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Abstract: In this study, the polar root extract of Cyperus
scariosus R.Br. was used for the biogenic synthesis of ZnO

NPs. The results of this study show that ZnO NPs have a
spherical structure with an average size of 85.4 nm. The
synthesized catalysts were tested for their photocatalytic
activity by degrading methyl orange and methylene blue
under sunlight. Improved degradation efficiencies of 79.44%
and 84.92% were achieved within 120min. ZnO NPs exhibited
strong antibacterial activity against both Gram-positive
Listeria monocytogenes (18mm) and Staphylococcus epider-
midis (20mm) and Gram-negative strains of Escherichia coli
(16mm) and Bordetella bronchiseptica (14mm), as shown by
the inhibition zones, which were comparable to the positive
control (ceftriaxone) but larger than the plant root extract.
ZnO NPs showed high antioxidant activity, as a ferric-redu-
cing antioxidant power assay value of 66.29 µg (AAE µg·mL−1)
and a DPPH value of 57.44 µg (AAE µg·mL−1) were obtained at
a concentration of 500 µL, which was higher than those of the
C. scariosus root extract. Quantification of the total phenolic
and flavonoid content yielded values of 57.63 µg (GAE µg·mL−1)
and 70.59 µg (QCE µg·mL−1), respectively. At a concentration of
500 μL (1mg·mL−1), the tested nanoparticles (NPs) showed a
greater anti-inflammatory effect (84.12%) compared to the
root extract of C. scariosus (34.39%). Overall, our findings high-
light the versatile properties of green synthesized ZnO NPs and
demonstrate their potential for environmental remediation
and antimicrobial formulations, as well as promising candi-
dates for further investigation in biomedical fields such as
drug delivery and therapy.
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1 Introduction

Metal oxide semiconductors and their corresponding nano-
composites have attracted great attention worldwide due to
their extraordinary chemical, physical, optical, magnetic, and
electrochemical properties [1,2]. Nanoscale materials have
improved properties compared to their bulk counterparts.
Metal-based nanomaterials exhibit extraordinary properties
due to their remarkably small dimensions, often between 1
and 100 nm [3–6]. This is mainly due to the fact that nanoma-
terials have a high surface-to-volume ratio [7,8]. Nano-sized
materials are used in many fields due to their valuable prop-
erties, e.g., in antimicrobial [8,9], water treatment, medicine,
drug delivery, solar cells, agriculture [10], food industry, tex-
tile industry, electronics, catalysis, cosmetics [11–13], colori-
metric sensing [14], environmental remediation [15], and as
antioxidants [16]. Metal oxide nanoparticles (NPs) have sig-
nificant chemical and physical properties that make them
widely applicable in various fields of scientific research and
technological applications [17,18].

Industrial organic dyes have recently become a major
global problem as they pollute polluting water supplies.
The problem of water pollution not only hinders the pro-
gress of human society but also the advancement of indus-
trial technology [19]. Consequently, the effort to reduce
water pollution is of utmost importance to researchers.
In particular, methylene blue (MB) and methyl orange
(MO) are among the organic photoactive dyes that belong
to the heterocyclic aromatic chemical complexes and are
widely used as coloring substances in the textile, printing,
dyeing, leather, pharmaceutical, and cosmetic industries
[20,21]. Previous research on MB and MO has shown that
dyes are harmful to marine life and cause major ecological
problems [22]. Therefore, these industries are now facing
the urgent challenge of completely removing MB, MO, and
related heterocyclic organic pollutants from wastewater.
Previous studies have shown that dye waste products can
be effectively degraded using various remediation methods,
such as electrochemical degradation, adsorption solar photo-
Fenton degradation, and photocatalysis [23], [24,25]. Photoca-
talytic degradation is an effective and cost-effective approach
for water treatment that uses solar energy to break down
organic dye pollutants into non-toxic chemicals [26]. Organic
dyes in industrial wastewater have been degraded using a
variety of semiconductors or composites [27,28]. Zinc oxide

nanoparticles (ZnO NPs) have attracted much attention
among semiconducting metal oxides (NPs) due to their
many attractive properties, such as their large surface
area, wide band gap, long-lasting chemical stability, and
low ecological effects [29]. Semiconductors based on zinc
oxide (ZnO) are used in fields as diverse as electronics, sen-
sing, optical materials, photovoltaic cells, and photoelectro-
nics. In addition to its many other useful properties, zinc
oxide (ZnO) NPs are used extensively for the photodegrada-
tion of organic dyes in wastewater [30].

