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Introduction
Nanotechnology is a science that uses various techniques 
to synthesize nanoparticles with a larger surface area that 
possess unique behavior and special properties (1,2). This 
is useful because many important electrical and chemical 
reactions occur only on surfaces and are sensitive to 
the surface’s texture and shape as well as its chemical 
composition (3,4).

Progress in the field of nanotechnology has included 
many fields, including pharmacology, embryology, 
medicine, and many other fields (5). These nanoparticles 
are manufactured in several ways, including physical, 
chemical, or biological methods. In recent years, the 
green manufacturing of mineral nanoparticles using plant 
extracts has outperformed other manufacturing methods 
due to many advantages, including low cost, effectiveness, 

and environmental safety (6). Metal nanoparticles 
prepared using plant extracts are also characterized by 
high stability and require less time for reduction. The 
main reasons that make this method environmentally 
friendly are the safe solvents, reference agents, and non-
toxic materials used, and it can be easily scaled up to 
produce larger quantities and there is no need to use high 
pressure, energy, or dangerous chemicals (7). It is one of 
the most important nanomaterials that have been widely 
used in recent times. Metal oxides such as zinc oxide 
(ZnO), Fe2O3, Ag2O, MgO, and CuO, have been proven as 
effective antibacterial agents (8).

ZnO has been widely explored in comparison with 
other materials as an antimicrobial and non-toxic 
agent, showing bactericidal properties on gram-positive 
and gram-negative bacteria, including Escherichia 
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Abstract
Background: Zinc oxide (ZnO) as an antimicrobial and non-toxic agent has been widely explored 
in comparison with other materials. The green manufacturing of mineral nanoparticles using plant 
extracts has outperformed other manufacturing methods due to many advantages.
Methods: ZnO nanoparticles (ZnO NPs) were synthesized using two distinct methods: chemical 
synthesis and a green method involving lemon leaf extract. The synthesized ZnO was characterized 
using UV-Vis, X-ray diffraction (XRD), scanning electron microscope (SEM) , and Fourier transform 
infrared spectroscopy (FTIR) analyses. The antibacterial activity of the resulting ZnO NPs was 
evaluated against two gram-negative bacterial strains, Escherichia coli and Pseudomonas aeruginosa, 
and one gram-positive strain, Staphylococcus aureus, using the etching diffusion method.
Results: In this study, ZnO NPs were synthesized using a green method from an inexpensive and readily 
available source, lemon leaf extract, and compared with those synthesized by a chemical method. The 
results showed that ZnO NPs obtained via the green synthesis method had a semi-spherical shape with 
an average size of 14.25 nm, which is smaller than the average size of chemically synthesized ZnO NPs 
at 34 nm. The effectiveness of the ZnO NPs varied depending on the bacterial strain tested. Gram-
positive bacteria were more sensitive than gram-negative bacteria. 
Conclusion: ZnO NPs produced from lemon leaf extract were most effective against S. aureus. 
Chemically synthesized ZnO NPs were more effective against gram-negative bacteria. 
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coli, Salmonella enteritidis, Streptococcus pyogenes, 
Aeromonas hydrophila, Bacillus subtillis, Staphylococcus 
aureus, Listeria monocytogenes, Klebsiella pneumonia, 
Pseudomonas aeruginosa, Salmonella typhimurium, 
Enterococcus faecalis, etc (9). Moreover, it has been 
recognized by the US Food and Drug Administration as a 
safe substance (GRAS) (10).

Lemon is an evergreen tree, belonging to the Rutaceae 
family (11); studies on the synthesis of ZnO nanoparticles 
(ZnO NPs) using lemon leaves have been reported (12-
14). Lemon contains many bioactive components such as 
citric acid, terpenoid, ascorbic acid, minerals, flavonoids, 
and essential oils (15). These mentioned properties 
have recently prompted many researchers to combine 
them with various compounds, including ZnO, for use 
in various fields, as lemon leaf extracts have shown to 
have antimicrobial properties, including bacteria, fungi, 
and viruses. This can help prevent or treat infections 
(16). Also, the fabrication of nanoparticles using natural 
substances helps stabilize the particles, resulting in less 
toxicity and a greater possibility for reduction. There 
are several interesting pharmacological effects that ZnO 
NPs exhibit. In this study, ZnO NPs were synthesized 
using two different methods: a green method utilizing 
an inexpensive and readily available leaf extract, and 
a chemical method. The effectiveness of the resulting 
nanoparticles was then evaluated against various bacterial 
species. Additionally, the impact of some currently used 
antibiotics on the studied bacteria was assessed, and the 
effectiveness of these antibiotics was compared with that 
of the ZnO NPs produced in this study.

