicals like superoxide 
anion production in living cells. They can also bind metal 
ions, inhibit enzymatic systems that produce free radical 
forms, and induce the expression of enzymes’ genes that 
inhibit oxidative stress.

Results of the current study indicated a highly signifi-
cant increase in both MDA and H2O2 under Cu stress. 
Cell membranes are the primary sites of injury under 
Cu stress, where membrane destabilization may often 
be attributed to the peroxidation of membrane lipids 
[75] and an increase in electrolyte leakage and MDA, 
which is the oxidized product of membrane lipids’ 

polyunsaturated fatty acids [76, 77]. Furthermore, under 
Cu stress, the highly destructive ROS, such as H2O2, are 
either indirectly produced by disrupting regular meta-
bolic pathways [78] or directly produced by the Fenton-
Haber-Weiss reaction [79], which is regarded as one of 
the most potent triggers of the production of free radicals 
[80].

As a result, the disturbance of cell homeostasis was the 
cause of the excessive generation of reactive oxygen spe-
cies (ROS). As a protective response to oxidative stress, 
Cu stress dramatically increased the activity of CAT, 
POX, and SOD which was consistent with the study 
results of [79] who reported an induction in CAT and 
POX activities due to increasing Cu concentration in B. 
juncea. By causing the buildup of lignin, which is one of 
the components of the secondary cell wall, the increase 
in POX activity in response to Cu stress directly con-
tributes to Cu-mediated growth suppression [81]. One 
of the essential enzymes in the elimination of harm-
ful peroxides, catalase is an oxidoreductase that breaks 
down H2O2 into water and molecular oxygen. It is mostly 
located in peroxisomes [82]. SOD stimulates the dis-
persion of superoxide radicals (O2

−) radicals and pro-
tects cells against ROS, which convert O2

− to H2O2 and 
O2, then POX and CAT, and finally detoxify H2O2 [83]. 
Because the ability of nanoparticles to promote plant 
growth and stress tolerance depends on their physico-
chemical properties, zinc oxide nanoparticles (ZnO NPs) 
under copper stress increased the tolerance of V. faba 
seedlings [84]. The growth and functions of the photo-
synthetic apparatus, pigment contents, total soluble pro-
tein and carbohydrate accumulation, antioxidant activity, 
and the content of phenolics and flavonoids of the stud-
ied faba bean seedlings under control and stressed 
environments were all clearly affected by ZnO NPs, as 
demonstrated by our results. Auxins and gibberellin are 
produced due to ZnO NPs’ positive effects on germina-
tion, which encourage the breakdown of seed stores and 
boost seed vigor [85]. The enhancement of traits linked 
to the seed’s physiological quality is ascribed to the intro-
duction of nanoparticles (NPs) inducing photosensitiza-
tion reactions and photo-production of active oxygen, 
including superoxide and hydroxide anions. For germina-
tion to occur quickly, these interactions encourage water 
and oxygen imbibition as well as ion penetration [86].

Zinc is an essential micronutrient needed for dry mat-
ter accumulation and plant growth [22]. ZnO NPs have a 
high absorption rate and transfer, ensuring an adequate 
quantity of Zn for its utilization in plant growth and 
development [87]. Zn could enhance membrane stabil-
ity and cell elongation and division leading to an increase 
in fresh and dry weight [88]. ZnO NPs were extremely 
successful in decreasing Cu toxic effects and causing 
the measured parameters for growth by interacting with 
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active biomolecules and activating various biochemical 
pathways [89]. According to [90], suggested that ZnO NP 
treatment decreased Cu buildup, which in turn lessened 
its harmful effects and contributed to the restoration of 
biomass.

Previous research on the impact of ZnO NPs during 
germination and seedling growth has shown both benefi-
cial and phytotoxic effects. The examined species’ geno-
type, size, concentration, and type of NP are the primary 
causes of response variability [91]. The treatment of ZnO 
NPs in this study had an impact on the root and shoot 
growth of faba bean seedlings. It noted that because the 
root growth index is so sensitive to stress, it is frequently 
utilized as a measure of phytotoxicity [84]. Since the 
radicle is the earliest construction of the seed embryo, it 
is the first tissue subjected to high ZnO NP concentra-
tions [64]. Because of this, radicles showed the negative 
impacts more clearly than shoots did. This shows that 
shoot elongation was less vulnerable to the toxicity of 
ZnO NPs than root elongation, a difference in sensitiv-
ity that is explained by roots being directly exposed to 
ZnO NPs [92]. Because of this, radicles showed the nega-
tive impacts more clearly than shoots did. This shows 
that shoot elongation was less vulnerable to the toxicity 
of ZnO NPs than root elongation, a difference in sensi-
tivity that is explained by roots being directly exposed to 
ZnO NPs [93]. Different concentrations of ZnO NPs or 
dissolved zinc ions interacting with root biochemistry 
and physiology could be the source of the difference in 
root growth. Variations in root length and the buildup of 
dry biomass were encouraged by this intervention. Our 
findings are consistent with studies on radish, lettuce, 
cucumbers, and Arabidopsis that have noted inhibition 
and variance in root growth [94, 95].

Two primary effects could be responsible for this inhi-
bition: First, there is chemical toxicity that depends on 
the release of (toxic) ions, such as when nanoparticles 
pierce through and Zn2 + ions dissolve from ZnO; sec-
ond, there is stress or stimulation brought on by the 
surface, size, or form of the particles [95]. High doses 
of toxicity are consistent with Shelford’s tolerance law. 
A decrease in plant biomass and root length may result 
from the toxicity of intra- or intercellular aggregation 
of nanoparticles absorbed by the plant from the media 
[96]. Accordingly, ZnO NP treatments had an impact on 
the morphology of the faba bean seedlings because they 
had an oxidative stress-causing phytotoxic effect that 
increased the activation of secondary metabolism in this 
tissue [97]. Since it is essential to the plant’s reaction to 
NP treatment, the relationship between ROS and second-
ary signaling messengers that result in transcriptional 
regulation of the secondary plant metabolism is consid-
ered [98].

ZnO NPs preserved the amount of chlorophyll under 
Cu toxicity, which may be related to Zn’s significant role 
as a micronutrient in the biochemical reactions neces-
sary for chlorophyll synthesis [99]. ZnO NPs may also 
improve the activity of carbonic anhydrase and increase 
the efficiency of chemical energy production in pho-
tosynthetic systems [25]. Also [100], also showed that 
zinc has a favorable influence on photosynthetic activity 
and that zinc plays a significant role in the structure of 
the chloroplasts and in photosynthetic electron transfer 
when zinc oxide nanoparticles (ZnO NPs) to wheat that 
is stressed by salinity. Additionally, zinc reduces ABA and 
controls stomata activities by holding onto the K content 
of protective cells [101]. Under the influence of ZnO NPs, 
a rise in the photosynthetic activity (Fv/Fm), Chl a and 
Chl b ratios may suggest a modification in the stoichiom-
etry of the light-harvesting complexes of photosystems I 
and II and, consequently, a shift in their relative activities 
[102]. By speeding up the electron flow from active reac-
tion centers to the quinone pool, raising the quantum 
yield of PSII, decreasing the percentage of incoming light 
that is directed toward non-photochemical quenching, 
and applying excitation pressure to the cytochrome com-
plex, the application of metal oxide nanoparticles under 
stress conditions increased the photosynthetic efficiency 
of plants [103].

In wheat plants, zinc nano priming doubled the num-
ber of active reaction centers per chlorophyll molecule, 
leading to improved absorption, effective excitation 
energy trapping, and electron transport [104]. ZnO NPs 
also lessen the likelihood of oxidative damage in stressed 
plants by reducing the amount of incoming light-induced 
excited electrons that proceed toward non-photochem-
ical quenching [105]. As in the previous part, oxidative 
stress, which is characterized by cell shrinkage or a loss 
in leaf area, is indicated by decreases in pigment contents 
under heavy metal stress [106]. According to the data, 
adding ZnO NPs raised the chlorophyll concentration, 
which is equal to what the control plants had. At copper 
stress, ZnO NPs normalize the chlorophyll content to 
that of control plants. The well-known adaptation process 
in our work by the rise in carotenoid content in the leaves 
of faba bean seedlings developed from seeds treated with 
ZnO NPs following copper stress action [107]. Specifi-
cally, because of the physicochemical characteristics of 
their molecules, carotenoids are low-molecular antioxi-
dants whose biosynthesis in leaves increases in response 
to stress, on the one hand, quench reactive oxygen spe-
cies and, on the other, broaden the absorption spectrum 
of available light radiation for plants [70]. Total soluble 
carbohydrates (TSC) maintained after treatment with 
ZnO NPs, which may be related to its function in acti-
vating the enzymes involved in photosynthesis and chlo-
rophyll biosynthesis [107], as well as the accumulation, 
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regulation, and transformation of carbohydrates and sug-
ars [108]. These results are consistent with the findings of 
[109] who used nano-iron and nano-zinc to boost TSC in 
salt-stressed Moringa peregrina.