ZnO NPs have gained considerable attention in the
field of metal oxide NPs due to their low cost, high safety
standards, and ease of fabrication [31]. ZnO NPs possess
significant semiconducting properties due to their consid-
erable band gap of 3.37 eV [32]. The formation of ZnO NPs is
affected by chemical, physical, and biological factors. The
physical synthesis requires the use of a high vacuum and
high energy consumption, while the chemical processes
are not very environmentally friendly. Consequently, the
biogenic synthesis method is gaining recognition due to its
environmentally sustainable, economically viable, and safe
nature. The green synthesis method for NPs involves the
use of plant extracts, bacterial cultures, fungal cultures,
and algae extracts. The plant extracts have considerable
potential as a source of phytochemicals as they contain a
variety of phytochemical classes, including polyphenols,
terpenoids, flavonoid alkaloids, and sugars [33]. Most of
these phytochemicals extracted in polar solvents are polar
in nature and play an important role in the synthesis of
NPs [34]. These compounds serve as reducing agents as
well as capping or stabilizing agents. ZnO NPs have already
been successfully synthesized from various plant parts, such
as roots, stems, seeds, leaves, peels, and fruits [35,36]. The
overall composition of the bioactive substances in the plant
extracts varies greatly, and the reaction conditions, such as
the extract and zinc concentrations, temperature, heating
time, and pH, determine the final properties of these NPs.
One of the major challenges is to explore the mechanism
by which the biogenic synthesis of ZnONPs occurs in order
to control the morphology of the synthesized NPs and to
achieve a better understanding of the involved chemical phe-
nomena for the desired applications [37].

The primary objective of the present work was to
investigate the potential use of biogenically synthesized
ZnO NPs using the polar root extract of C. scariosus, a
member of the Cyperaceae family. This plant has been asso-
ciated with several biological benefits, including antibacterial,
anti-diabetic, anti-inflammatory, antihypertensive, and antiox-
idant properties [38]. The synthesized ZnO NPs were subjected
to spectroscopic and microscopic techniques, such as Fourier-
transform infrared spectroscopy, UV-Vis spectroscopy, energy-
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dispersive X-ray spectroscopy, scanning electron microscopy
(SEM), dynamic light scattering (DLS), X-ray diffraction (XRD),
and zeta potential measurements. The biogenically synthesized
ZnO NPs were investigated for their photocatalytic, antibac-
terial, anti-inflammatory, and antioxidant properties according
to standard protocols.

2 Experimental methods

2.1 Materials

A sample of the roots of C. scariosus was purchased from a
local market in Sargodha, Pakistan, and checked by the botanist
of the Department of Botany, University of Sargodha, Punjab,
Pakistan. n-Hexane (Sigma-Aldrich® Germany), ethanol (99.8%)
(Sigma-Aldrich® Germany), zinc acetate (ZnOAC) (Sigma-Aldrich®

Germany), DPPH (Sigma-Aldrich® Germany), Folins–Ciocalteu
phenol reagent (Sigma®) and diclofenac sodium (Acros
Organics, Thermo Fisher Scientific US). All chemicals and
solvents used in this research were of analytical grade and
did not require further purification. Deionized water (DH2O)
was used to prepare the solutions. Bacterial strains and
Mueller–Hinton agar (Bio-Rad US) were obtained from the
Biochemistry Laboratory, Institute of Chemistry, University
of Sargodha, Pakistan.

2.2 Extraction of polar extract

The polar extract from the tuberous root of C. scariosus
was extracted using a conventional method following the
protocol of previous studies [13,39]. The tuberous roots
were purified with DH2O and then air-dried at 25°C in
the shade for 15 days. The dried root was then crushed
using a grinder, and the powder was sieved through a sieve
with a mesh size of 75 µm. The powder solution (1 g per
20 mL) was then stirred for 5 h at room temperature using
a hot plate stirrer. Whatman filter paper No. 40 was used to
filter for filtering the solution, and the resulting filtrate was
then rinsed with n-hexane. The treatment with n-hexane
led to the separation of the polar and non-polar layers. The
polar layer was then spread on a Petri dish and exposed to
a temperature of 45°C for 24 h. After 24 h period, the polar
extract was sealed in an Eppendorf tube and stored in the
refrigerator for further use.