Materials and Methods
Materials 
Lemon leaves were collected from trees growing in 
Homs, Syria (34°21′N 38°19′E). Pure, high-grade NaOH 
was supplied by Aldrich Chemicals. Fresh plant leaves 
of lemon were collected in May 2023 from Homs – 
Syria. Double-distilled water (DDW) was used in the 
experiments. The chemical Zinc nitrate hexahydrate (98% 
purity) used for the analysis was purchased from Merck®. 
The bacteria used were obtained from the laboratories of 
Medico Pharmaceutical Industries-Homs-Syria.

Preparation of ZnO nanoparticles
Nano zinc oxide was prepared of ZnO nanoparticles was 
prepared by green synthesis method in the laboratory of 
the College of Science - Al-Baath University, using plant 
extracts (17,18).

Extraction of plant extract
Lemon leaves were washed well with distilled water to 
clean them of dirt, dust, and other particles. The leaves 
were then dried at room temperature for a week. Fifty 
grams of lemon leaves were weighed, and then, cut 

into small pieces using a knife. The extract is prepared 
at a concentration of (50 g in 300 mL distilled water). 
The extract is then processed by heating at 65 °C for 15 
minutes, followed by filtration using a Buchner funnel 
using Whatman filter paper (No. 1). The resulting 
solution was saved for the experiment.

Synthesis of ZnO nanoparticles
50 ml of the previously prepared leaf extract was distilled 
into 100 mL of zinc nitrate dissolved in distilled water (70 
mM). The mixture was stirred at 65 °C for 20 minutes. 
After turning light yellow, it was collected and left in the 
dryer overnight for 5 days at 65 °C until a yellow powder 
was obtained. The product was then calcined at 500 °C for 
2 hours, then, ground in a mortar before being collected 
and packaged for the necessary characterization processes. 
Figure S1 shows the steps of green synthesis of ZnO NPs.

The green synthesis method of nanoparticles is 
an effective method, where oxidation and reduction 
are the main reactions, where phytochemicals with 
antioxidant properties, or microbial enzymes form 
metal nanoparticles, the main reasons for this method 
being environmentally friendly are the safe solvents, the 
reference agent and the non-toxic materials used (19). 
The basic phytochemicals present in the plant extract, 
such as terpenoids, flavonoids, and phenolic compounds, 
contribute to the reduction process. Therefore, the leaf 
extract’s composition significantly affects the synthesis 
and stabilization of nanoparticles and the amount of 
nanoparticles produced (20).

The stages of producing green nanoparticles can be 
explained in the following steps. First, in the activation 
phase, vegetarian metabolites release metal ions from salt 
under the influence of their reference work. Zinc ions 
from the (Zn2 + ) form are converted to the stable form 
(Zn0). In the growth phase, metal atoms are assembled 
in their stable state as nanoparticles of certain shapes 
and sizes. Finally, in the completion and stabilization 
phase, nanoparticles reach their more stable and effective 
form when they are wrapped up with plant fluctuations 
(21). Figure S2 shows the stages of manufacturing green 
nanoparticles.

One of the results obtained when manufacturing ZnO 
NPs using the green synthesis method is a light-yellow 
powder precipitate, while the final product of the chemical 
synthesis method is a white precipitate. 

Synthesis of chemical zinc oxide nanoparticles
ZnO NPs were prepared by the wet chemical method 
through the reaction between zinc nitrate and sodium 
hydroxide, and soluble starch was used as a stabilizing 
agent (22).

The First stage: A 1% soluble starch solution was 
prepared in 1000 mL of distilled water by slight heating at 
about 20 °C with continuous stirring until a clear solution 
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was obtained.
The second stage: 59.49 g of zinc nitrate (0.2 mol) were 

added to the dissolved starch solution with continuous 
stirring until we obtained a complete dissolution of zinc 
nitrate.