Overall, a higher TSC is associated with a faster devel-
opment rate; carbs serve as essential energy sources and 
the carbon skeletons that support organic molecules and 
storage elements [110]. When ZnO NPs utilized, the TSP 
increased significantly in comparison to the Cu stress 
treatment. These outcomes were consistent with those 
of [111], who found that adding ZnO NPs improved 
TSP and reduced negative effects caused by Pb and Cd 
in Leucaena leucocephala seedlings, which is an adaptive 
response to heavy metal stress. Zinc has been found to 
play a significant role in the structure of several enzymes 
and transcription factors that are involved in protein syn-
thesis and regulation [109]; in the meantime, nanopar-
ticles with a high surface-to-volume ratio are more 
reactive and may have more biochemical activity [112]. 
To reduce excess ROS and lessen the consequences of 
oxidative stress brought on by ZnO NPs, plants engage 
both enzymatic and non-enzymatic antioxidant defense 
systems. The primary defense mechanism is second-
ary plant metabolism activation, and phenolic chemical 
production is essential [113]. Phenolic compounds are 
important in the detoxification of reactive oxygen species 
(ROS) and their concentration can fluctuate greatly [114]. 
Phenolic compounds function as metal chelators when 
heavy metal stress occurs. On the other hand, because 
of their redox characteristics, they can directly remove 
molecular species of active oxygen and are crucial for the 
absorption and neutralization of free radicals, the extinc-
tion of singlet and triplet oxygen, and the breakdown 
of peroxides [115]. Thus, a rise in phenolic compounds 
which are potent ROS scavengers and capable of blocking 
enzymes that create free radicals is primarily responsible 
for the increases in antioxidant activity of plants treated 
with NPs [116].

Accordingly [116], revealed that ZnO NPs induced the 
formation of important secondary metabolites, includ-
ing phenolic compounds in B. nigra. This is attributed to 
that zinc has an enhanced role in the shikimic acid cycle, 
which produces phenolic compounds that have a protec-
tive antioxidant impact [117]. Rather than chelating sites 
within the molecule, the general chelating capacity of 
phenolic compounds is connected to the strong nucleo-
philic character of the aromatic rings [118]. The balance 
of antioxidant defense systems in plants, however, is 
inhibited or modulated to avoid the oxidative stress that 
causes lipid peroxidation when the cellular concentration 
of ROS increases due to biotic and abiotic stresses [119]. 
This explains the maximum accumulation of phenolics 
and flavonoids in faba bean seedlings exposed to the 
highest concentration of ZnO NPs. According to reports, 

high Zn concentrations can raise the phenol content of 
Coriandrum sativum L. leaves and stems, but primarily in 
the radicles [120]. Radicles offer antioxidants to scavenge 
excessive ROS generation in addition to acting as chemi-
cal and physical barriers to biotic and abiotic stresses 
[121]. The trends in phenolic compounds and antioxi-
dant activity are explained by the synergistic action of 
these compounds [122]. Comparable patterns have been 
in the antioxidant activity of Stevia rebaudiana Bertoni 
[123], Salvia officinalis L [124]. , and the radicle of Bras-
sica nigra [125]. According to our findings, the activation 
of the antioxidative system by a notable increase in the 
V. faba enzymes catalase, peroxidase, and superoxide 
under copper stress and the impact of the binary compo-
sition of ZnO NPs linked to the potential contribution of 
nanoparticles to plant metabolism’s enzymatic reactions.

The ability of ZnO NPs to pass through epidermal cells 
and interact with the high-molecular organic compo-
nents of cells due to their small size supports this theory. 
Simultaneously, the plasmodesmata have demonstrated 
the feasibility of nanoparticle transfer between cells 
[125]. In faba bean seedlings exposed to copper stress, 
we saw enhanced activity of the enzymes SOD, CAT, 
SOD, and POX, which is consistent with other investiga-
tions on various plants [126–128]. On the other hand, the 
administration of ZnO NPs under copper stress dramati-
cally reduces the enzymatic activity, particularly SOD, 
CAT, and SOD; this may be because fewer ROS formed. 
This is also related to the fact that plants co-treated 
with ZnO NPs and copper have better uptake of zinc 
and other micronutrients, which is critical for reducing 
ROS formation and shielding plants from oxidative dam-
age [117, 129]. ZnO NPs have a similar impact in lower-
ing enzymatic activity (SOD, POD, and CAT) in nano 
primed Wheat plants [130]. Our research looked at how 
ZnO NPs prevented Cu-induced oxidative damage. The 
outcomes showed that in ZnO NPs challenged seedlings, 
MDA and H2O2 were reduced. Zinc can maintain and 
shield biomembranes from oxidative and peroxidative 
stress, preserve the integrity of the plasma membrane, 
alter its permeability, and modify free radicals and the 
processes associated with them through its antioxidant 
properties [131]. Additionally, zinc preferentially binds 
to the sulfhydryl groups of the membrane protein moiety 
[132].

Conclusion
The biosynthesis of ZnO NPs exhibits biocompatibil-
ity and is efficient at penetrating cell walls due to their 
enhanced morphologies and ultra-small size. Zno NP’s 
effects of copper stress on V. faba are the overall outcome 
of a confluence of structural and functional elements 
that reduce physiological and plant development. ZnO 
NPs can effectively counteract changes and alter plant 
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morphometric indexes. Furthermore, plants’ adaptation 
to copper stress under the ZnO NPs appeared in the ratio 
of chlorophyll a to b in the leaves. ZnO NPs improve the 
pro-oxidative/antioxidative balance and morphomet-
ric indicators and the activity of antioxidative enzymes. 
Reduced absorption and upward transport of Cu, and 
increased levels of promoting proteins, carbohydrates, 
phenolics, and flavonoids seemed the main drivers of 
their boosting effects. ZnO NPs have the potential in bio-
medical applications and to alleviate the harmful effects 
of heavy metals stress.

Abbreviations
ZnO NPs  Zinc oxide nanoparticles
Cu+ 2  Copper ions
TEM  Transmission electron microscopy
XRD  X-ray powder diffraction
FAIR  Fourier transformed infrared
UV-Vis  Ultraviolet-Visible spectroscopy
SEM  Scanning electron microscopy
MICs  Minimum inhibitory concentrations
B. licheniformis  Bacillus licheniformis
LAB  Probiotic lactic acid bacteria
E. coli  Escherichia coli
S. aureus  Staphylococcus aureus
MRS  Man, Rogosa, and Sharpe medium
Fv/Fm  The maximum efficiency of a photosystem PSII
Chl b  Chlorophyll b
Chl a  Chlorophyll a
Carot.  Carotenoids
SOD  Superoxide dismutase
CAT  Catalase
POX  Peroxidase
TSC  Total soluble carbohydrates
TSP  Total soluble proteins
T. Ph  Total phenolic
T. Flav  Total Flavonoid
GP  Germination percentage
DM  Dry mass
FM  Fresh mass
MDA  Malondialdehyde
H2O2  Hydrogen peroxide
ROS  Reactive oxygen species
O2

−  Superoxide radical

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12870-024-05150-0.

Supplementary Material 1

Author contributions
Sobhy E. Elsilk: Conceptualization, visualization, methodology, data 
validation, software, collecting data, writing (creating the first draft), 
writing-reviewing, and editing. Walaa A. Abo-Shanab: Conceptualization, 
visualization, methodology, data validation, software, collecting data, writing-
reviewing, and editing. Rania A. El-Shenody: Conceptualization, visualization, 
methodology, data validation, software, collecting data, writing-reviewing, 
and editing. Salsabil S. Afifi: Methodology, data validation, software, collecting 
data, writing and editingAll authors read and approved the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB).

Data availability
All the data related to this work can be sourced from the corresponding 
authors.