2.3 Phytochemical analysis

The polar extract of C. scariosus was analyzed for phyto-
chemicals according to the method used by De Silva et al.
Different compounds, such as alkaloids (detected using the
Wagner test), flavonoids (identified by the lead acetate test),
glycosides (confirmed by the sodium hydroxide test), lignins
(detected by the Labat test), saponins (identified by the foam
test), coumarins (identified with the sodium hydroxide test),
phenols (identified with the ferric chloride test), sterols (iden-
tified with the Salkowiski test), leucoanthocyanin (identified
with the isoamyl alcohol test), and fatty acids (identified with
the Mojonnier method) were present [40].

2.4 Green synthesis of C. scariosus-mediated
ZnO NPs

ZnO NPs were prepared according to the methodology
described in the study of Ghaffar et al. [13], with some
modifications. About 100 mL of aqueous solution of 0.68 g
(Zn(CH3CO2)2) was prepared in a 250mL volumetric flask.
The C. scariosus extract solution (20 mL) was mixed with
the zinc acetate solution, and the mixture was frequently
stirred for about 30 min. The solution was then heated at
70°C for 20 min with constant stirring until a brown pre-
cipitate was formed. The brown precipitate was then
rinsed offwith ethanol and DH2O. The product was washed
and then calcined at 450°C. The ZnO NPs were synthesized
in green using the above method. The synthesized ZnO NPs
were sealed in an Eppendorf tube labeled as ZnO NPs.

2.5 Characterization

The investigation and characterization of the biogenic ZnO
NPs were performed using a UV-visual spectrophotometer
(UV-1700 Pharmspec, Shimadzu, Japan) in the wavelength
range of 700–300 nm. The extract from the polar root of
C. scariosus extract and the green synthesized ZnO NPs
were subjected to Fourier transform infrared spectroscopy
(FTIR) in the range of 4,000–500 cm−1 using KBr pellets
to identify the elongation of functional groups. The crystal
size of the biosynthesized ZnO NPs was measured by XRD
(JDX-3532, JEOL, Tokyo, Japan). XRD measurements were
performed at 2θ angles ranging from 10 to 80° using CuKα
radiation (λ = 1.55056). The device was operated with an
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accelerating voltage of 40 kV and a current of 15mA. An SEM
(EDX, JEOL EDX system japan) with 20 kV operating voltage
was used to analyze the elemental composition and surface
morphology of the ZnO NPs. The physical dimension of the
nanocrystals was determined using a Malvern Zetasizer Nano
ZS (United Kingdom). The evaluations were carried out at a
wavelength of 633 nm using a He-Ne diode. A Whatman filter
with a particle size of 0.2m was used to filter the liquid
sample to remove solid impurities. The 10mm long section
contains the filtrate, which was placed in a microcuvette. The
sample was exposed to a temperature of 25°C for 2min before
analysis. The average variances were given for the number
of analyses. The surface charge of the biosynthesized ZnO
NPs was measured using the zeta potential technique and
Malvern’s Zetasizer.

2.6 Photocatalytic activity

The dyes MO and MB have unique physical and chemical
properties with the structural formulas shown in Figure 1.
The melting point of MB is around 100–110°C, and the
boiling point is over 200°C. The melting point of MO is
around 190–192°C, and the boiling point is above 200°C. In
interaction with carboxymethyl cellulose (CMC), MB has a
strong adsorption capacity, reaching over 300mg·g−1 [41].
However, in combination with bimetallic Fe-CdO NPs, MO is
rapidly degraded; after UV irradiation, the percentage of
degradation is 93.44 for MO alone and 88.29% for MO in a
binary dye combination. It was also shown that nanocrystal-
linemolybdenum oxide (MoO3) uses its photocatalytic activity
to effectively degrade MB. After 90min, the degradation effi-
ciencies were 56.15% for Mo17O47 and 95.78% for α-MoO3 [42].