The third stage: 0.6 mol of NaOH was added and the 
drip process was completed within two hours.

The fourth stage: The filtration process was carried out 
with continuous washing with distilled water to get rid of 
traces of starch and obtain a white paste.

The fifth stage: The product was dried at 100 °C 
overnight. During drying, complete zinc hydroxide is 
converted into ZnO. Then, the process product was 
collected after the grinding process with a mortar. The 
steps for the chemical synthesis of nanoparticles are 
described in Figure 1. The synthesis occurs according to 
the following equations: (1) Formation mechanism; (2) 
decomposition mechanism.

( ) ( ) ( ) ( ) ( ) ( )3 32 2
2 2S SS S

Zn NO NaOH Zn OH NaNO+ → +   (1)

( ) ( ) ( ) ( )
2

4 22 S LS
Zn OH ZnO SO H O

∆
−→ + +                         (2)

Characterization of ZnO NPs
The synthesized ZnO nanoparticles were characterized 
by a UV-Vis spectrophotometer (Shimadzu, Japan). To 
obtain the UV-Vis absorption spectrum, the ZnO NPs 
solution was diluted with distilled water (1:1 ratio) and the 
spectrum was recorded in the range of 200-500. For FTIR 
spectroscopy (Shimadzu), the ZnO NPs were transferred 
using KBr and analyzed. To determine the size and shape 
of the particles, SEM (VEGA II Xmu, Czech) was used. 
Finally, X-ray analysis confirmed the presence of ZnO 
NPs. Powder X-ray diffraction (XRD) (STADI-P STOE, 
Darmstadt, Germany) equipped with CuKα radiation 

(λ = 1.54060 Å) and a germanium monochromator was 
utilized to explore crystallinity and chemical reaction 
between crystalline components in the samples. The 
machine was operated at 50 kV and 30 mA, the XRD 
patterns were recorded from 2θ = 10° to 2θ = 90° with a 
scanning step of 0.02°.

Antibacterial activities
The antibacterial activities of ZnO NPs were tested by 
the agar diffusion method. The following procedure was 
followed: 100 µL of the bacterial suspension was spread 
on the surface of the Mueller-Hinton agar medium and 
refrigerated for 15 minutes to allow the medium to fully 
absorb. Holes were made in the medium using a sterile 
glass drill with a diameter of 6 mm, creating 7 holes per 
dish. Each hole was filled with 100 µL of the prepared 
ZnO nanoparticles. Gentamycin at a concentration of 
30 µg/mL was used as a positive control. The dishes were 
refrigerated for two hours to ensure complete absorption. 
The dishes were then incubated at 37 °C for 24 hours. The 
average diameter of the inhibition zones was measured 
using graduated millimeter paper.

Results
Characterization of ZnO nanoparticles
UV–Vis spectroscopy
The absorption spectrum of chemical ZnO NPs is shown 
in Figure 2a. UV–Visible absorption spectrum of green 
ZnO NPs is shown in Figure 2b. 

Fourier transform infrared spectroscopy (FTIR)
The FTIR spectrum of chemical ZnO NPs is shown in 
Figure 3a and the FTIR spectrums of the plant extract 
and the green ZnO NPs are shown in Figures 3b and 3c, 
respectively. Table 1 shows the comparison between the 
absorptions of the functional group in the extract and 
ZnO NPs.

Figure 1. Steps for chemical synthesis of ZnO NPs
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X-ray diffraction analysis
The crystalline structure of ZnO NPs was studied by XRD 
spectrum. The X-ray peaks chemical and green ZnO NPs 
are shown in Figure 4a and 4b, respectively.

Scanning electron microscope (SEM)

The SEM analysis was performed to determine the shape 
and morphology of ZnO NPs (Figure 5).

