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Abstract

Pistacia lentiscus leaf extract has been used as a reducing and capping agent for the green production
of zinc oxide nanoparticles (ZnO NPs) to evaluate their antioxidant and antibacterial properties. The
optical and structural properties were determined by ultraviolet—visible (UV—Vis) spectra, Fourier
transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). In the UV—-Vis spectra, an
absorption peak at 310 nm was observed, whereas the FTIR spectra revealed a peak at 680 cm™,
attributed to the vibration of ZnO NPs and confirmed their formation. X-ray analysis showed the
crystalline quality of the ZnO product, with well-defined peaks on the (002), (100), and (101) planes,
confirming ahexagonal structure (JCPDS-file: 36-1451). The grain size ofthe ZnO NPs was approximately
33.90 nm in diameter. Using scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (EDS), the morphology of the nanoparticles resembled dried cotton, whereas EDS
confirmed the presence of zinc (Zn) and oxygen (O). The evaluation of antioxidant activity involved
the DPPH test, thin-layer chromatography (TLC) bioautography, and spectrophotometric assay. The
methanolic extract exhibited high antiradical potential, followed by aqueous, etheric, and finally ZnO
NPs. Testing the antibacterial activity against two Gram-positive bacterial strains (Staphylococcus
aureus and Bacillus cereus) and two Gram-negative strains (Escherichia coli and Pseudomonas
aeruginosa) involved determining the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC). The results showed that zinc oxide nanoparticles displayed
considerable antibacterial effects compared with crude extracts, demonstrating inhibition zones of

(24 £ 1) mm and (20 £ 2) mm, respectively, against E. coli and P. aeruginosa, with
effect evident by a MBC/MIC ratio of 2.

a bactericidal

Keywords: phytochemical screening; zinc oxide nanopartices (ZnO NPs); green synthesis; Pistacia

lentiscus L.; antioxidant activity; antibacterial activity

Introduction shapes, and structures [1]. The emergence stems from

the discovery of new physicochemical properties that
In the modern era, the emergence of nanotechnology ~ are advantageous and unique. These properties
has focused on producing materials or products at the  significantly differ from those of other materials

nanometric scale (1-100 nm) with controlled sizes, because of their small size. This performance has led
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to substantial changes across various fields, including
chemistry, biomedicine, biology, and
pharmaceuticals [2, 3]. Inorganic nanoparticles, such

physics,

as silver, gold, copper, titanium dioxide, and zinc
oxide (Zn0O), exhibit profound antioxidant, anti-
inflammatory, antibacterial, antidiabetic, and
anticancer activities [4, 5]. Zinc oxide nanoparticles
(ZnO NPs) hold particular interest among these
materials. In recent years, it has drawn attention from
researchers due to its distinct optical and chemical
behaviors, which are easily modifiable through
changes in morphology. Within the broad range of
metal oxide nanoparticles, ZnO NPs find applications
in cutting-edge fields electronics,

communication, SEnsors, cosmetics [6],

such as

environmental protection, biology, and the medicinal
industry [7, 8]. Moreover, ZnO NPs demonstrate
tremendous applications,
gene
delivery, drug delivery, and nanomedicine [8, 9],

along with their antibacterial, antifungal, acaricidal,

potential in biological

including biological sensing and labeling,

pediculocidal, larvicidal, and antidiabetic activities
[10, 11].

On the contrary, several studies have indicated
toxicity associated with ZnO NPs. Exposure to high
concentrations of fine particles (size less than 2.5 nm
in diameter) can adversely affect health by triggering
respiratory and cardiovascular issues. Overexposure
may result in conditions such as bronchitis or
pneumonia, characterized by bluish skin tint
abnormalities in liver enzymes, and diarrhea [12].
ZnO NPs are synthesized by several methods,
including chemical, physical, and biological methods.
While physical and chemical synthesis methods tend
to be expensive and involve the use of potentially
hazardous toxic solvents [6], biological synthesis
using bacteria, fungi, enzymes, and plants [13, 14]
offers a low-cost, rapid, and efficient alternative. This
method generally leads to the formation of crystalline
nanoparticles with various shapes and sizes less than
100 nm [15].

Medicinal plants serve as promising sources for
creating new, safe, and biodegradable medicines [16,
17]. Using plant extracts as natural agents for
reducing, capping, and stabilizing nanoparticles has
made significant strides and is recognized by many
researchers as an efficient green synthesis method
[18, 19]. Plants are abundant in phytochemicals,
particularly secondary metabolites such as alkaloids,

tannins, terpenoids, phenolic, and flavonoid

compounds [20], which contain functional groups
such as hydroxyl (-OH), carbonyl (-CO-), and
amines (—NH,). These groups facilitate coupling with
metal ions to form nanoparticles. Specifically, the
—OH group in flavonoids plays a vital role in reducing
metal ions into nanoparticles [21]. Several studies
have demonstrated the synthesis of ZnO NPs using
extracts of diverse plants, including lychee peel [22],
Grewia asiatica [23], Salvia officinalis [24], Pisonia
Alba [25], Solanum torvum L. [26], Punica granatum
[27], Plantain [28], and Anoectochilus elatus [29].
Recent research has demonstrated the antioxidant and
anti-inflammatory activities of ZnO NPs [30] using
Polygala tenuifolia root extract. And the other studies
have also highlighted antibacterial properties of ZnO
NPs.