To determine the photocatalytic activity of ZnO NPs,
30 mL of MB and MO, 10 ppm each, were first mixed with
30mL of the catalyst (1 mg·mL−1), according to the protocol

of Ghaffar et al. [13]. The dye solutions were stirred in the
dark for 30 min to determine the maximum amount of MB
and MO that the photocatalyst could absorb. About 5 mL of
each solution was collected and centrifuged to extract the
catalyst particles after being exposed to sunlight for 2 h.
The investigations were conducted between 10 am and
2 pm on clear, sunny days (UV to IR, UV index between 7
and 10, measured with a mobile app). UV-Vis spectrophoto
meter measurements (Shimadzu UV-1800 spectrophoto
meter) were used to quantify the residual dye solution.
UV measurements were performed in triplicate with a
maximum difference of 5% between individual measure-
ments. The concentration of dyes in the solution was
determined by analyzing the absorption peaks of MO at
460 nm and MB at 665 nm. The percentage degradation
rate was calculated using the following equation:

( ) = ×C C CDegradation efficacy % – / 1000 0 (1)

where C0 is the absorption of the dyes in the time interval
zero, and C is the absorption of the dyes at different time
intervals in the presence of sunlight.

2.7 Antibacterial activity

The evaluation of the antibacterial potential of the biogeni-
cally synthesized ZnO NPs was performed according to the
procedure of Khan et al. [16], with some modifications. A
solution was prepared by mixing 6.3 g of Mueller-Hinton agar
in 120mL of DH2O. The agar-Petri plate mixture was then
autoclaved at 121°C with a pressure of 15 psi for approximately
20min. After the sterilization process, 20mL of Mueller-Hinton
agar solution was added to each Petri dish, which then solidi-
fied for 20min. Using the sterilized media, the pure cultures
were subcultured at 37°C using an orbital shaker at 200 rpm.
The bacterial strains Listeria monocytogenes (ATCC 13932),
Staphylococcus epidermidis (ATCC 12228), Escherichia coli

Figure 1: Chemical structure of MB and MO.
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(ATCC 10536), and Bordetella bronchiseptica (ATCC 4617)
were inoculated into each Petri dish using the stick/spread
plate technique. A total of four wells were made with a cork
borer and then labeled alphabetically. About 30 µL of the posi-
tive control ceftriaxone sodium (1mg·mL−1) was added together
with 30 µL of ZnO NPs (1mg·mL−1), 30 µL (1mg·mL−1) of plant
extract, and a negative control consisting of deionized water
(DH2O). The Petri dishes were then placed in an oven at 37°C for
24 h. The entire procedure took place in a laminar flow cabinet
in a clean and sterilized laboratory environment.

The minimum inhibitory concentration (MIC) of the green
synthesized ZnO NPs was measured according to the standard
procedure defined by the Clinical and Laboratory Standards
Institute [43]. In this study, both Gram-positive and Gram-nega-
tive strains were used to determine the MIC. Four bacterial
strains, namely Listeria monocytogenes (ATCC#13932), Staphylo-
coccus epidermidis (ATCC#12228), Escherichia coli (ATCC#10536),
and Bordetella bronchiseptica (ATCC#4617), were cultured in a
shaking incubator at a temperature of 37°C and a shaking speed
of 200 rpm for 24 h. Bacteria were cultured in a Mueller incu-
bator at a temperature of 37°C and a shaking speed of 200 rpm.
The bacteria were grown in a Mueller Hinton broth medium.
The concentration of bacterial inoculum was adjusted to
105 CFU·mL−1. The MIC of the ZnO NPs was determined using
the conventional broth microdilution technique. A solution
containing the synthesized ZnO NPs at a concentration of
1mg·mL−1 was prepared to determine the MIC. The MIC
was determined by a series of diluted concentrations between
100 and 10 μg·mL−1. In addition, positive control tests with
simple bacterial strains and broth and negative control tests
with ZnO NPs (100 μg·mL−1) were performed. The tubes were
thereafter placed in an incubator at 37°C for 24 h. After incu-
bation, the concentration of ZnO NPs at which bacterial
growth was completely inhibited was determined.