Antibacterial activity
To test the effectiveness of ZnO nanoparticles against 
bacterial activity, the development of bacterial activity 

Figure 2. UV-Vis of (a) Chemical ZnO NPs and (b) Green ZnO NPs

Figure 3. FTIR spectrum diffraction of (a) Chemical ZnO NPs and (b) extract lemon Leave and (c) Green ZnO NPs
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by S. aureus, E. coli, and P. aeruginosa in the presence 
of different concentrations of ZnO nanoparticles was 
studied. The effective results of green ZnO nanoparticles 
and chemical ZnO nanoparticles are summarized in 
Tables 2 and 3. The diameters of the undeveloped corona 
(in mm) are shown in Figure 6.

Discussion
The absorption spectrum of chemical ZnO NPs is shown 
in Figure 2a. It exhibits a strong absorption band at about 
289 nm. An excitonic absorption peak is found at about 

258 nm.
It is also evident that the UV-Visible absorption 

spectrum of green ZnO NPs is shown in Figure 2b. 
The distinct peak centered about 301 nm. These peaks 
fall within the range of ZnO nanoparticle absorption, 
confirming the identity of the formed ZnO nanoparticles, 
which is consistent with the results of some studies (23,24). 
The FTIR spectrum of the chemical ZnO NPs is shown in 
Figure 3a, where there is a strong and broad absorption 
peak at 3420 cm-1 that corresponds to the vibrations of 
the –O–H groups as the O–H may belong to the phenolic 
compounds.

One significant peak at 450 cm-1 was seen in the FTIR 
spectrum, which belongs to Zn-O, which is consistent 
with the results of other reports (25), a different stretching 
vibrational mode of ZnO was observed. Additional bands 
are seen between 800-900 cm-1, which is attributed to the 
C-H bend (26). The bands between 1600-1300 cm-1 are 
associated with the C = O and the O–C–O bonds (27).

As shown in Figure 3b, FT-IR analysis helped identify 
the functional groups present in the plant extract that 
contribute to the binding mechanism with ZnO NPs. 
Lemon leaves extract contains a high percentage of 
polyphenolic derivatives such as flavonoids, anthocyanins, 
terpenoids, and cyanidin-3-glucoside, which are 
considered potential bioactive compounds for treatments 
and to act as reducing agents.

Table 1. Comparison between the absorptions of the functional group in 
the extract and ZnO NPs

ZnO NPs
Wave Number ν(Cm-1)

The extract Functional group

3340 3450 O-H, NH2 (Stretch)

- 2925, 2850 -CH (Stretch)symmetric and 
asymmetric

- 1750 C = O

1590 1650 N-H

1540 1580 C = C

1390 1425 -CH(Bend)

- 1325 C-N(amines)

1040 1050 C-O

950 800- 900  = CH(Bend)

Figure 4. X-ray diffraction spectrum of ZnO NPs (a) chemical ZnO NPs and (b) green ZnO NPs
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Figure 5. SEM images at 10 and 50 KX of (a and b) Chemical ZnO NPs and (c and d) Green ZnO NPs, respectively

Table 2. The effectiveness of chemical ZnO NPs against bacteria 

Diameters of the non-growth halo (in mm) 

The Germ 
Concentration 

Gentamicin
(Control)

200 mg/mL
(1)

100 mg/mL
(2)

50 mg/mL
(3)

25 mg/mL
(4)

12,5 mg/mL
(5)

6,25 mg/mL
(6)

Staphylococcus aureus 20.1 19 17.1 15.1 13 _ _

Escherichia coli 16.2 13.1 11 _ _ _ _

Pseudomonas aeruginosa 13.1 13.6 12.4 11 _ _ _

Table 3. The effects of green ZnO NPs against bacteria

Diameters of the non-growth halo (in mm )

The Germ 
Concentration 

Gentamicin
(Control)

200 mg/mL
(1)

100 mg/mL
(2)

50 mg/mL
(3)

25 mg/mL
(4)

12,5 mg/mL
(5)

6,25 mg/mL
(6)

Staphylococcus aureus 20.1 21.1 20 17.1 16.1 15.1 12

Escherichia coli 16.2 12.3 11.2 _ _ _ _

Pseudomonas aeruginosa 13.1 13 _ _ _ _ _
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Accordingly, the FT-IR spectrum of the plant extract 
exhibited several peaks at 3450, 2925, 2850, 1750, 1650, 
1580, 1410, 1380, 1325, 1200, and 1080 cm−1. The peaks 
at 3450 (O-H) and –NH2 groups, 1580–1650 (N-H), 
and 1080 (C-O) or 800–1380 (RCOO) cm−1 are related 
to alkaloids, flavonoids, and phenolic compounds, 
respectively (28).