Declarations

Ethics approval and consent to participate
The laboratory studies were carried out by all applicable institutional, national, 
and international laws.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 25 November 2023 / Accepted: 14 May 2024

References
1. Lee YJ, Ahn EY, Park Y. Shape-dependent cytotoxicity and cellular uptake of 

gold nanoparticles synthesized using green tea extract. Nanoscale Res Lett. 
2019;14:129. https://doi.org/10.1186/s11671-019-2967-1.

2. Mohd Yusof H, Abdul Rahman NA, Mohamad R, Zaidan UH, Samsudin AA. 
Biosynthesis of zinc oxide nanoparticles by cell-biomass and supernatant of 
Lactobacillus plantarum TA4 and its antibacterial and biocompatibility proper-
ties. Sci Rep. 2020;10(1):19996. https://doi.org/10.1038/s41598-020-76402-w.

3. Ali SG, Ansari MA, Alzohairy MA, Alomary MN, AlYahya S, Jalal M, El-Meligy 
MA. Biogenic gold nanoparticles as potent antibacterial and antibiofilm 
nano-antibiotics against Pseudomonas aeruginosa. Antibiotics. 2020;9(3):100. 
https://doi.org/10.3390/antibiotics9030100.

4. Agarwal H, Kumar SV, Rajeshkumar S. A review on green synthesis of zinc 
oxide nanoparticles–An eco-friendly approach. Resource-Eff Technol. 
2017;3(4):406–13. https://doi.org/10.1016/j.reffit.2017.03.002.

5. Raha S, Ahmaruzzaman M. ZnO nanostructured materials and their poten-
tial applications: progress, challenges and perspectives. Nanoscale Adv. 
2022;4(8):1868–925. https://doi.org/10.1039/D1NA00880C.

6. Tripathi RM, Bhadwal AS, Gupta RK, Singh P, Shrivastav A, Shrivastav BR. ZnO 
nanoflowers: novel biogenic synthesis and enhanced photocatalytic activity. 
J Photochem Photobiol B: Biol. 2014;141:288–95. https://doi.org/10.1016/j.
jphotobiol.2014.10.001.

7. Raliya R, Tarafdar JC. ZnO nanoparticle biosynthesis and its effect on 
phosphorous-mobilizing enzyme secretion and gum contents in Cluster-
bean (Cyamopsis tetragonoloba L). Agric Res. 2013;2(1):48–57. https://doi.
org/10.1007/s40003-012-0049-z.

8. Otari SV, Patil RM, Nadaf NH, Ghosh SJ, Pawar SH. Green biosynthesis of silver 
nanoparticles from an actinobacteria Rhodococcus Sp. Mater Lett. 2012;72:92–
4. https://doi.org/10.1016/j.matlet.2011.12.109.

9. Kundu D, Hazra C, Chatterjee A, Chaudhari A, Mishra S. Extracellular biosyn-
thesis of zinc oxide nanoparticles using Rhodococcus pyridinivorans NT2: 
multifunctional textile finishing, biosafety evaluation and in vitro drug deliv-
ery in colon carcinoma. J Photochem Photobiol B: Biol. 2014;140:194–204. 
https://doi.org/10.1016/j.jphotobiol.2014.08.001.

10. Khairnar BA, Dabhane HA, Dashpute RS, Girase MS, Nalawade PM, Gaikwad 
VB. Study of biogenic fabrication of zinc oxide nanoparticles and their 
applications: a review. Inorg Chem Commun. 2022;110155. https://doi.
org/10.1016/j.inoche.2022.110155.

11. Singh BN, Rawat AKS, Khan W, Naqvi AH, Singh BR. Biosynthesis of stable 
antioxidant ZnO nanoparticles by Pseudomonas aeruginosa Rhamnolipids. 
PLoS ONE. 2014;9:9: 106937. https://doi.org/10.1371/journal.pone.0106937.

12. Prasad K, Jha AK. ZnO nanoparticles: synthesis and adsorption study. J Nat 
Sci. 2009;1:129–35. https://doi.org/10.4236/ns.2009.12016.

13. Qiao L, Dou X, Song X, Xu C. Green synthesis of nanoparticles by probiot-
ics and their application. Adv Appl Microbiol. 2022;119:83–128. https://doi.
org/10.1016/bs.aambs.2022.05.003.

14. Sawai J, Yoshikawa T. Quantitative evaluation of antifungal activ-
ity of metallic oxide powders (MgO, CaO and ZnO) by an indirect 
conductimetric assay. J Appl Microb. 2004;96(4):803–9. https://doi.
org/10.1111/j.1365-2672.2004.02234.x.

https://doi.org/10.1186/s12870-024-05150-0
https://doi.org/10.1186/s12870-024-05150-0
https://doi.org/10.1186/s11671-019-2967-1
https://doi.org/10.1038/s41598-020-76402-w
https://doi.org/10.3390/antibiotics9030100
https://doi.org/10.1016/j.reffit.2017.03.002
https://doi.org/10.1039/D1NA00880C
https://doi.org/10.1016/j.jphotobiol.2014.10.001
https://doi.org/10.1016/j.jphotobiol.2014.10.001
https://doi.org/10.1007/s40003-012-0049-z
https://doi.org/10.1007/s40003-012-0049-z
https://doi.org/10.1016/j.matlet.2011.12.109
https://doi.org/10.1016/j.jphotobiol.2014.08.001
https://doi.org/10.1016/j.inoche.2022.110155
https://doi.org/10.1016/j.inoche.2022.110155
https://doi.org/10.1371/journal.pone.0106937
https://doi.org/10.4236/ns.2009.12016
https://doi.org/10.1016/bs.aambs.2022.05.003
https://doi.org/10.1016/bs.aambs.2022.05.003
https://doi.org/10.1111/j.1365-2672.2004.02234.x
https://doi.org/10.1111/j.1365-2672.2004.02234.x


Page 16 of 18Elsilk et al. BMC Plant Biology          (2024) 24:474 

15. Gunalan S, Sivaraj R, Rajendran V. Green synthesized ZnO nanoparticles 
against bacterial and fungal pathogens. Progress Nat Science: Mater Int. 
2012;22(6):693–700. https://doi.org/10.1016/j.pnsc.2012.11.015.

16. Hameed S, Wang Y, Zhao L, Xie L, Ying Y. Shape-dependent significant 
physical mutilation and antibacterial mechanisms of gold nanoparticles 
against foodborne bacterial pathogens (Escherichia coli, Pseudomonas aeru-
ginosa and Staphylococcus aureus) at lower concentrations. Mater Sci Eng. 
2020;108:110338. https://doi.org/10.1016/j.msec.2019.110338.

17. Jagadeeshan S, Parsanathan R. Nano-metal oxides for antibacterial activity. 
Advanced Nanostructured materials for environmental remediation. 2019.p. 
59–90. https://doi.org/10.1007/978-3-030-04477-0_3.

18. Alloway BJ. Soil factors associated with zinc deficiency in crops and humans. 
Environ Geochem Health. 2009;31:537–48. https://doi.org/10.1007/
s10653-009-9255-4.

19. Šebesta M, Kurtinov S, Kolenčík M, Illa R. Enhancement of stress tolerance 
of crop plants by ZnO nanoparticles. In Sustainable Agriculture Reviews 
53: Nanoparticles: A New Tool to Enhance Stress Tolerance. 2022; 287–325. 
https://doi.org/10.1007/978-3-030-86876-5_12.

20. Hayat S, Pichtel J, Faizan M, Fariduddin Q, editors. Sustainable Agriculture 
Reviews 41: Nanotechnology for Plant Growth and Development. 2020; 
41:83–100. https://doi.org/10.1007/978-3-030-33996-8.

21. Sabir S, Arshad M, Chaudhari SK. Zinc oxide nanoparticles for revolutionizing 
agriculture: synthesis and applications. Sci World J. 2014;1–8. https://doi.
org/10.1155/2014/925494.

22. Dimkpa CO, Latta DE, McLean JE, Britt DW, Boyanov MI, Anderson AJ. Fate of 
CuO and ZnO Nano and microparticles in the plant environment. Environ Sci 
Technol. 2013;47:4734–4642. https://doi.org/10.1021/es304736y.

23. Rizwan M, Ali S, Abbas F, Adrees M, Zia-ur-Rehman M, Farid M, Gill RA, Ali B. 
Role of organic and inorganic amendments in alleviating heavy metal stress 
in oil seed crops. OilSeed Crops: Yield Adaptations under Environ Stress. 
2017;12:224–35. https://doi.org/10.1002/9781119048800.ch12.