2.8 Antioxidant activity

2.8.1 Ferric reducing antioxidant power (FRAP) assay

The methods described in previous studies [44,45] were
used with some modifications for the FRAP assay. In brief,
solutions of ZnO NPs were prepared at concentrations ran-
ging from 100 to 500 μg·mL−1. The solutions were prepared
by mixing 2.5 mL of a sodium phosphate buffer solution
(0.2 M) with a pH of 6.6 with a 1% aqueous solution of
potassium ferricyanide and incubating the mixture at
50°C for 20 min. The process was finally stopped by adding
a 10% (w/v) solution of trichloroacetic acid (TCA) to the
mixture. The solution was then centrifuged for 10 min at

a speed of 3,000 rpm. A 0.1% ferric chloride solution was
added to the mixture, along with 2.5 mL of DH2O. A spectro-
photometer (UV-1700 Pharmspec, Shimadzu) was used to
determine the absorbance at 700 nm. The antioxidant poten-
tial of FRAP was determined using the following equation.
The scavenging activity was estimated using the following
equation [46]:

= =x y R/0.0027, 0.98012 (2)

2.8.2 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay

The DPPH scavenging activity of the biogenically synthe-
sized ZnO NPs was evaluated using the protocol described by
Khan et al. [16] with some modifications. Various amounts of
green-synthesized ZnO NPs (100–500 μg·mL−1) were mixed
with 3mL of ethanolic DPPH solution (4mg per 100mL), and
ethanol (99.8%) was added to each sample to increase the final
volume to 10mL. The solutions were then incubated for 30min
at room temperature and in the dark. After that, absorbance at
517 nm was then measured for both the test sample and the
reference sample (ascorbic acid). The assessment of the per-
centage scavenging activity of the antioxidant (DPPH) was per-
formed by using the following equation (Eq. 3) [47]:

( )=

×

%Scavenging activity

Ac 517 of control – As 517 of sample

/Ac 517 of control 100

(3)

where Ac is the absorbance of the control and As is the
absorbance of the sample.

2.8.3 Total polyphenol content (TPC)

The Folin–Ciocalteu method, as described by Do et al. [48],
was used with some modifications to evaluate the total
polyphenol content. Initially, 2 mL of DH2O was added to
250 μL of a 1 N solution of Folin–Ciocalteu phenol, along
with different volumes (100–500) μL (1mg·mL−1) of ZnO NPs.
The resulting mixture was then incubated for 8min at room
temperature in the dark. Then, 750 µL of a 20% sodium car-
bonate solution (Na2CO3) and 950 µL of DH2O were added.
After incubation for 30min in the absence of light, the absor-
bance of the solutions was quantified at a wavelength of
765 nm using a Shimadzu UV-1800 spectrophotometer. The
results were expressed as (µg (GAE µg·mL−1)) of the ZnO NP
sample. The scavenging activity of TPC was analyzed using
the following equation [46]:

= =x y R/0.0019, 0.96592 (4)
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2.8.4 Total flavonoid content (TFC)

The TFC was estimated according to the methodology
described by Do et al. [48] with some modifications. A
colorimetric protocol was used, which included the use of
aluminum chloride (AlCl3) to quantify flavonoid content in
the tested sample. In summary, 100 and 500 μL (1mg·mL−1

concentration) of ZnO NPs were mixed with 0.75mL of
methanol, and the resulting mixture volume was increased
to 2mL by adding DH2O. Then, 300 μL of a solution containing
5% sodium nitrate and 300 μL of a solution containing 10%
AlCl3 were added to each sample, and the samples were incu-
bated at 37°C for 10min. Subsequently, 2mL of a 1mol·L−1

sodium hydroxide (NaOH) solution was added, and the total
volume was increased to 5mL with DH2O. The solution was
then incubated for 40min at room temperature. After incu-
bation, the absorbance was measured using a Shimadzu UV-
1800 spectrophotometer at 510 nm. TFC of the experimental
results was obtained using quercetin as a reference standard,
and the measurements were expressed as mg quercetin
equivalent per gram (mg QCE·g−1) of ZnO NPs. The percent
scavenging activity of TFC was measured using the following
equation [46]:

= =x y R/0.0022, 0.98832 (5)

2.9 Anti-inflammatory activity

2.9.1 Inhibition of protein denaturation

The protein denaturation methods described in previous
studies [16,49] were used with some minor modifications to
evaluate the anti-inflammatory properties of green synthesized
ZnO NPs. The solutions of green synthesized ZnO NPs were
prepared in the range of 100–500 µL·mL−1 (1mg·mL−1). Phos-
phate-buffered saline (PBS) with a pH of 6.4 and a freshly
prepared egg-albumin mixture (0.2mL) were added to the
solutions of the green synthesized ZnO NPs to prepare the final
mixture. The final volume of the solution was brought to 5mL
by adding DH2O. The solutionwas incubated at 37°C for 20min.
In a further step, the samples were exposed to a temperature
of 70°C for 5min after incubation. Following the procedure
described above, a standard reference solution of diclofenac
sodium with a concentration of 500 µL·mL−1 (1mg·mL−1) was
used to measure the absorbance. A Shimadzu UV-1800 spectro-
photometer (Shimadzu UV-1800 spectrophotometer) was set at
660 nm to obtain accurate results for turbidity measurements.
A phosphate buffer and egg albumin were used to prepare a
blank solution, and the denaturation of the protein was deter-
mined according to the following equation [50]:

( )

( )= ×

Inhibition of protein denaturation %

A660 of Sample/A660 of control – 1 100

(6)

2.10 Statistical analysis

All samples were analyzed in at least triplicate, and the
results were presented as mean ± standard deviation.
Statistical analysis was performed using Office Excel and
Origin 2021.

3 Results and discussion

3.1 Phytochemical screening

A phytochemical study confirmed the presence of numerous
phyto-constituents, as shown in Table 1. The findings indicate
that the plant extract includes many significant phytochem-
icals, such as phenols and flavonoids, which play a role in the
formation of NPs. These chemical groups play a key role in
the green synthesis of ZnO NPs and act as reducing and
stabilizing agents. The hydroxyl groups present in phenols
and flavonoids are used to reduce and stabilize zinc ions,
leading to the formation of ZnO NPs [51].

3.2 Green synthesis of ZnO NPs

Mechanisms for the plant-mediated synthesis of NPs have
been proposed in several studies, and examples of the pro-
posed mechanisms are shown in Figure 2. In general, the

Table 1: Phytochemical screening of C. scariosus extract (+ positive,
− negative)

Test Result

Flavonoids +
Alkaloids +
Glycosides −

Lignin −

Phenols +
Coumarins −

Saponins +
Sterols +
Leucoanthocyanin −

Fatty acid −

Samples were analyzed at least in triplicate, and results are presented as
mean ± standard deviation.
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phytochemicals present in the plant extract facilitate the
conversion of aqueous Zn salt precursors to Zn through a
reduction reaction. Subsequently, oxygen is supplied during
the calcination process, while some phytochemicals contri-
bute to the stabilization of the synthesized NPs. The second
hypothesis states that the phytochemicals and Zn2+ form a
complex that is hydrolyzed to generate Zn(OH)2 and finally
calcined to produce ZnO NPs [52].

Herein, the synthesis of ZnO NPs was carried out in a
two-step procedure, as described in a previously published
methodology by [13]. Initially, Zn(OH)2 was prepared from
(Zn(CH3CO2)2), followed by calcination of this intermediate
at 450°C to obtain ZnO NPs. The potential process of Zn
reduction is the utilization of phytochemicals, especially
polyphenols and flavonoids, present in the polar extract
[53]. These phytochemicals help in the separation of Zn
ions from their solvating anionic counterparts. Subse-
quently, the Zn ions are reduced, which is facilitated by
chelation with the phytochemicals and leads to the forma-
tion of more stable metallic Zn. The appearance of Zn(OH)2,
a precipitate with a white, milky appearance, results from
the binding of the hydroxyl group (OH) of the phytochem-
icals to Zn2+ [54]. The intermediate was heated and dried at
70°C for 6 h and, then calcinated at 450°C to produce ZnO
NPs. It has been shown that the presence of polyphenols in
C. scariosus is characterized by the abundance of hydro-
xide groups (OH). Hydroxide groups are responsible for the
reduction of (Zn(CH3CO2)2) to Zn(OH)2, which is due to the
moderate chemical interactions between antioxidants and
the metal halide. Spectroscopic and microscopic methods
were used to investigate the biogenically synthesized ZnO

NPs mediated by the root extract of C. scariosus. The anti-
bacterial, anti-inflammatory, and antioxidant effects of bio-
genic ZnO NPs synthesized from C. scariosus root extract are
described in more detail.

3.3 UV-Vis spectroscopy of ZnO NPs

The absorption spectra of the ZnO NPs in suspension were
analyzed using a UV-Vis spectrophotometer to determine the
optical properties of these eco-friendly NPs (Figure 3(a)). The
presence of a distinct peak at around 366 nm in the spectrum
confirmed the synthesis of ZnO NPs at the nanoscale, which is
also consistent with previous studies [54,55]. The localized
surface plasmon resonance (LSPR) of NPs is responsible for
the appearance of this peak. The occurrence of this peak can
be attributed to the excitation of free electrons [51]. These
oscillations occur when the NPs are aligned with the spec-
trum of the incident radiation. The results of our study are
in close agreement with the previously documented litera-
ture [51,56].