FT-IR spectra of the biosynthesized ZnO NPs (Figure 3c) 
showed a small shift with slight changes in some related 
peaks. The major peaks of the plant extract shifting from 
3450 to 3340 cm-1 in ZnO were assigned to the O-H of 
the phenol groups and -NH2, while another peak shifted 
from 1650 to 1590 cm-1 was ascribed to binding N-H.

The double bond between the bands (1500-1600) cm-1 
indicates the presence of terpenoids (29-31). Furthermore, 
the FTIR spectrum of the biosynthesized ZnO NPs showed 
a sharp and intense band at 450 cm-1 (32), indicating the 
existence of Zn-O vibrations (33). It is worth noting that 
any peak in the range of 400-600 cm-1 is a characteristic 
peak for nano ZnO (metal oxides) (34). The FTIR results 
demonstrated that phenol, flavonoid, terpenoids, and 
amins present in the extract might have been involved 
in the formation of ZnO NPs from Zn (NO3)2 as the 
reductant agent. Table 1 shows the comparison between 
the absorptions of the functional group in the extract and 
ZnO NPs.

As shown in Figure 4a, the XRD diffraction of chemical 
ZnO NPs peaks showed at 2θ angles of 31.8°, 34.3°, 
36.2°, 48°, 56.6°, 62.76°, and 67° corresponding to lattice 
planes (100), (002), (101), (102), (110), (103), and (112), 

respectively. Likewise, the XRD diffraction of green ZnO 
NPs peaks showed at 2θ angles of 31.3°, 34.45°, 36.7°, 48°, 
56°, and 67° corresponding to lattice planes (100), (002), 
(101), (102), (110), and (112), respectively (Figure 4b). 
The peaks were matched to ICDD card number 01-079-
0207 (35,36).

The additional peaks in the nano chemical sample 
indicate that the sample is not pure and contains 
impurities due to the chemical not calcifying compared to 
the green synthetic ZnO nanoparticle pattern.

It can be concluded from the figure that the sharp and 
narrow diffraction peaks indicate that the product has 
a good crystalline nature. It was revealed that the XRD 
peaks resulting from the green synthesis method are not 
as sharp as those found in the chemical synthesis method, 
which indicates the synthesis of smaller-sized particles. 
It can also be observed that the amplitudes of the peaks 
from the green synthesis method using lemon leaf extract 
were larger compared to those from the chemical synthesis 
method, indicating that the green synthesized molecules 
have smaller particle sizes (37,38). This result was 
confirmed by scanning electron microscopic analysis of the 
dimensions of the manufactured nanoparticles, as the size 
of the particles manufactured using the chemical synthesis 
method was larger (34 nm) than those manufactured using 
the green synthesis method (14.25 nm).

The SEM image of chemical ZnO NPs were nearly almost-
spherical shapes and heterogeneous where the average 
particle size was 34 nm, as shown in Figures 5a and b.

Scanning electron microscope images of the green 

Figure 6. Diameters of the non-growth halo (in mm) of chemical ZnO NPs (a) and green ZnO NPs (b)
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synthesis nanoparticles revealed well-dispersed spherical 
particles with an average size of 14.25 nm, as shown in 
Figures 5c and 5d.

It can be explained that the particle size of green 
synthesized ZnO NPs is relatively smaller than that 
of chemically synthesized nanoparticles. This can be 
also caused due to the presence of phenol, flavonoids, 
terpenoids, and amins in the lemon leaf extract as a 
powerful reducing agent interacts with ZnO NPs and 
reduces its size significantly (39,40).

As shown in Table 2, all isolates exhibited sensitivity to 
ZnO NPs -chemical (Figure 6a). Staphylococcus aureus 
was the most sensitive, within concentrations of 25–200 
mg /mL with growth inhibition halo diameters ranging 
13–19 mm at concentrations of 200 mg /mL compared 
to Gentamycin (20.1) mm, followed by Escherichia coli, 
which responded only at concentrations of 100–200 mg 
/mL and with growth inhibition halo diameters of 11–
13.1 mm, while P. aeruginosa was affected only within 
concentrations of 50–200 mg /mL with growth inhibition 
halo diameters ranging 11–13.6 mm, and the lower 
concentrations also had no significant effect.