24. Ali S, Rizwan M, Noureen S, Anwar S, Ali B, Naveed M, Ahmad P. Combined 
use of biochar and zinc oxide nanoparticle foliar spray improved the plant 
growth and decreased the cadmium accumulation in rice (Oryza sativa L.) 
plant. Environ Sci Pollut Res. 2019;26:11288–99. https://doi.org/10.1007/
s11356-019-04554-y.

25. Šebesta M, Nemček L, Urík M, et al. Partitioning and stability of ionic, 
nano- and microsized zinc in natural soil suspensions. Sci Total Environ. 
2020;700:134445. https://doi.org/10.1016/j.scitotenv.2019.134445.

26. Šebesta M, Urík M, Kolenčík M, et al. Sequential extraction resulted in similar 
fractionation of ionic zn, nano- and microparticles of ZnO in acidic and 
alkaline soil. Forests. 2020;11(10):1077. https://doi.org/10.3390/f11101077.

27. Bian SWW, Mudunkotuwa IA, Rupasinghe T, Grassian VH. Aggregation and 
dissolution of 4 nm ZnO nanoparticles in aqueous environments: influ-
ence of pH, ionic strength, size, and adsorption of humic acid. Langmuir. 
2011;27:6059–68. https://doi.org/10.1021/la200570n.

28. Mohd Omar F, Abdul Aziz H, Stoll S. Aggregation and disaggregation of ZnO 
nanoparticles: influence of pH and adsorption of Suwannee River humic 
acid. Sci Total Environ. 2014;468–469:195–201. https://doi.org/10.1016/j.
scitotenv.2013.08.044.

29. Sirelkhatim A, Mahmud S, Seeni A, et al. Review on zinc oxide nanoparticles: 
antibacterial activity and toxicity mechanism. Nano-Micro Lett. 2015;7:219–
42. https://doi.org/10.1007/s40820-015-0040-x.

30. García-López JI, Zavala-García F, Olivares-Sáenz E, et al. Zinc oxide nanopar-
ticles boosts phenolic compounds and antioxidant activity of capsicum 
annuum L during germination. Agronomy. 2018;8(10):215. https://doi.
org/10.3390/agronomy8100215.

31. Singh J, Kumar S, Alok A, et al. The potential of green synthesized zinc 
oxide nanoparticles as nutrient source for plant growth. J Clean Prod. 
2019;214:1061–70. https://doi.org/10.1016/j.jclepro.2019.01.018.

32. Faizan M, Faraz A, Yusuf M, et al. Zinc oxide nanoparticle-mediated changes 
in photosynthetic efficiency and antioxidant system of tomato plants. Photo-
synthetica. 2018;56:678–86. https://doi.org/10.1007/s11099-017-0717-0.

33. Venkatachalam P, Priyanka N, Manikandan K, et al. Enhanced plant growth 
promoting role of phycomolecules coated zinc oxide nanoparticles with P 
supplementation in cotton (Gossypium hirsutum L). Plant Physiol Biochem. 
2017;110:118–27. https://doi.org/10.1016/j.plaphy.2016.09.004.

34. Reddy VL, Adisa IO, Rawat S, et al. ZnO nanoparticles increase photosynthetic 
pigments and decrease lipid peroxidation in soil-grown cilantro (Coriandrum 
sativum). Plant Physiol Biochem. 2018;132:120–7. https://doi.org/10.1016/j.
plaphy.2018.08.037.

35. Salama DM, Osman SA, Abd El-Aziz ME, et al. Effect of zinc oxide nanopar-
ticles on the growth, genomic DNA, production and quality of common dry 
bean (Phaseolus vulgaris). Biocatal Agric Biotechnol. 2019;18:101083. https://
doi.org/10.1016/j.bcab.2019.101083.

36. Kolenčík M, Ernst D, Urík M, et al. Foliar application of low concentrations of 
titanium dioxide and zinc oxide nanoparticles to the common sunflower 
under field conditions. NANO. 2020;10(8):16. https://doi.org/10.3390/
nano10081619.

37. Wan J, Wang R, Bai H, et al. Comparative physiological and metabolomics 
analysis reveals that single-walled carbon nanohorns and ZnO nanopar-
ticles affect salt tolerance in Sophora alopecuroides. Environ Sci Nano. 
2020;7:2968–81. https://doi.org/10.1039/D0EN00582G.7.

38. Selvarajan E, Mohanasrinivasan V. Biosynthesis and characterization of 
ZnO nanoparticles using Lactobacillus plantarum VITES07. Mater Lett. 
2013;112:180–2. https://doi.org/10.1016/j.matlet.2013.09.020.

39. Pridham TG, Anderson P, Foley C, Lindenfelser LA, Hessetine CW, Benedict RG. 
A selection of media for maintenance and taxonomic study of streptomyce-
tes. Antibiot Annu. 1956; 947–53.

40. Gowayed MHS, Kadasa NM. Influence of Zinc Oxide nanoparticles on 
Cadmium Toxicity on Germination of Faba Bean (Vicia faba L). J Plant Prod Sci. 
2015;4:21–6. https://doi.org/10.21608/jpps.2015.7395.

41. Metzner H, Rau H, Senger H. Investigations on the synchronizability of indi-
vidual pigment deficiency mutants of Chlorella. Planta. 1965;65:186. https://
doi.org/10.1016/j.enzmictec.2016.08.018.

42. Kissimon J. Analysis of the photosynthetic pigment composition. Proceed-
ings of the International Workshop and Training Course on Microalgal Biology 
and Biotechnology. 1999; 13–26.

43. Senousy HH, Khairy HM, El-Sayed HS, Sallam ER, El-Sheikh MA, Elshobary 
ME. Interactive adverse effects of low-density polyethylene microplastics on 
marine microalga Chaetoceroscalcitrans. Chemosphere. 2023;311:137182. 
https://doi.org/10.1016/j.chemosphere.2022.137182.

44. Heath RL, Packer L. Photoperoxidation in isolated chloroplasts. I. Kinet-
ics and stoichiometry of fatty acid peroxidation. Arch Biochim Biophys. 
1968;125:180–98. https://doi.org/10.1016/0003-9861(68)90654-1.

45. Loreto F, Velikova V. Isoprene produced by leaves protects the photosynthetic 
apparatus against ozone damage, quenches ozone products, and reduces 
lipid peroxidation of cellular membranes. Plant Physiol. 2001;127:1781–7.

46. Dimkpa CO, Singh U, Bindraban PS, et al. Zinc oxide nanoparticles alleviate 
drought-induced alterations in sorghum performance, nutrient acquisi-
tion, and grain fortification. Sci Total Environ. 2019;688:926–34. https://doi.
org/10.1016/j.scitotenv.2019.06.392.

47. Markus J, Mathiyalagan R, Kim YJ, Abbai R, Singh P, Ahn S, Yang DC. Intracel-
lular synthesis of gold nanoparticles with antioxidant activity by probiotic 
Lactobacillus kimchicus DCY51T isolated from Korean kimchi. Enzyme Microb 
Technol. 2016;95:85–93.

48. Kato M, Shimizu S. Chlorophyll metabolism in higher plants. VII. Chlorophyll 
degradation in senescing tobacco leaves; phenolic-dependent peroxidative 
degradation. Can J Bot. 1987;65:729–35. https://doi.org/10.1139/b87-097.

49. Bradford MM. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein using the principle of protein-dye binding. Anall 
Biochem. 1976;72:248–54. https://doi.org/10.1006/abio.1976.9999.

50. Duboi M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric method for 
determination of sugars and related substances. Anal Chem. 1956;28:350–6. 
https://doi.org/10.1021/ac60111a017.

51. El-Shenody RA, Elshobary ME, Ragab GA, Huo S, Essa D. Towards biorefin-
ery: exploring the potential of seaweed-derived biodiesel and its residual 
biomass in improving the traits of Eruca vesicaria (L.) cav. South Afr J Bot. 
2023;155:361–71. https://doi.org/10.1016/j.sajb.2023.02.029.

52. Albarakaty FM, Mayasar Alzaban I, Alharbi NK, Bagrwan FS, Abd El-Aziz AR, et 
al. Zinc oxide nanoparticles, biosynthesis, characterization and their potent 
photocatalytic degradation, and antioxidant activities. J King Saud Univ – Sci. 
2023;35:102434. https://doi.org/10.1016/j.jksus.2022.102434.