The analysis of UV-Vis spectroscopy data using the
Tauc equation (Eq. 7) was applied to determine the optical
band gap (Eg) of the biogenically synthesized ZnO NPs:

( ) ( )= −εhv K hv E2
g (7)

Here, h is Planck’s constant, a fundamental constant of
quantum mechanics, ν is the frequency, and ε is the molar
extinction coefficient, a property for quantifying the absorp-
tion of light by a substance. In addition, K is an energy-

Figure 2: Schematic mechanism of the formation of ZnO NPs with the extract of C. scariosus.
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independent constant that remains constant regardless of the
energy used. Finally, n is a parameter that depends on the
type of displacement under consideration. In the case of
materials with a direct allowed band gap, the parameter n
is exactly equal to 2. The typical band gap was calculated by
finding the convergence of the linear section of the graph of
(εhv)2 against hν indicated by the red line in Figure 3(b). An
energy value of 2.88 eV was determined for the ZnO NPs, indi-
cating a lower energy compared to bulk ZnO, which has an
energy value of 3.37 eV [13]. As the band gap energy decreases,
the NPs absorb more wavelengths of light, resulting in a blue
shift in their absorption spectrum, and conversely, as the par-
ticle size decreases, the amount of energy required to absorb
light decreases. The band gap energy of a semiconductor is the
lowest energy required to transfer an electron from the

valence band to the conduction band, and it is proportional
to the maximum photon energy absorbed by the material [57].
By reducing the band gap energy, the NPs can absorb light at
lower energies, resulting in greater light absorption [58].

3.4 FT-IR

FT-IR was used to investigate the elongation of the func-
tional groups of the eco-friendly synthesized ZnO NPs.
Figure 4 shows a representative FTIR spectrum of a pure
plant extract and ZnO NPs, while Table 2 provides an
absorption spectrum with potential functional group
stretching. The absorption peak observed at 522.71 cm−1

corresponds to the pronounced absorption of the Zn–O

Figure 3: (a) UV-Vis spectra of the biogenically synthesized ZnO NPs and (b) band gap energy (Eg) of the biogenically synthesized ZnO NPs using
C. scariosus root extract.

Figure 4: FTIR spectra of C. scariosus root extract and ZnO NPs.
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bond, [59], while the extended stretching of 3,464.15 cm−1

observed at 3,518.16 cm−1 is due to the absorption of hydroxyl
groups, which are mainly found in the structures of carbohy-
drates, tannins, and phenolic compounds [60].

3.5 XRD

XRD was used to validate the crystal structure and evaluate
the purity phase of ZnO NPs. The XRD pattern of ZnO NPs
from C. scariosus roots is shown in Figure 5. The diffraction
peaks visible in the spectra are characteristic of ZnO NPs in
their hexagonal wurtzite phase. The 2θ values of the observed
Bragg reflections were 31.6°, 34.5°, 36.1°, 47.5°, 56.6°, 62.7°, 67.9°,
and 69°, corresponding to (100), (002), (101), (102), (110), (103),
(200), and (112) planes of the wurtzite phase (JCPDS Card No.
36-1451). Comparable trends were observed for ZnO NPs
in several previous studies [61,62]. Our results are also in

agreement with the study by Saemi et al. [63]. The observed
peaks exhibit a considerable degree of crystallinity, as evi-
denced by their precision. No additional identifiable peaks
belonging to foreign phases were identified, proving the exis-
tence of a pure ZnO NPs phase, with the exception of two weak
points, 26.64° and 28.84° apart, which could be due to the plant
extract. In this work, the crystallite or grain size of the green-
produced ZnONPswas determined by examining the XRDdata.
The Scherrer equation (Eq. 8) was used for this purpose, as
follows:

=D Kλ β θ/ cos (8)

where K is the Scherrer’s standard and is equal to 0.9. The
X-ray source used in this study has a wavelength of
0.15406 nm, which is given as λ. β represents the radian
value of the FWHM of the analyzed peaks. In addition, θ
stands for the orientation of the peak in radians. The ana-
lyzed ZnO NPs that were examined exhibited an average
crystal size of 56.91 nm.