Using medicinal plant leaves, such as Camellia

sinensis, Scadoxus multiflorus, and Passiflora
caerulea, for ZnO NPs synthesis showed robust
effectiveness against various bacteria, including
Pseudomonas aeruginosa, Klebsiella pneumoniae,
Staphylococcus aureus, and Aspergillus spp. [31].
with

potential, Pistacia lentiscus L. is widely distributed

Among plants significant pharmacological
and used in Algeria for its therapeutic benefits. These
benefits are closely associated with its richness in
active substances [32—-34]. To better understand the
significance of these bioactive substances, we
embarked on a study involving the synthesis of ZnO
NPs using Pistacia lentiscus aqueous extract as a
bioreducer. This study evaluated the antioxidant and
antibacterial capabilities of the synthesized ZnO NPs
against Gram-positive and Gram-negative human
Notably, this
appears to be the first of its kind in the existing

pathogenic microorganisms. work
literature, suggesting the use of P. lentiscus leaf
extract as a surface stabilizer and reducing agent for
ZnO NPs synthesis. The primary objective of this
study was to assess the efficacy of P. lentiscus in the
biosynthesis of ZnO NPs and their impact on
antibiotic-resistant bacteria.

Materials and Methods

Plant material

The plant material used in this study comprises leaves
of P. lentiscus L., obtained from the “virgin forest” of
Misserghin, situated 5 km away from Oran in West
Algeria, North Africa, in December 2022. Upon
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harvesting, the leaves were cleared of branches and
twigs, air-dried in shaded areas, protected from
moisture, and left at ambient temperature for 10-15
days. The dried leaves were finely ground into a
homogenous powder and stored in dark conditions at
room temperature until further use.

Preparation of the extracts

The aqueous extract was prepared through reflux,
employing 10 g of leaf powder in 100 mL of distilled
water at 60-70 °C for 30 min. Following this, the
crude extract was cooled and filtered using Whatman
paper. This process was repeated twice using fresh
solvent each time. The procedure was replicated using
different ether and methanol solvents with increasing
polarity. The three extracts were evaporated under
vacuum at 45 °C using a rotary evaporator. The dried
samples were then stored in the dark at 4 °C until they
were ready for use [35].

Phytochemical study

Preliminary phytochemical analysis

Phytochemical analysis was performed to identify the
phytoconstituents in the three
following standard procedures [36—40].

active extracts,

Determination of the polyphenolic compounds

The assessment of the total phenolic, total flavonoids,
flavonols, and total tannin content in methanolic and
evaluated following the
methodologies Refs. [41-44],
respectively. Gallic acid at concentrations of 40—
280 pg/mL, quercetin (at concentrations of 40-100

aqueous extracts was

described in

pg/mL), quercetin (at concentrations of 20-100
pg/mL), and catechin (at concentrations of 200—1 000
pg/mL) were used as standards. These results are
presented as milligrams of gallic acid, quercetin, and
catechin equivalents per 1 g of dry weight sample
(mg GAE/g DM, mg QE/g DM, and mg CE/g DM,
respectively).

Synthesis of ZnO NPs

The synthesis of ZnO NPs followed the method
described in Ref. [45]. Initially, an aqueous extract
was prepared by combining 10 g of vegetal powder of
P. lentiscus leaves with 200 mL of distilled water,
heated for 30 min at 60-70 °C, left to cool at room
temperature (25 + 2 °C), filtered using N2 filter
paper, and stored at 4 °C for future use. Subsequently,
15 mL of this aqueous extract was added to 285 mL

of 0.1 mol/L zinc acetate dihydrate (Zn(CH;COO),,
2H,0), heated at 78 °C for 30 min, and titrated with
1 mol/L NaOH solution until the pH value was 12.
Following this, continuous stirring was performed for
4 h at the same temperature to form P. lentiscus-
derived ZnO NPs (PI-ZnO NPs). To
impurities, the PI-ZnO NPs were washed by several
centrifugations at 4 000 r/min for 5 min. The resulting
sample was then heated in an air-heated furnace at
70 °C overnight. A light white powder was obtained
by further heating the powder in a muffle furnace at
500 °C for 2 h and stored for characterization [46].

remove

Characterization of the PI-ZnO NPs

Ultraviolet—visible (UV-Vis) analysis

This technique is based on the transition of valence
electrons from their fundamental state to an excited
state prompted by an electromagnetic wave. This
transition involves the rotational and vibrational
properties of molecules, necessitating relatively high
energy that correspond to the UV-Vis
wavelength range. The UV-Vis energy spectrum
within the electromagnetic spectrum covers 1.5-6.2 eV,
corresponding to a wavelength range of 800—200 nm
[47]. The optical properties of the P1-ZnO NPs were
determined using UV-Vis spectrometry (6715
Spectrophotometer JENWAY) at room temperature.

levels

Spectral analysis was performed at a resolution of 1
nm in the 200— 800 nm range.

FTIR analysis

The confirmation of the material’s functional groups
was achieved using a Fourier Transformation Infrared
spectrometer (Agilent Technologies Cary 630 FTIR)
operating in the transmittance mode within the range
of 4000-500 cm™. The primary
connected to a microscope, enabling the analysis of

instrument is

small sample areas. In the analysis of PI-ZnO NPs,
the powder is placed under the microscope, causing a
shift in the energy of the laser photons either upward
or downward. This shift in energy provides valuable
information about the vibration modes within the
system. Identification of these connections is
achieved using their corresponding wave numbers.
Typically, stronger bonds and lighter atoms exhibit

higher stretching frequencies (wavenumbers) [48].
X-ray diffraction (XRD)

The XRD is a method that enables the identification
of crystallized phases within a sample and the

https://www.sciopen.com/journal/2150-5578
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determination of the arrangement of atoms along with
their interatomic distances [49]. To analyze the
structure and grain size of ZnO, XRD techniques
were employed using an X-ray diffractometer
(Rigaku Miniflex 600) equipped with a Cu-Ka (4 =
1.540 6) within the 26 angles ranging from 20° to
70°. The X-rays were generated at 30 kV and 20 mA.