Table 3 and Figure 6b also showed that all the studied 
bacteria showed sensitivity towards green ZnO NPs . S. 
aureus was the most sensitive, responding to nano ZnO 
at all studied concentrations with growth inhibition 
halo diameters ranging 12-21.1 mm. This was followed 
by E. coli, which responded at concentrations of 100–
200 mg /mL with diameters reaching 11.2-12.3 mm, 
respectively. Pseudomonas aeruginosa was affected only 
at a concentration of 200 mg/mL with a diameter of 
13 mm, while the lower concentrations had no effect. 
This is consistent with the results of several studies 
(41-43). The difference between these studies is due to 
the manufacturing method used, which gives different 
nanoscopic dimensions, which in turn affects the 
antibacterial effectiveness. We can explain the results as 
a result of the difference in the properties of the material 
when reaching the nano-size, and the most important of 
these properties is its antibacterial effectiveness (44,45). 
As the specific surface area of the particles increases 
when changing to the nano-size, the surface oxygen 
concentration increases, thus, increasing its association 
with the germs and its destruction of the cytoplasmic 
membrane and the bacterial cell wall. The so-called 
oxidative stress is based on oxygen free radicals (46), and 
there is another proposed mechanism that is due to the 
direct effect of ZnO NPs on the cell wall of bacteria as a result 
of the attraction between the overall positively charged 
nanoparticles and the capsule composed of negatively 
charged polysaccharides, which causes cell encapsulation 
with high concentrations of ZnO NPs (47,48), which in 
turn are generated by reactive oxygen radicals, especially 
hydroxyl radicals, within the surrounding aqueous 
environment. These radicals, which interact significantly 

with all compounds and cellular structures, cause cell wall 
erosion and facilitate the penetration of nanoparticles at 
high concentrations. Large quantities enter the cell (49), 
where zinc ions begin to be released more under the 
influence of the acidic environment of lysosomes inside 
the cell. These high concentrations cause cytotoxicity due 
to the inhibition of respiratory chain enzymes, and thus, 
induction of apoptosis (50,51).

The comparison of the effectiveness of ZnO 
nanoparticles manufactured by the green synthesis 
method with those manufactured chemically showed 
that the preference is clearly and significantly given to the 
particles manufactured by the green synthesis method. 
This may be explained by the fact that the particles, 
when manufactured by two different methods, possessed 
different properties, the most important of which is 
their size. The size of the particles manufactured by the 
chemical synthesis method was larger (34 nm) than the 
particles manufactured using the green synthesis method 
(14.25 nm), therefore, the size is an important and decisive 
factor in the antibacterial effect (52).

Conclusion
According to the results of this study, green synthesis 
could be a favorable method for synthesizing ZnO NPs 
compared to chemical synthesis. The obtained ZnO was 
characterized through UV, XRD, SEM, and FT-IR analysis. 
The absorption spectrum of ZnO NPs-Chemical shows 
a strong absorption band at about 289 nm compared to 
ZnO NPs-Green with an absorption band of about 301 
nm. The average size of the ZnO NPs-Green was 14.25 
nm smaller than that of the ZnO NPs-Chemical at 34 nm.

The antibacterial activity of ZnO NPs was evaluated 
on two gram-negative bacterial strains, E. coli and P. 
aeruginosa, and a gram-positive strain (S. aureus), by 
studying their effectiveness and using gentamicin as a 
control. Green ZnO NPs suspensions showed stronger 
antibacterial activity against S. aureus at all concentrations, 
with inhibition diameters ranging from 12 to 21.1 mm, 
and responded to P. aeruginosa only at concentrations of 
200 mg /mL, with an average growth inhibition halo of 13 
mm. ZnO NPs-Chemical showed clear activity against P. 
aeruginosa at concentrations of 50–200 mg /mL and with 
growth inhibition diameters ranging 11–13.6 mm, but 
responded to S. aureus only at concentrations of 25–200 
mg /mL and with inhibition diameters ranging 13–19 mm.
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