53. Liu S, Long Q, Xu Y, Wang J, Xu Z, Wang L, Zhou M, Wu Y, Chen T, Shaw C. 
Assessment of antimicrobial and wound healing effects of Brevinin-2Ta 
against the bacterium Klebsiella pneumoniae in dermally wounded rats. 
Oncotarget. 2017;8:111369–85. https://doi.org/10.18632/oncotarget.22797.

54. Selim YA, Maha AA, Ragab I, Abd El-Azim MHM. Green synthesis of zinc 
oxide nanoparticles using aqueous extract of Deverra tortuosa and their 
cytotoxic activities. Sci Rep. 2020;10:3445–53. https://doi.org/10.1038/
s41598-020-60541-1.

55. Stan M, Popa A, Toloman D, Silipas TD, Vodnar DC. Antibacterial and anti-
oxidant activities of ZnO nanoparticles synthesized using extracts of Allium 

https://doi.org/10.1016/j.pnsc.2012.11.015
https://doi.org/10.1016/j.msec.2019.110338
https://doi.org/10.1007/978-3-030-04477-0_3
https://doi.org/10.1007/s10653-009-9255-4
https://doi.org/10.1007/s10653-009-9255-4
https://doi.org/10.1007/978-3-030-86876-5_12
https://doi.org/10.1007/978-3-030-33996-8
https://doi.org/10.1155/2014/925494
https://doi.org/10.1155/2014/925494
https://doi.org/10.1021/es304736y
https://doi.org/10.1002/9781119048800.ch12
https://doi.org/10.1007/s11356-019-04554-y
https://doi.org/10.1007/s11356-019-04554-y
https://doi.org/10.1016/j.scitotenv.2019.134445
https://doi.org/10.3390/f11101077
https://doi.org/10.1021/la200570n
https://doi.org/10.1016/j.scitotenv.2013.08.044
https://doi.org/10.1016/j.scitotenv.2013.08.044
https://doi.org/10.1007/s40820-015-0040-x
https://doi.org/10.3390/agronomy8100215
https://doi.org/10.3390/agronomy8100215
https://doi.org/10.1016/j.jclepro.2019.01.018
https://doi.org/10.1007/s11099-017-0717-0
https://doi.org/10.1016/j.plaphy.2016.09.004
https://doi.org/10.1016/j.plaphy.2018.08.037
https://doi.org/10.1016/j.plaphy.2018.08.037
https://doi.org/10.1016/j.bcab.2019.101083
https://doi.org/10.1016/j.bcab.2019.101083
https://doi.org/10.3390/nano10081619
https://doi.org/10.3390/nano10081619
https://doi.org/10.1039/D0EN00582G.7
https://doi.org/10.1016/j.matlet.2013.09.020
https://doi.org/10.21608/jpps.2015.7395
https://doi.org/10.1016/j.enzmictec.2016.08.018
https://doi.org/10.1016/j.enzmictec.2016.08.018
https://doi.org/10.1016/j.chemosphere.2022.137182
https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1016/j.scitotenv.2019.06.392
https://doi.org/10.1016/j.scitotenv.2019.06.392
https://doi.org/10.1139/b87-097
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1016/j.sajb.2023.02.029
https://doi.org/10.1016/j.jksus.2022.102434
https://doi.org/10.18632/oncotarget.22797
https://doi.org/10.1038/s41598-020-60541-1
https://doi.org/10.1038/s41598-020-60541-1


Page 17 of 18Elsilk et al. BMC Plant Biology          (2024) 24:474 

sativum, Rosmarinus officinalis and Ocimum basilicum.Acta Metall Sin-Engl. 
2016; 29: 228–236. https://doi.org/10.1007/s40195-016-0380-7.

56. Janaki AC, Sailatha E, Gunasekaran S. Synthesis, characteristics and antimi-
crobial activity of ZnO nanoparticles. Spectrochim Acta Part A Mol Biomol 
Spectrosc. 2015;144:17–22. https://doi.org/10.1016/j.saa.2015.02.041.

57. Qais FA, Khan MS, Ahmad I. Broad-spectrum Quorum Sensing and Biofilm 
Inhibition by Green Tea against Gram-negative pathogenic Bacteria: deci-
phering the role of Phytocompounds through Molecular Modelling. Microb 
Pathog. 2019;126:379–92. https://doi.org/10.1016/j.micpath.2018.11.030.

58. Wang W, Li D, Huang X, Yang H, Qiu Z, Zou L, Liang Q, Shi Y, Wu Y, Wu S, Yang 
C, Li Y. Study on Antibacterial and Quorum-sensing inhibition activities of Cin-
namomum Camphora Leaf essential oil. Molecules. 2019;24(20):3792. https://
doi.org/10.3390/molecules24203792.

59. Ruscitti M, Arango M, Beltrano J. Improvement of copper stress tolerance in 
pepper plants (Capsicum annuum L.) by inoculation with arbuscular mycor-
rhizal fungi. Theor Exp Plant Physiol. 2017;29:37–49. https://doi.org/10.1007/
s40626-016-0081-7.

60. Ramzani PMA, Iqbal M, Kausar S, Ali S, Rizwan M, Virk ZA. Effect of different 
amendments on rice (Oryza sativa L.) growth, yield, nutrient uptake and grain 
quality in Ni-contaminated soil. Environ Sci Pollut Res. 2016;23:18585–95. 
https://doi.org/10.1007/s11356-016-7038-x.

61. Samma MK, Zhou H, Cui W, Zhu K, Zhang J, Shen W. Methane allevi-
ates copper-induced seed germination inhibition and oxidative stress 
in Medicago sativa. Biometals. 2017;30:97–111. https://doi.org/10.1007/
s10534-017-9989-x.

62. Maksymiec W, Krupa Z. Effects of methyl jasmonate and excess copper on 
root and leaf growth. Biol Plant. 2007;51:322–6. https://doi.org/10.1007/
s10535-007-0062-4.

63. Zhao S, Liu Q, Qi Y, Duo L. Responses of root growth and protective enzymes 
to copper stress in turfgrass. Acta Biologica Cracov Ser Bot. 2010;52:7–11. 
https://doi.org/10.2478/v10182-010-0017-5.

64. Cuypers A, Vangronsveld J, Clijsters H. Peroxidases in roots and primary leaves 
of Phaseolus vulgaris copper and zinc phytotoxicity: a comparison. J Plant 
Physiol. 2002;159:869–76. https://doi.org/10.1078/0176-1617-00676.

65. Chen L, Lin CL, Kao C, Lin CC, Kao CH. Cu toxicity in rice seedlings: changes in 
antioxidative enzyme activities, H2O2 level and cell wall peroxidase activity in 
roots. Bot Bull Acad Sin. 2000;41:99–103.

66. Flores-Cáceres ML, Hattab S, Hattab S, Boussetta H, Banni M, Hernández LE. 
Specific mechanisms of tolerance to copper and cadmium are compro-
mised by a limited concentration of glutathione in alfalfa plants. Plant Sci. 
2015;233:165–73. https://doi.org/10.1016/j.plantsci.2015.01.013.

67. Ali S, Rizwan M, Ullah N, Bharwana SA, Waseem M, Farooq MA, Abbasi GH, 
Farid M. Physiological and biochemical mechanisms of siliconinduced 
copper stress tolerance in cotton (Gossypium hirsutum L). Acta Physiol Plant. 
2016;38:262–72. https://doi.org/10.1007/s11738-016-2279-3.

68. Ali S, Shahbaz M, Shahzad AN, Khan HA, Anees M, Haider MS, Fatima A. 
Impact of copper toxicity on stone-head cabbage (Brassica oleracea var. capi-
tata) in hydroponics. PeerJ- Life Environ. 2015;3:11–9. https://doi.org/10.7717/
peerj.1119.

69. Saglam A, Yetişsin F, Demiralay M, Terzi R. Copper stress and responses 
in plants. Plant Metal Inter. 2016;21–40. https://doi.org/10.1016/
B978-0-12-803158-2.00002-3.

70. Taran N, Storozhenko V, Svietlova N, Batsmanova L, Shvartau V, Kovalenko 
M. Effect of zinc and copper nanoparticles on drought resistance of wheat 
seedlings. Nanoscale Res Lett. 2017;12:1–6. https://doi.org/10.1186/
s11671-017-1839-9.