Scanning electron microscopy (SEM)

The shape and morphology of the PI-ZnO NPs were
determined by SEM and energy-dispersive X-ray
spectroscopy  (EDS). This
systematically scanning the
enabling high magnification and improved depth of
field to represent morphological features. When

technique involves

sample’s surface,

coupled with X-ray analysis, it potentially allows for
chemical examination. SEM functions by emitting
electrons from an energy E, cathode and detecting
signals generated by the interaction between these
electrons and the sample [50].

Antioxidant activity

DPPH radical trapping test

The assessment of the in vitro antioxidant potential of
P. lentiscus L. extracts and PI-ZnO NPs on the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical followed
the method described by Blois [51].

Reduction of the DPPH free radical by TLC
bioautography

The various extracts (etheric, methanolic, aqueous,
and Pl-ZnO NPs) were applied at
concentration (50 pg/mL) onto a silica gel F,s, thin

an equal

layer plate. Subsequently, these plates were sprayed
with a DPPH solution (0.004% in methanol) and
observed after 30 min of drying at 60 °C. A positive
test is indicated by the appearance of yellow spots
against a purple background [52].

Reduction of the DPPH free
spectrophotometric assay

radical by

This method involves extracts that exhibited positive
antiradical activity through Dbioautography. It
followed the procedure outlined in Ref. [53]. A 1.9 mL
DPPH solution, previously prepared by dissolving
4 mg of DPPH in 100 mL of methanol, was combined
with 100 uL of each extract at various concentrations
(200, 300, 400, 500, 600 pg/mL). After a 30 min
incubation period, absorbance was measured at
517 nm against a blank (DPPH/methanol). Ascorbic

acid, quercetin, and butylated hydroxytoluene (BHT),
which were prepared under the same conditions at
different  concentrations,
antioxidants. The results were expressed as the
percentage inhibition of DPPH, which was calculated

served as standard

using the equation demonstrated below. The ability of
Pistacia lentiscus L. extract to neutralize the DPPH
radical was quantified as the ICs, value (ng/mL),
representing the concentration necessary for 50%
inhibition [54]:

A
I (%) = "A

x 100

0

where I (%) is the percentage of inhibition, 4, is the
absorbance of DPPH solution without extract, and A
is the absorbance in the presence of extract or
standard.

Antibacterial activity of the PI-ZnO NPs

The antibacterial activity of synthesized ZnO NPs,
ether, methanol, and aqueous solutions are assessed
by the disk diffusion method [55] targeting four
bacterial strains: two Gram-positive bacteria,
Staphylococcus aureus (ATCC 6538) and Bacillus
cereus (ATCC 10876), and two Gram-negative
bacteria, (ATCC 8739) and
The
microorganisms were separately cultured in nutrient
broth and then incubated at 37 °C for 18 h until they
reached a density equivalent to a turbidity of 0.5
Mc-Farland standards (10*° CFU/mL). Subsequently,
100 pL of the pathogenic cultures were swabbed onto
Muller-Hinton agar (MHA) plates after overnight
growth in a Petri dish. Different concentrations of
100, 300, 500, 700, and 900 mg/mL of ZnO NPs,
along with ether, methanol, and aqueous extracts
dissolved in dimethylsulfoxide (DMSO), were placed
onto a filter paper disk and allowed to dry before
being placed on the agar. DMSO served as the
control. The plates underwent a pre-diffusion of 1 h at
4 °C before incubation at 37 °C for 24 h. Each extract
was tested in triplicate, and the resulting inhibition
zone diameters were measured for analysis.

Escherichia coli

Pseudomonas  aeuroginosa. pathogenic

The results were expressed according to Ref. [56]:
D < 8 mm: resistant strain.
9 mm < D < 14mm: susceptible strain.
D > 15 mm: very susceptible strain.

Determination of minimum

concentration (MIC)

inhibitory

To assess the antibacterial activity, we conducted an

https://www.sciopen.com/journal/2150-5578
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MIC assessment, focusing only on bacteria displaying
sensitivity to the different extracts. Following the
outlined in Ref. [57], the MIC
involved dissolving P1-ZnO NPs,
ether, methanol, and aqueous extracts in DMSO at
decreasing concentrations (100-0.78 mg/mL). In this
protocol, 100 pL of each extract was added to
within  the
experimental series, along with 20 puL of a bacterial

guidelines
determination

individual  microcentrifuge tubes
suspension prepared in 900 puL. of Mueller—Hinton
broth. A specific tube was used as a negative control,
containing the broth culture and inoculum prepared
under the same conditions. After a 24 h incubation
period at 37 °C, the results were assessed by
observing any changes in turbidity and comparing

them with the turbidity of the control tube.

Determination of minimum bactericidal

concentration (MBC)

MBC represents the concentration of the antibacterial
substance required to achieve a reduction of 0.01%
germs after 18-24 h of incubation at 37 °C [58]. To
initiate, 0.1 mL of the pre-culture was diluted in a
separate tube containing 10 mL of Mueller—Hinton
broth, forming the initial inoculum of the 100-fold
dilution. This was then further diluted using a
(10'-10%,
Subsequently, these various dilutions are inoculated

geometric  progression  ratio v/v).
onto a MHA plate with streaks of 5 cm length using a
calibrated loop of 0.2 uL (Box A). The dilutions of
100, 10, 10, 107, and 10* correspond to survival
rates of 100%, 10%, 1%, 0.1%, and 0.01%,
respectively [59]. Tubes without observed turbidity
(the tubes used to determine the MIC) were used to
inoculate MHA (Box B) with 5 cm-long streaks using
a calibrated 0.2 pL loop, starting with the tube
corresponding to the MIC. Boxes A and B were then
incubated at 37 °C for 18-24 h. Subsequently, the
number of colonies on the streak at a 10™ dilution
from Box A was compared with each streak of Box B.
According to Ref. [60], the MBC/MIC ratio aids in
determining the Dbactericidal and bacteriostatic
properties of the studied extract:

- If the MBC/MIC ratio < 4, the substance tested is
bactericidal.

- If the MBC/MIC ratio > 4, the substance tested is

bacteriostatic.
Statistical analysis

The experiments were performed in triplicate, and the

results were determined using the mean = SEM and
analyzed using GraphPad Prism (version 5). Analysis
of variance was performed using the analysis of
variance (ANOVA) test. Tukey’s test was employed
to identify significant differences between means.
Therefore, significance was established at P = 0.05.

Results and Discussion
Yield of extracts from leaves of Pistacia
lentiscus L.

The percentage-based quantitative assessment of
extraction yields varies because of the use of diverse
organic solvents. Among these, the aqueous raw
extract stands out, with the highest yield rate at 33%.
This high yield is attributed to its capacity to dissolve
the maximum amount of bioactive compounds.
Conversely, the methanolic extract showed an
average yield of 16.7%, while the etheric extract
exhibited the lowest yield of 6.8%. This finding
suggests that solvents with higher polarity tend to
generate the best yields, aligning with previous
studies, such as those by Refs. [61, 62], which
reported hydromethanolic extract yields of 37.34%
and 23.5% in distinct regions of Morocco and the
northwest of Tunisia, respectively. Cherbal et al. [63]
observed a yield of (44.58 = 1.76)% for the
hydromethanolic extract of the leaves of P. lentiscus
harvested in Jijel (East of Algeria). Alternatively, the
work of Ref. [64] recorded much lower yield rates for
ethanolic extracts at 6.09% for leaves and 3.07% for
fruits. The extraction yield depends on the nature and
polarity of the solvent extraction techniques, pH,
temperature, solvent mass/volume ratio, time
intervals, number of extraction steps, sample particle
size, chemical composition of compounds, and the

presence of interfering substances [65].
Phytochemical studies

Extracts obtained from P. lentiscus leaves using ether,
methanol, and water were analyzed for various
phytoconstituents, as shown in Table 1. The results
reveal the abundance of bioactive molecules in this
plant. The use of polar solvents resulted in extracting
a wide array of phytoconstituents, including phenolic
compounds, flavonoids (flavanones and flavanols),
catechin tannins, saponins, salt alkaloids, coumarins,
triterpene
glycosides, and cardiac glycosides. Additionally, the

sterols and steroids, steroidal and

https://www.sciopen.com/journal/2150-5578
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Table 1 Results of phytochemical screening

Test for

Etheric extract

Methnolic extract Aqueous extract

Basic alkaloids
Emodols
Terpenoids
Free quinones
Fatty acid
Phenolic compounds
FlavonoidsFlavanones / flavanols
Gallic and catechic tannins
Alkaloids salts
Coumarins
Sterols and steroids
Glycosides steroid and triterpene
Reducing compounds
cardiotonics Glycosides
Saponosides
Anthocyanins

Combined anthraquinonsO—glycosidesC—Glycosides

- ND ND
+ ND ND
- ND ND
+ ND -
+ ND ND
ND + +
ND + +
ND + +
ND - ND
ND + ND
ND + ND
ND + ND
ND + ND
ND + ND
ND ND +
ND ND -
NDND NDND +—

Note : +, presence; —, absence; ND, not determined.

etheric extract indicated the presence of emodols, free
quinones, and fatty acids.

Determination of total polyphenol, flavonoids,
flavonols, and condensed tannins content

The total contents of polyphenols, flavonoids,
flavonols, and condensed tannins in methanolic and
aqueous extracts were obtained from calibration
These established using

increasing concentrations of gallic acid, quercetin,

curves. curves were
and catechin,
equivalent per gram of dry matter weight (mg EAG/g

DM), mg of quercetin equivalents per gram of dry

expressed as mg of gallic acid

matter weight (mg EQR/g DM), and mg of catechin
equivalent per gram of dry matter (mg EC/g DM).
The results of the determination of total polyphenols,
flavonoids, flavonols, and tannins in the methanolic
and aqueous extracts are shown in Fig. 1.

From these results, it is evident that the highest
concentrations were observed in total polyphenols
(353.97 +£ 8.28) mg/g and (246.07 £ 5.62) mg/g,
followed by flavonoids with concentrations of (71.94
+ 1.56) mg/g and (56.32 + 0.92) mg/g for the aqueous
and methanolic extracts, respectively. Conversely,
tannins exhibited an average rate of (22.31 = 1.97)
mg/g for the aqueous extract and (34.75 £1.63) mg/g

B Aqueous extract  mMethanolic extract

400

300

200 -

100 +

0
Total polyphenols Flavonoids

Concentration m mg/g of dry matter

Tanins Flavonols

Fig. 1 The total contents of polyphenols, flavonoids, tannins,
and flavonols found in the aqueous and methanolic extracts
from the leaves of Pistacia lentiscus L.

for the methanolic extract. The lowest content was
found in flavonols, measured at (4.69 £ 0.57) mg/g
and (3.34 = 0.66) mg/g for the aqueous and
methanolic extracts, respectively. Our findings are
comparable to those of Bampouli [66], demonstrating
that the total content of phenolic compounds for the
leaves of P. lentiscus is the highest; for the fresh
leaves, it varies from (147.99 + 0.01) to (314.88 +
0.01) mg Eq FA/g of dry extract, whereas for the
dried leaves, value varies from (125.33 + 0.01) to
(269.70 = 0.01) mg Eq FA/g of dry extract. The
aqueous extracts showed the highest amount with