71. Ahmad P, Latef AA, Hashem A, Abd-Allah EF, Guce S, Tran LS. Nitric oxide 
mitigates salt stress by regulating levels of osmolytes and antioxidant 
enzymes in chickpea. Front Plant Sci. 2016;7:1–11. https://doi.org/10.3389/
fpls.2016.00347.

72. Yadav P, Kaur R, Kohli SK, Sirhindi G, Bhardwaj R. Castasterone assisted accu-
mulation of polyphenols and antioxidant to increase tolerance of B. juncea 
plants towards copper toxicity. Cogent Food Agric. 2016;2:76–82. https://doi.
org/10.1080/23311932.2016.1276821.

73. Mamat DD, Chong CS, Samad AA, Chai TT, Manan FA. Effects of copper on 
total phenolics, flavonoids and mitochondrial properties of Orthosiphon 
Stamineus Callus Culture. Int J Agric Biol. 2015;17:1243–8. https://doi.
org/10.17957/IJAB/15.0038.

74. Sytar O, Kumar A, Latowski D, Kuczynska P, Strzałka K, Prasad MNV. Heavy 
metal-induced oxidative damage, defense reactions, and detoxification 
mechanisms in plants. Acta Physiol Plant. 2013;35:985–99. https://doi.
org/10.1007/s11738-012-1169-6.

75. Wang Z, Zhang YX, Huang ZB, Huang L. Antioxidative response of metal-
accumulator and non-accumulator plants under cadmium stress. Plant Soil. 
2008;310:137–49. https://doi.org/10.1007/s11104-008-9641-1.

76. Latef AH, Alhmad MFA, Abdelfattah KE. The possible roles of priming with 
ZnO nanoparticles in mitigation of salinity stress in lupine (Lupinus termis) 
plants. J Plant Growth Regul. 2017;36:60–70. https://doi.org/10.1007/
s00344-016-9618-x.

77. Duan H, Liu W, Zhou W, Han LB, Huo B, El-Sheekh S, Dong MH, Li HX, Xu X, 
Elshobary T. Improving saline-alkali soil and promoting wheat growth by co-
applying potassium-solubilizing bacteria and cyanobacteria produced from 
brewery wastewater. Front Environ Sci. 2023;11:1–12. https://doi.org/10.3389/
fenvs.2023.1170734.

78. Mwamba TM, Ali S, Ali B, Lwalaba JL, Liu H, Farooq MA, Shou JM, Zhou W. 
Interactive effects of cadmium and copper on metal accumulation, oxidative 
stress, and mineral composition in Brassica napus. Int J Environ Sci Technol. 
2016;13:2163–74. https://doi.org/10.1007/s13762-016-1040-1.

79. Yadav SK. Heavy metals toxicity in plants: an overview on the role of glutathi-
one and phytochelatins in heavy metal stress tolerance of plants. South Afr J 
Bot. 2017;6:167–79. https://doi.org/10.1016/j.sajb.2009.10.007.

80. Ravet K, Pilon M. Copper and iron homeostasis in plants: the challenges 
of oxidative stress. Antioxid Redox Signal. 2013;19:919–32. https://doi.
org/10.1089/ars.2012.5084.

81. Schützendübel A, Schwanz P, Teichmann T, Gross K, Langenfeld-Heyser R, 
Godbold OL, Polle A. Cadmium-induced changes in antioxidative systems, 
H2O2 content and differentiation in pine (Pinus sylvestris) roots. Plant Physiol. 
2001;127:887–92. https://doi.org/10.1104/pp.010318.

82. Anjum NA, Sharma P, Gill SS, Hasanuzzaman M, Khan EA, Kachhap K, 
Mohamed AA, et al. Catalase and ascorbate peroxidase-representative H2O2-
detoxifying heme enzymes in plants. Environ Sci Pollut Res. 2016;23:2–29. 
https://doi.org/10.1007/s11356-016-7309-6.

83. El-Sayed HS, Elshobary ME, Barakat KM, Khairy HM, El-Sheikh MA, Czaja R, 
Allam B, Senousy HH. Ocean acidification-induced changes in Ulva fasciata 
biochemistry may improve Dicentrarchus labrax aquaculture via enhanced 
antimicrobial activity. Aquaculture 2022 15;560:738474. https://doi.
org/10.1016/j.aquaculture.2022.738474.

84. Shekhawat GS, Mahawar L, Rajput P, Rajput VD, Minkina T, Singh RK. Role 
of engineered carbon nanoparticles (CNPs) in promoting growth and 
metabolism of Vigna radiata (L.) Wilczek: insights into the biochemical and 
physiological responses. Plants. 2021;10(7):1317. https://doi.org/10.3390/
plants10071317.

85. El-Kereti MA, El-Feky SA, Khater MS, Osman YA, El-sherbini ESA. ZnO nanofer-
tilizer and he ne laser irradiation for promoting growth and yield of sweet 
basil plant. Recent Pat Food Nutr Agric. 2013;5:169–81.

86. Gokak IB, Taranath TC. Seed germination and growth responses of Macro-
tyloma uniflorum (Lam.) Verdc. exposed to zinc and zinc nanoparticles. Int J 
Environ Sci. 2015; 5: 840–847. https://doi.org/10.6088/ijes.2014050100078.

87. Singh D, Rajawat MVS, Kaushik R, Prasanna R, Saxena AK. Beneficial role of 
endophytes in biofortification of Zn in wheat genotypes varying in nutri-
ent use efficiency grown in soils sufficient and deficient in Zn. Plant Soil. 
2017;416:107–16. https://doi.org/10.1007/s11104-017-3189-x.

88. Sedghi M, Hadi M, Toluie SG. Effect of nano zinc oxide on the germina-
tion parameters of soybean seeds under drought stress. Annals West Univ 
Timişoara Ser Biology. 2013;16:73–8.

89. Singh A, Singh NB, Afzal S, Singh T, Hussain I. Zinc oxide nanoparticles: a 
review of their biological synthesis, antimicrobial activity, uptake, transloca-
tion, and biotransformation in plants. J Mater Sci. 2018;53:185–201. https://
doi.org/10.1007/s10853-017-1544-1.

90. Gowayed MHS, Kadasa NM. Effect of zinc oxide nanoparticles on antioxida-
tive system of Faba bean (Vicia faba L) seedling exposed to cadmium. Life Sci 
J. 2016;13:18–27. https://doi.org/10.7537/marslsj13031603.

91. Hatami M, Ghorbanpour M, Salehiarjomand H. Nano-Anatase TiO2 modulates 
the germination behavior and seedling vigority of some commercially 
important medicinal and aromatic plants. J Biol Environ Sci. 2014;8:53–9.

92. Xiang L, Zhao HM, Li YW, Huang XP, Wu XL, Zhai T, Yuan Y, Cai QY, Mo CH. 
Effects of the size and morphology of zinc oxide nanoparticles on the germi-
nation of Chinese cabbage seeds. Environ Sci Pollut Res. 2015;22:10452–62. 
https://doi.org/10.1007/s11356-015-4172-9.

93. Ma Y, Kuang L, He X, Bai W, Ding Y, Zhang Z, Zhao Y, Chai Z. Effects of rare 
earth oxide nanoparticles on root elongation of plants. Chemosphere. 
2010;78:273–9. https://doi.org/10.1016/j.chemosphere.2009.10.050.