https://www.sciopen.com/journal/2150-5578
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values of (314.88 £ 0.01) and (271.03 + 0.00) mg Eq
AG/g of dry extract, which indicates that water is
considered the most suitable solvent for the extraction
of phenolic compounds. Our analysis of the flavonoid
content indicates a lower concentration compared
with the findings in Ref. [67]. This confirms that the
primary concentration of flavonoids in the extracts of
P. lentiscus leaves is predominantly in the ethyl
acetate fraction of the ethanolic extract, measuring
(278.507 + 0.377) mg Eq rutin/g DM. Our results
contradict the observations of Ref. [68], who reported
lower flavonoid content in the leaves of P. lentiscus,
(3.107 £ 0.014) mg/g and (8.218 = 0.009) mg/g,
respectively, for the aqueous and ethanolic extracts.
Similar studies by Ref. [63] reported values of 38.7 +
0.020 and 12.6 + 4.1 mg/g for the methanolic extract
of the same species. Regarding flavonols, the notably
low content in the aqueous and methanolic extracts
might be attributed to the heterogeneous nature of
flavonoids, which are present in various classes with
differing solubilities in polar and apolar solvents [69].
Our findings on the tannin content in the leaves of P.
lentiscus differ from those in Ref. [70], who recorded
a higher tannin content estimated at 997.8 mg Eq
tannic acid/g DM for the leaves of the same plant.
These polyphenols,
flavonols, and tannins may be due to the biotope of
the plant west or east of Algeria, interspecific

variations  in flavonoids,

Zinc acetate
solution

Aqueous extract
of leaves of P. lentiscus

White ZnO NPs powder after
incineration in a muffle
furnace at 500 °C/3 h

Brown precipitate after drying
overnight in the oven at 70 °C

variations, and/or the harvest stage, storage period,
and equipment for extracting these compounds.

Green synthesis of ZnO NPs

Synthesis process

In this study, we synthesized ZnO NPs using the
aqueous extract of Pistacia lentiscus leaves as
phytoreducing agents for Zn ions. Upon incineration
in the muffle furnace (Fig. 2), we observed an
immediate shift from pale yellow to dark brown,
resulting in the production of dry white powder. This
transformation in color serves as a distinct indication
of Zn ion bioreduction, leading to the subsequent
formation of ZnO NPs.

Characterization by ultraviolet spectroscopy

The UV-Vis absorption spectrum of the P1-ZnO NPs
displays a characteristic maximum absorption peak of
ZnO, centered around 310 nm (Fig. 3), indicating the
likely formation of ZnO [71].
observable increase in the intensity of the peak

There was an

concerning the concentration of zinc acetate. This
may be attributed to the growing quantity of
nanoparticles formed through the transformations of
Zn ions, likely caused by the complete extraction of
(Zn ions) by the extract. Our results align closely with
those of Ref. [72], where they recorded an absorption

Change in color after heating at 70 °C/30 min
and stirring for 4 hours l

!ffi =

Centrifugation

Fig. 2 Biosynthesis process of zinc oxide nanoparticles from the aqueous extract of P. lentiscus L.

https://www.sciopen.com/journal/2150-5578
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Absorbance (a.u.)
=

200 400 600 800
‘Wavelenght (nm)

Fig. 3 Ultraviolet spectrum of ZnO NPs synthesized using the
leaf extract of Pistacia lentiscus L.

peak of 303 nm for the zinc acetate solution derived
from broccoli and 320 nm for the ZnO solution
without broccoli.

Characterization by infrared spectroscopy

Infrared spectroscopy allows us to analyze the
vibration modes of bonds within ZnO and the organic
surface layer, providing insights into the functional
groups of nanoparticles. These results are illustrated
in Fig. 4. Three distinct zones emerge, displaying
absorbance bands associated with alkyne chains (to
the stretching vibration mode at 2 260-2 100 cm™)
[73], groups (C—O) from alcohols (1 250-970 cm™)
[74], to (Zn—0O) bonds (800-400 cm™) in ZnO [75].
With ZnO NPs synthesized and annealed at 500 °C,
the presence of an adsorption peak at 680 cm™
suggests the synthesis of ZnO NPs through the green
route [76].

Bending
Pur ZnO —— P1-ZnO NPs 0=C= O-H C= Zn—-0
100! o, R PSRBT W
1 2190 cm™ 1990 cm !
%0 1470 cm™! &
S 1120 cmt 680 em
<
< 80
8 ]
gm
g 60
g
i
= 50 \
| \
40
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™')

Fig. 4 FTIR spectrum of P1-ZnO NPs synthesized from P.
lentiscus L. leaves compared to pure zinc oxide (industrial).

Characterization by XRD

The XRD results of the synthesized ZnO NPs
annealed at 500 °C, derived from a 0.1 mol/L zinc
acetate concentration, are presented in Fig. 5.

The sample spectrum exhibits distinct diffraction
peaks throughout, aligning well with various crystal
blueprints such as (100), (002), (101), (102), (110),
(103), (200), (112), (004), and (202), corresponding

intensity (a.u.)

20 30 40 50 60 70 80
20(%)

Fig. 5 The X-ray diffraction spectra of the Pl-ZnO NPs
synthesized from P. lentiscus L leaves.

to the hexagonal wiirtzite structure of ZnO consistent
with the JCPDS card number (No. 36-1451 for ZnO)
[77, 78], which corroborates Musarrat findings [79].
Notably, the presence of peaks (100), (002), and
(101) in the XRD spectrum indicates the high-purity
crystallization of ZnO NPs. The absence of peaks
related to other impurities suggests
conversion of the Zn precursor into ZnO NPs.

Compounds such as phenols and flavonoids from P.

complete

lentiscus leaf extract serve as both a reducing agent
and a protective layer for the outer surface of zinc
acetate molecules, facilitating the formation of ZnO
NPs. The distinct, narrow, and prominent diffraction
peaks suggest that the product’s particles have a well-
defined crystalline structure. The high intensity of
these peaks indicates the high crystallinity of the
produced ZnO NPs. Additionally,
formula was used to estimate the crystallite size (D)
[80].

the Scherrer

D = kA/BcosO

where k is the Scherrer’s constant (k = 0.94), 1 is the
wavelength of the X-ray radiation (1.540 6 A), 0 is
the Bragg’s angle of the peak and f is FWHM (in
radium). This XRD analysis proves P. lentiscus
leaves are effective reducing agents for synthesized
ZnO NPs.
diameters in the 33.90 nm range.

Particles were determined to have

TM1000-FS_Univ-TLEMCEN

Fig. 6 Scanning electron microscopy images of ZnO
nanoparticles: (a) 0.1 mol/L and (b) 0.1 mol/L (focused
image).
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Fig. 7 Energy-dispersive X-ray spectroscopy spectra of synthesized ZnO NPs.
SEM of ZnO NPs indicates the ability of these substances to reduce the

SEM images were used for predicting the shape of
ZnO NPs, with varying magnifications displayed in
Figs. 6(a) and 6(b). The majority of these ZnO NPs
exhibit an aggregated, dried cotton-like appearance.
Further analysis using EDS presented in Fig. 7
confirms the presence of Zn and O in the ZnO NPs,
indicating approximate weight percentages of
approximately 38.15% for Zn and 52.13% for O.

Evaluation of biological activities of extracts
of P. lentiscus L.

TLC bioautography

The antioxidant activity test conducted via TLC
bioautography of wvarious extracts (etheric,
methanolic, aqueous, and PI-NPs ZnO) at a
concentration of 50 pg/mL, compared with two
controls
concentration of 25 pg/mL, revealed yellow spots on
a purple background when exposed to DPPH, which

(ascorbic acid and quercetin) at a

e Etheric s Methanolic Aqueous ( )
s D] 710 NPS s A 500rbiC A, s Quercetin
100
E 80
a0}
[
-
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=
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=
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Concentrations of extracts (jug/mL)

ICs, (ug/mL)

DPPH radical.

Reduction of DPPH by spectrophotometric
assay

The
represented through percentage inhibition values and

effectiveness of antiradical activities 1is
ICsy expressed in pg/mL for the etheric, methanolic,
aqueous, and PI-ZnO NPs extracts. These values are
standards: ascorbic

compared with the acid,

quercetin, and BHT using graphical analysis

performed with the software “GraphPad prism 5”
(Fig. 8).

The antiradical activity profile from the four
of P.
concentration-dependent antioxidant potential. This

extracts lentiscus leaves indicates a
signifies that the antiradical percentage increases as
the concentration of the extracts rises. Notably, the
methanol extract exhibited high antiradical potential

with an ICs, of (16.72 £+ 1.72) pg/mL, whereas the

250+ (b)

200+

150

100+

50+

Ascorbic A Quercetin Methanolic BHT  Aquecous Etheric  P1-ZnONP:

77|

Fig. 8 Antioxidant activity (a) Percentage of DPPH inhibition (b) I1Cs.
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aqueous extract exhibited an ICs, of (25.37 = 1.92)
pg/mL, compared with the three standards: ICs, of
(13.73 = 2.11), (15.89 £ 0.97), and (20.50 + 0.16)
pg/mL for ascorbic acid, quercetin and BHT. The
etheric extract showed an average antioxidant power
with an ICs, of 70.80 + 1.50 pg/mL, and the P1-ZnO
NPs demonstrated low antioxidant activity with an
ICsy of (215.53 £ 1.04) pg/mL. These results
highlight the substantial antioxidant activity of the
methanolic and aqueous extracts of Pistacia lentiscus
L. leaves, reaching maximum percentages of
antiradical activity at 86.49% and 85.32%,
respectively at a concentration of 50 pg/mL.
Conversely, the etheric and Pl-ZnONPs extracts
showed lower antioxidant activity, demonstrating
percentages of inhibition of the DPPH radical at
35.36% 12.92%,
concentration of 50 pg/mL. Our results are in
agreement with the work of Refs. [81, 82] who
reported very high antioxidant activity of the

and respectively, at the

methanolic and aqueous extracts of P. lentiscus
leaves. Another study in Ref. [83] showcased the
remarkable antioxidant effect of the methanolic,
ethanolic, and aqueous extracts from different parts of
P. lentiscus against the DPPH radical. The aqueous
extract of the leaves demonstrated an ICs, of (9 =+
0.37) pg/mL. The robust antioxidant potential of the
methanolic and aqueous extracts can be attributed to
the presence of polyphenols, flavonoids, and tannins
in the leaves of P. lentiscus, as quantitatively assessed
in previous studies. These substances are recognized
as antioxidants capable of neutralizing radical and
reactive oxygen species [84]. Polyphenols act as
efficient hydrogen atom donors to the DPPH radical
because of their optimal chemical structures [85].
Phenolic compounds in plants readily donate
electrons or protons to neutralize free radicals,
significantly contributing to their strong antioxidant
activity [86]. Further studies on the relationship
between the chemical structure of phenolic
compounds and their ability to scavenge free radicals
have emphasized the importance of the number,
position, and nature of the B and C ring substitutes, as

well as the degree of polymerization [87].
Evaluation of antibacterial activity

The bacterial strains (Staphylococcus aureus, Bacillus
coli, and Pseudomonas
aeruginosa) initially  identified through
microscopic observation in their fresh state to

cereus, Escherichia

Wwere

determine their shape and mobility. Subsequently,
confirmation was performed using Gram staining.

Disk method (aromatogram)

Our results indicated inhibition zones ranging from 6
to 24 mm. These varying diameters were observed
across different strains, signifying their sensitivity or
resistance, which was influenced by the concentration
of the extract used (Figs. 9-12).