https://doi.org/10.1007/s40195-016-0380-7
https://doi.org/10.1016/j.saa.2015.02.041
https://doi.org/10.1016/j.micpath.2018.11.030
https://doi.org/10.3390/molecules24203792
https://doi.org/10.3390/molecules24203792
https://doi.org/10.1007/s40626-016-0081-7
https://doi.org/10.1007/s40626-016-0081-7
https://doi.org/10.1007/s11356-016-7038-x
https://doi.org/10.1007/s10534-017-9989-x
https://doi.org/10.1007/s10534-017-9989-x
https://doi.org/10.1007/s10535-007-0062-4
https://doi.org/10.1007/s10535-007-0062-4
https://doi.org/10.2478/v10182-010-0017-5
https://doi.org/10.1078/0176-1617-00676
https://doi.org/10.1016/j.plantsci.2015.01.013
https://doi.org/10.1007/s11738-016-2279-3
https://doi.org/10.7717/peerj.1119
https://doi.org/10.7717/peerj.1119
https://doi.org/10.1016/B978-0-12-803158-2.00002-3
https://doi.org/10.1016/B978-0-12-803158-2.00002-3
https://doi.org/10.1186/s11671-017-1839-9
https://doi.org/10.1186/s11671-017-1839-9
https://doi.org/10.3389/fpls.2016.00347
https://doi.org/10.3389/fpls.2016.00347
https://doi.org/10.1080/23311932.2016.1276821
https://doi.org/10.1080/23311932.2016.1276821
https://doi.org/10.17957/IJAB/15.0038
https://doi.org/10.17957/IJAB/15.0038
https://doi.org/10.1007/s11738-012-1169-6
https://doi.org/10.1007/s11738-012-1169-6
https://doi.org/10.1007/s11104-008-9641-1
https://doi.org/10.1007/s00344-016-9618-x
https://doi.org/10.1007/s00344-016-9618-x
https://doi.org/10.3389/fenvs.2023.1170734
https://doi.org/10.3389/fenvs.2023.1170734
https://doi.org/10.1007/s13762-016-1040-1
https://doi.org/10.1016/j.sajb.2009.10.007
https://doi.org/10.1089/ars.2012.5084
https://doi.org/10.1089/ars.2012.5084
https://doi.org/10.1104/pp.010318
https://doi.org/10.1007/s11356-016-7309-6
https://doi.org/10.1016/j.aquaculture.2022.738474
https://doi.org/10.1016/j.aquaculture.2022.738474
https://doi.org/10.3390/plants10071317
https://doi.org/10.3390/plants10071317
https://doi.org/10.6088/ijes.2014050100078
https://doi.org/10.1007/s11104-017-3189-x
https://doi.org/10.1007/s10853-017-1544-1
https://doi.org/10.1007/s10853-017-1544-1
https://doi.org/10.7537/marslsj13031603
https://doi.org/10.1007/s11356-015-4172-9
https://doi.org/10.1016/j.chemosphere.2009.10.050


Page 18 of 18Elsilk et al. BMC Plant Biology          (2024) 24:474 

94. Lee S, Kim S, Kim S, Lee I. Assessment of phytotoxicity of ZnO NPs on a 
medicinal plant, Fagopyrum esculentum. Environ Sci Pollut Res. 2013;20:848–
54. https://doi.org/10.1007/s11356-012-1069-8.

95. Lee CW, Mahendra S, Zodrow K, Li D, Tsai YC, Braam J, Alvarez PJ. Develop-
mental phytotoxicity of metal oxide nanoparticles to Arabidopsis thaliana. 
Environ Toxicol Chem. 2010;29:669–75. https://doi.org/10.1002/etc.58.

96. Lin D, Xing B. Root uptake and phytotoxicity of ZnO nanoparticles. Environ 
Sci Technol. 2008;42:5580–5. https://doi.org/10.1021/es800422x.

97. Sewelam N, Kazan K, Schenk PM. Global plant stress signaling: reactive 
oxygen species at the crossroad. Front Plant Sci. 2016;7:187. https://doi.
org/10.3389/fpls.2016.00187.

98. Marslin G, Sheeba CJ, Franklin G. Nanoparticles alter secondary metabolism 
in plants via ROS burst. Front Plant Sci. 2017;8:1–8. https://doi.org/10.3389/
fpls.2017.00832.

99. Arough YK, Sharifi SR, Sharifi SR. Biofertilizers and zinc effects on some physi-
ological parameters of triticale under water-limitation conditions. J Plant 
Inter. 2016;11:167–77. https://doi.org/10.1080/17429145.2016.1262914.

100. Fathi A, Zahedi M, Torabian S, Khoshgoftar A. Response of wheat genotypes 
to foliar spray of ZnO and Fe2O3 nanoparticles under salt stress. J Plant Nutr. 
2017;40:1376–85. https://doi.org/10.1080/01904167.2016.1262418.

101. Laware SL, Raskar S. Influence of Zinc Oxide nanoparticles on growth, flower-
ing and seed productivity in onion. Int J Curr Microbiol Sci. 2014;3:874–81.

102. Green BR, Durnford DG. The chlorophyll-carotenoid proteins of oxygenic 
photosynthesis. Annu Rev Plant Physiol Plant Mol Biol. 1996;47:685–714. 
https://doi.org/10.1146/annurev.arplant.47.1.685.

103. Mahawar L, Živčák M, Barboricova M, Kovár M, Filaček A, Ferencova J, 
Vysoká DM, Brestič M. Effect of copper oxide and zinc oxide nanoparticles 
on photosynthesis and physiology of Raphanus sativus L. under salinity 
stress. Plant Physiol Biochem. 2024;206:108281. https://doi.org/10.1016/j.
plaphy.2023.108281.

104. Rai-Kalal P, Jajoo A. Priming with zinc oxide nanoparticles improves germina-
tion and photosynthetic performance in wheat. Plant Physiol Biochem. 
2021;160:341–51. https://doi.org/10.1016/j.plaphy.2021.01.032.

105. Ramzan M, Naveed N, Ahmed MZ, Ashraf H, Shah AA, Jamil M, Ahmad 
Z, Casini R, Elansary HO. Supplementation of Moringa-based zinc oxide 
nanoparticles mitigates salt stress in Celosia argentea through reduced 
chloride (Cl–) uptake and modulation in physiochemical attributes. South Afr 
J Bot. 2023;157:457–66. https://doi.org/10.1016/j.sajb.2023.04.026.

106. Pak VA, Nabipour M, Meskarbashee M. Effect of salt stress on chlorophyll 
content, fluorescence, na and K ions content in rape plants (Brassica napus L). 
Asian J Agric Res. 2009;3:28–37.

107. Havaux M, Niyogi KK. The violaxanthin cycle protects plants from photo-
oxidative damage by more than one mechanism. Proc Natl Acad Sci USA. 
1999;96:8762–7. https://doi.org/10.1073/pnas.96.15.8762.

108. Weisany W, Sohrabi Y, Heidari G, Siosemardeh A, Ghassemi-Golezani K. 
Changes in antioxidant enzymes activity and plant performance by salin-
ity stress and zinc application in soybean (Glycine max L). Plant Omics. 
2012;5:55–60.

109. Soliman AS, El-feky SA, Darwish E. Alleviation of salt stress on Moringa pereg-
rina using foliar application of nanofertilizers. J Hortic for. 2015;7:36–4. https://
doi.org/10.5897/JHF2014.0379.

110. Trouvelot S, Héloir MC, Poinssot B, Gauthier A, Paris F, Guillier C, Combier 
M, Trdá L, Daire X, Adrian M. Carbohydrates in plant immunity and plant 
protection: roles and potential application as foliar sprays. Front Plant Sci. 
2014;5:592. https://doi.org/10.3389/fpls.2014.00592.

111. Venkatachalam P, Jayaraj M, Manikandan R, Geetha N, Rene ER, Sharma 
NC, Sahi SV. Zinc oxide nanoparticles (ZnO NPs) alleviate heavy metal-
induced toxicity in Leucaena leucocephala seedlings: a physiochemical 
analysis. Plant Physiol Biochem. 2016;110:59–69. https://doi.org/10.1016/j.
plaphy.2016.08.022.

112. Tripathi DK, Singh VP, Prasad SM, Chauhan DK, Dubey NK. Silicon nanopar-
ticles (SiNp) alleviate chromium (VI) phytotoxicity in Pisum sativum (L.) 
seedlings. Plant Physiol Biochem. 2015;96:189–98. https://doi.org/10.1016/j.
plaphy.2015.07.026.

113. Sheteiwy M, Fu Y, Hu Q, Nawaz A, Guan Y, Li Z, Huang Y, Hu J. Seed priming 
with polyethylene glycol induces antioxidative defense and metabolic 
regulation of rice under nano-ZnO stress. Environ Sci Pollut Res Int. 
2016;19:19989–20002. https://doi.org/10.1007/s11356-016-7170-7.

114. Mahendra S, Zhu H, Colvin VL, Alvarez PJ. Quantum dot weathering results 
in microbial toxicity. Environ Sci Technol. 2008;42:9424–30. https://doi.
org/10.1021/es8023385.

115. Doroteo VH, Díaz C, Terry C, Rojas R. Phenolic compounds and antioxidant 
activity in vitro of 6 Peruvian plants. J Chem Soc Perú. 2013;79:13–20.

116. Zafar H, Ali A, Ali JS, Haq IU, Zia M. Effect of ZnO nanoparticles on Bras-
sica Nigraseedlings and stem explants: growth dynamics and antioxida-
tive response. Front Plant Sci. 2016;7:524–35. https://doi.org/10.3389/
fpls.2016.00535.