Staphylococcus aureus

#

zones of the extracts (mm)

Diameters of the inhibiti

Ageous Methanolic Etheric PI-ZnO NPs
Concentrations (mg/mL)

100 m300 m500 m700 m900

Fig. 9 Inhibition zone diameters (mm) of crude extracts and
ZnO NPs from P. lentiscus leaves against S. aureus. The
reported values represent means and their respective standard
errors (X + ES). The symbols (*, #, £) indicate statistically
significant differences (ANOVA test). Specifically, * denotes
a significant difference between the aqueous and methanolic
extracts at a concentration of 700 mg/mL (*p < 0.05). #
denotes a significant difference between the methanolic
extract and ZnO NPs at a concentration of 900 mg/mL (# p <
0.05). £ denotes a significant difference between the aqueous
extract and PI-ZnO NPs at a concentration of 700 mg/mL (££
p<0.01).

Bacillus cereus

Diameters of the inhibition
zones of the extracts (mm)

Etheric PI-ZnO NPs

Methanolic

Aageous
Concentrations (mg/mL)

100 m300 m500 m700 ®mS00

Fig. 10 Inhibition zone diameters (mm) of crude extracts and
P1-ZnO NPs derived from P. lentiscus leaves against Bacillus
cereus. The symbol * denotes a significant difference between
the aqueous and methanolic extracts at a concentration of 100
mg/mL (*p < 0.05). The symbol # denotes a significant
difference between the aqueous and methanolic extracts at a
concentration of 500 mg/mL (### p < 0.0001).

The PI-ZnO NPs exhibited the largest diameter,
demonstrating significant activity against the E. coli
strain with a zone of inhibition measuring (24 £ 1)
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Fig. 11 Inhibition zone diameters (mm) of crude extracts and
P1-ZnO NPs obtained from P. lentiscus leaves against E. coli.
The symbol * denotes significant difference between the
aqueous extract and P1-ZnO NPs at a concentration of 100
mg/mL (***p < 0.000 1); The symbol £ denotes significant
difference between the aqueous extract and ZnO NPs at a
concentration of 700 mg/mL (£££ p < 0.000 1); and # denotes
a significant difference between the methanolic extract and
PI-ZnO NPs at a concentration of 900 mg/mL (### p <
0.0001).

Pseudomonas aeuroginosa
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Fig. 12 Inhibition zone diameters (mm) caused by crude
extracts and PI-ZnO NPs from P. lentiscus leaves against P.
aeruginosa. The comparisons indicate significant difference
between the aqueous extract and Pl-ZnO NPs at a
concentration of 100 mg/mL (¥**p < 0.000 1); the methanolic
extract and ZnO NPs at a concentration of 300 mg/mL (£££ p
< 0.000 1); and the aqueous extract and P1-ZnO NPs at a
concentration of 900 mg/mL (### p < 0.000 1).

mm at a concentration of 900 mg/mL. This was
followed by P. aeruginosa, which displayed an
inhibition diameter of (20 +2) mm at a concentration of
300 mg/mL. However, these strains were resistance to
etheric, methanolic, and aqueous extracts. S. aureus
showcased diameters ranging from (6 = 1) mm to
(10 £ 1) mm at concentrations of 100 and 500 mg/mL
against ZnO NPs. A sensitivity in the Bacillus cereus
strain was observed toward aqueous and methanolic
extracts, revealing inhibition zones varying from (9 =
1)to (14 = 1) mm and from (7 £ 1) to (11 = 1) mm at
concentrations of 100 and 500 mg/mL and 100 and
900 mg/mL, respectively. ZnO NPs displayed two
zones of inhibition at concentrations of 700 and

900 mg/mL, measuring (10 + 3) and (12 + 2) mm,
respectively. Conversely, B. exhibited
resistance against the etheric extract. Comparatively,
our results indicate that S. aureus and B. cereus are

cereus

more sensitive to aqueous, methanolic, and etheric
extracts than FE. coli and P. aeruginosa. This
sensitivity could be attributed to differences in the
cell wall structure between Gram-positive and Gram-
negative bacteria [88]. Our results contradict the work
of Ref. [89], which claims that Gram-positive bacteria
are more resistant to antimicrobial agents because of
variations in the chemical composition of their cell
walls. Gram-negative bacteria possess a wall that
allows the penetration of lipophilic molecules
because of the presence of lipopolysaccharides (LPS)
with negative charges, facilitating the adhesion of
NPs. Conversely, Gram-positive bacteria primarily
consist of peptidoglycans, which allow the passage of
hydrophilic molecules [90]. Our results are consistent
with the findings of Ref. [91], where PI-ZnO NPs
biosynthesized using Bauhini tomentosa leaf extract
displayed antibacterial effects across all tested
bacterial strains. The bactericidal effect of P1-ZnO
NPs was notably higher for Gram-negative bacteria
than for Gram-positive bacteria, which was
influenced by structural composition differences [92].
The reported zones of inhibition exhibited notable
diameters for P. aeruginosa (20.3 mm), E. coli
(19.8 mm), B. subtilis (8.1 mm), and S. aureus
(10.7 mm). Our results align with the research
conducted by [93], which studied the antimicrobial
activity of PI-ZnO NPs against pathogenic
microorganisms using the agar diffusion technique.
The most substantial zones of inhibition were
observed against B. subtilis (24 mm), E.
(24 mm), S. aureus (22 mm), and P. aeruginosa
(22 mm). Similarly, Ref. [94] examined the effect of
three concentrations (20, 30, and 40 pg/mL) of

coli

P1-ZnO NPs against three Pseudomonas aeruginosa
isolates using the agar diffusion technique. Their
results revealed an average zone of inhibition of
19.7 mm at a concentration of 20 pg/mL. However,
concentrations of 30 and 40 pg/mL exhibited
inhibition zones of 22.4 and 33.2 mm, respectively.
These results confirm the antibacterial activity of
PI-ZnO NPs, indicating that increased concentrations
lead to larger zones of inhibition. The antimicrobial
efficacy of ZnO NPs may be associated with their
size, allowing them to assess cells through
transmembrane protein. Upon attachment to bacterial

cells, structural alterations occur, blocking transport
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channels [95]. This entire process is contingent on the
size of the NPs. Smaller NPs, which are 250 times
smaller than a bacterium, are more effective. They
adhere to the (-SH) groups of wall proteins,
penetrating the membrane, alternating permeability,
and resulting in cell lysis [96—98]. In contrast, larger
NPs possess a larger absolute surface area, enhancing
their adhesion capacity through van der Waals forces.
Subsequently, NPs are capable of internalization,
generating ionization within the cell and causing
damage to intracellular structures, ultimately resulting
in cellular death [99]. The production of reactive
oxidizing species (ROS) by metal NPs has been
identified as a possible mechanism behind their
bactericidal activity, which plays an important role in
their effectiveness against bacteria. These highly
reactive species can damage peptidoglycans, cell
membranes, DNA, mRNA, ribosomes, and proteins
[98]. Additionally, ROS can impede transcription,
translation, and enzymatic activity and disrupt the
electron transport chain. For certain metal oxide NPs,
the generation of ROS is the primary mechanism of
their toxicity [100, 101]. Metal oxides NPs also
possess the capability to deactivate proteins and
damage DNA. Metal atoms tend to bind to the thiol
group of enzymes, subsequently deactivating their
functions. Moreover, there is a suggestion that metal
ions attach themselves between pyrimidine and purine
base pairs, disrupting hydrogen bonding between the
two antiparallel strands and destroying the DNA
molecule. Although further investigation is needed,
metal ions tend to attach to DNA once they enter the
cell [102, 103].

According to Liu et al. [104], the treatment of
E. coli with ZnO nanoparticles resulted in particle
adherence to the cell membrane, causing membrane
deformation and disruption of intracellular structures.
Kadiyala et al. [95] investigated the antibacterial
impact of ZnO nanoparticles on multidrug-resistant
S. aureus and concluded that the formation of ROS
alone might not be the predominant antibacterial
mode of action. However, elevated concentrations of
Zn ions in nanostructures disrupt virulence by
inhibiting crucial glycolytic enzymes, thereby
capsule
Consequently, this alteration leads to a shift in the
[95].

Overall, these results are highly encouraging and

reducing  hyaluronic  acid synthesis.

expression of carbon catabolic pathways

promising. E. coli and P. aeruginosa strains, initially

resistant to the tested extracts and numerous

antibiotics, exhibited increased sensitivity to the
P1-ZnO NPs. This discovery suggests the potential
importance of testing other strains within the same
species that display higher resistance. Comparing the
antibacterial activity results obtained from PI-ZnO
NPs with the crude extracts (etheric, methanolic, and
aqueous) of Pistacia lentiscus leaves, it was observed
that the biosynthesized NPs were the most effective
extract against the bacterial strains, mainly exhibiting
potency against gram-negative bacteria.

Determination of MIC and MBC

We observed that the aqueous extract, methanol, and
PI-ZnO NPs showed a bactericidal effect against
Staphylococcus aureus, as indicated by a MBC/MIC
ratio of 1. We observed a similar bactericidal effect of
the aqueous extract against Bacillus cereus. However,
the methanolic extract displayed a bacteriostatic
effect on Bacillus cereus, as evidenced by a
MBC/MIC ratio of 8. The ZnO NPs showed a
bactericidal effect on Pseudomonas aeruginosa with a
MBC/MIC of 2.

Conclusions

This study introduces a more eco-friendly technique
for synthesizing ZnO NPs by extracting their
bioactive components from P. lentiscus leaves. This
method is simple, environmentally friendly, nontoxic,
and biologically driven. The optical and structural
properties were assessed using UV-Vis spectroscopy,
FTIR, and XRD. UV-Vis spectroscopy confirmed the
synthesis of ZnO nanoparticles,
formation with an absorption peak at 310 nm. FTIR
spectra confirmed the presence of functional groups

revealing their

in ZnO, while X-ray analysis exhibited well-defined
peaks on planes (002), (100), and (101), indicating a
hexagonal structure (wiirtzite) (JCPDS-file: 36-1451)
with good crystalline quality and a grain size of
33.90 nm. Examining the nanoparticle morphology
through SEM with EDS demonstrated the ZnO
nanoparticle’s resemblance to dried cotton, with EDS
confirming the presence of Zn and O. Comparison of
biological activities between ZnO NPs and etheric,
methanolic, and aqueous crude extracts yielded
6.80%, 16.70%, and  33%,
Phytochemical screening revealed the abundance of

respectively.

polyphenols, flavonoids, tannins, sterols, steroids,
steroidal and triterpene glycosides, coumarins, and
saponosides in the plant. Specifically, the aqueous
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and methanolic extracts contained polyphenols
(353.97 + 8.28 and 246.07 + 5.62 mg/g), flavonoids
(71.94 £ 1.56 and 56.32 £ 0.92 mg/g), flavonols
(4.69 £ 0.57 and 3.34 £ 0.66 mg/g), and tannins
(22.31 + 1.97 and 34.75 £ 1.63 mg/g), respectively.
Regarding antioxidant activity, the methanolic extract
exhibited the highest antiradical potential (ICs, =
(16.72 = 1.72) pg/mL), followed by the aqueous
extract (ICs, = (25.37 = 1.92) pg/mL), whereas
etheric extracts and ZnO NPs
antioxidant activity. Additionally, ZnO NPs displayed
antibacterial activity against Escherichia coli and

showed weak

Pseudomonas aeruginosa strains, suggesting their
potential application in the biomedical field for
surface decontamination.
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