117. Mohsenzadeh S, Moosavian SS. Zinc Sulphate and Nano-Zinc Oxide effects 
on some physiological parameters of Rosmarinus officinalis. Am J Plant Sci. 
2017;8:26–35. https://doi.org/10.4236/ajps.2017.811178.

118. Moran JF, Klucas RV, Grayer RJ, Abian J, Becana M. Complexes of iron with 
phenolic compounds from soybean nodules and other legume tissues: 
prooxidant and antioxidant properties. Free Radic Biol Med. 1997;22:861–70. 
https://doi.org/10.1016/S0891-5849(96)00426-1.

119. Sharma P, Bhatt D, Zaidi MG, Saradhi PP, Khanna PK, Arora S. Silver nanopar-
ticle-mediated enhancement in growth and antioxidant status of Brassica 
juncea. Appl Biochem Biotechnol. 2012;167:2225–33. https://doi.org/10.1007/
s12010-012-9759-8.

120. Marichali A, Dallali S, Ouerghemmi S, Sebei H, Hosni K. Germination, morpho-
physiological and biochemical responses of coriander (Coriandrum sativum 
L.) to zinc excess. Ind Crop Prod. 2014;55:248–57. https://doi.org/10.1016/j.
indcrop.2014.02.033.

121. Ramakrishna A, Ravishankar GA. Influence of abiotic stress signals on second-
ary metabolites in plants. Plant Signal Behav. 2011;6:1720–31. https://doi.
org/10.5555/20113396315.

122. GhiassiTarzi B, Gharachorloo M, Baharinia M, Mortazavi SA. The effect of 
germination on phenolic content and antioxidant activity of chickpea. Iran J 
Pharm Res. 2012;11:1137–43.

123. Javed R, Mohamed A, Yücesan B, Gürel E, Kausar R, Zia M. CuO nanoparticles 
significantly influence in vitro culture, steviol glycosides, and antioxi-
dant activities of Stevia rebaudiana Bertoni. Plant Cell Tissue Organ Cult. 
2017;131:611–20. https://doi.org/10.1007/s11240-017-1312-6.

124. Ghorbanpour M. Major essential oil constituents, total phenolics and flavo-
noids content and antioxidant activity of Salvia officinalis plant in response 
to nano-titanium dioxide. Ind J Plant Physiol. 2015;20:249–56. https://doi.
org/10.1007/s40502-015-0170-7.

125. Zhai G, Walters KS, Peate DW, Alvarez PJJ, Schnoor JL. Transport of gold 
nanoparticles through plasmodesmata and precipitation of gold ions 
in woody poplar. Environ Sci Technol Lett. 2014;1(2):146–51. https://doi.
org/10.1021/ez400202b.

126. Faizan M, Bhat JA, Chen C, Alyemeni MN, Wijaya L, Ahmad P, Yu F. Zinc oxide 
nanoparticles (ZnO-NPs) induce salt tolerance by improving the antioxidant 
system and photosynthetic machinery in tomatoes. Plant Physiol Biochem. 
2021;161:122–30. https://doi.org/10.1016/j.plaphy.2021.02.002.

127. Mohammadi MHZ, Panahirad S, Navai A, Bahrami MK, Kulak M, Gohari G. 
Cerium oxide nanoparticles (CeO2-NPs) improve growth parameters and 
antioxidant defense system in Moldavian balm (Dracocephalum moldavica 
L.) under salinity stress. Plant Stress. 2021;1:100006. https://doi.org/10.1016/j.
stress.2021.100006.

128. Mogazy AM, Hanafy RS. A foliar spray of biosynthesized zinc oxide nanopar-
ticles alleviates salinity stress effect on Vicia faba plants. J Soil Sci Plant Nutr. 
2022;22(2):2647–62. https://doi.org/10.1007/s42729-022-00833-9.

129. Cakmak I. Tansely review 111 possible roles of zinc in protecting plant cells 
from damage by reactive oxygen species. New Phytol. 2000;146(2):185–205. 
https://doi.org/10.1046/j.1469-8137.2000.00630.x.

130. Tavanti TR, de Melo AAR, Moreira LDK, Sanchez DEJ, dos Santos Silva R, da 
Silva RM, Dos Reis AR. Micronutrient fertilization enhances the ROS scaveng-
ing system for the alleviation of abiotic stresses in plants. Plant Physiol 
Biochem. 2021;160:386–96. https://doi.org/10.1016/j.plaphy.2021.01.040.

131. Zago MP, Oteiza PI. The antioxidant properties of zinc: interactions with 
iron and antioxidants. Free Radic Biol Med. 2001;31:266–74. https://doi.
org/10.1016/s0891-5849(01)00583-4.

132. Zavodnik IB, Lapshina EA, Zavodnik LB, Bartosz G, Soszynski M, Bryszewska M. 
Hypochlorous acid damages erythrocyte membrane proteins and alters lipid 
bilayer structure and fluidity. Free Radic Biol Med. 2001;30(4):3.

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

https://doi.org/10.1007/s11356-012-1069-8
https://doi.org/10.1002/etc.58
https://doi.org/10.1021/es800422x
https://doi.org/10.3389/fpls.2016.00187
https://doi.org/10.3389/fpls.2016.00187
https://doi.org/10.3389/fpls.2017.00832
https://doi.org/10.3389/fpls.2017.00832
https://doi.org/10.1080/17429145.2016.1262914
https://doi.org/10.1080/01904167.2016.1262418
https://doi.org/10.1146/annurev.arplant.47.1.685
https://doi.org/10.1016/j.plaphy.2023.108281
https://doi.org/10.1016/j.plaphy.2023.108281
https://doi.org/10.1016/j.plaphy.2021.01.032
https://doi.org/10.1016/j.sajb.2023.04.026
https://doi.org/10.1073/pnas.96.15.8762
https://doi.org/10.5897/JHF2014.0379
https://doi.org/10.5897/JHF2014.0379
https://doi.org/10.3389/fpls.2014.00592
https://doi.org/10.1016/j.plaphy.2016.08.022
https://doi.org/10.1016/j.plaphy.2016.08.022
https://doi.org/10.1016/j.plaphy.2015.07.026
https://doi.org/10.1016/j.plaphy.2015.07.026
https://doi.org/10.1007/s11356-016-7170-7
https://doi.org/10.1021/es8023385
https://doi.org/10.1021/es8023385
https://doi.org/10.3389/fpls.2016.00535
https://doi.org/10.3389/fpls.2016.00535
https://doi.org/10.4236/ajps.2017.811178
https://doi.org/10.1016/S0891-5849(96)00426-1
https://doi.org/10.1007/s12010-012-9759-8
https://doi.org/10.1007/s12010-012-9759-8
https://doi.org/10.1016/j.indcrop.2014.02.033
https://doi.org/10.1016/j.indcrop.2014.02.033
https://doi.org/10.5555/20113396315
https://doi.org/10.5555/20113396315
https://doi.org/10.1007/s11240-017-1312-6
https://doi.org/10.1007/s40502-015-0170-7
https://doi.org/10.1007/s40502-015-0170-7
https://doi.org/10.1021/ez400202b
https://doi.org/10.1021/ez400202b
https://doi.org/10.1016/j.plaphy.2021.02.002
https://doi.org/10.1016/j.stress.2021.100006
https://doi.org/10.1016/j.stress.2021.100006
https://doi.org/10.1007/s42729-022-00833-9
https://doi.org/10.1046/j.1469-8137.2000.00630.x
https://doi.org/10.1016/j.plaphy.2021.01.040
https://doi.org/10.1016/s0891-5849(01)00583-4
https://doi.org/10.1016/s0891-5849(01)00583-4

	Green-synthesized zinc oxide nanoparticles by Enterobacter sp.: unveiling characterization, antimicrobial potency, and alleviation of copper stress in Vicia faba (L.) plants
	Abstract
	Background
	Materials and methods
	Isolation and identification of bacteria used in
	Preparation of supernatants
	Synthesis of ZnO NPs
	Characterization of ZnO NPs
	Ultraviolet-visible spectroscopy (UV-Vis spectroscopy)
	X-Ray diffraction spectroscopy (XDR)
	Transmission Electron Microscopy (TEM)
	Fourier-transformed infrared analysis (FTIR)


	Inhibitory activity
	Plant material
	Preliminary experiments
	Main experiment and growth conditions
	Photochemical measurements
	Physiological analysis
	Statistical analysis
	Results
	Discussion
	Conclusion
	References