Based on the data from “Peak position (Table 3),” the 2θ
(degrees), the interplanar distance (D in Å), and the Miller
indices (hkl) for the different peaks “a” and “c” a hexagonal
crystal structure of ZnO. The interplanar distance dhkl for a
hexagonal structure was defined by the following equation:

=
( + + )

d

h hk k

a

l

c

1 3

4
hkl

2

2 2

2

2

2

Using the above equation, the lattice parameters for
the hexagonal structure of ZnO were precisely determined:
a = 3.252 Å and c = 5.200 Å.

3.6 SEM

The surface morphology of the eco-friendly ZnO NPs was
investigated by SEM [64]. Figure 6 (a–c, different magnifi-
cations and the particle histogram (d)) shows the surface

Table 2: Absorption spectrum with functional group stretching

Sr. No. Frequency of ZnO NPs (cm−1) Frequency of C. scariosus (cm−1) Functional group

1 3,975.29 3,807.48 OH, stretching vibrations
2 3,518.16 3,464.15 Phenol
3 2,972.31 2,908.65 C–H stretch in alkanes
4 2,416.81 — Carboxylic acid
5 2,326.15 2,315.23 C–N
6 1,508.33 1,573.91 C]C stretch in the aromatic ring and C]O stretch

in polyphenols
7 1,490.97 — C–N stretch of amide-I in protein
8 1,215.15 1,230.58 Alkyl ketone
9 1,128.36 — Alkyl amine
10 522.71 — Zn–O

Figure 5: XRD patterns of the biogenic ZnO NPs.
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morphology of the ZnO NPs at various magnifications. The
SEM studies show that most of these particles have a semi-
round shape, with an average diameter of 85.4 nm. Our
findings are in agreement with those of a recently pub-
lished study [65].

3.7 Characterization of ZnO NPs by (EDX)

The elemental characterization of ZnO NPs was performed
using the energy-dispersive X-ray (EDX) technique. The
EDX investigation, shown in Figure 7, demonstrated the

existence of zinc and oxygen signals from ZnO NPs.
Strong Zn signals were observed between 0 and 10 keV,
which is consistent with recent literature [65,66]. The
elemental composition of ZnO NPs was calculated and
found to be 84.27% for zinc and 10.51% oxygen by weight.
This composition suggests that the NPs are in a state of
high purity.

3.8 DLS

3.8.1 Zeta sizer

The dynamic dispersion of light (DLS) method was used to
estimate particle size using the Zetasizer Nano ZS (Malvern
Panalytical). The device is capable of quantifying the dimen-
sions of particles in liquid suspensions in the range of 0.1 nm
to 12.3 µm. The device is capable of detecting a wide range of
sample dispersion levels from a minimum of 0.00001% to a
maximum of 40%. DLS is a method frequently used in colloid
research to determine the particle size in a colloidal solution
[67]. In this study, the average biogenic size of the synthesized
ZnO NPs was calculated. The results of the DLS are shown in
Figure 8(a). The data presented indicate an average particle
size of 80 nm, which is consistent with the results of the SEM
study, as illustrated in Figure 6. Figure 8(a) shows that the

Table 3: Lattice parameters of ZnO wurtzite-hexagonal structure

Peak
position 2θ
(degree)

Interplanar
spacing D (Å)

Miller
indices
(hkl)

Lattice parameter

Lattice
constant

Lattice (Å)

31.6 2.829070446 100 a = b 3.252
34.5 2.597612156 002
36.1 2.486067068 101
47.5 1.912616589 102
56.6 1.624803117 110 c 5.200
62.7 1.480592845 103
67.9 1.3793061 200
69 1.359977962 112

Figure 6: Surface morphology of ZnO NPs with different magnification.
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DLS size is bigger than the crystalline size determined by
XRD. DLS is a faster and cheaper method to measure a large
number of samples than XRD. DLS also provides a much
larger value, which could be due to the hydrodynamic shell.
The size of the hydrodynamic shell of a particle is also likely
to be affected by its shape and roughness [67,68]. The influ-
ence of the physicochemical properties of a nanomaterial,
including its dimensions, morphology, surface area, composi-
tion, and zeta potential, has a great impact on its biological
activities [69].

3.8.2 Zeta potential

The zeta potentials of the biogenically synthesized ZnO NPs
were measured by DLS analysis. The zeta potentials of the ZnO
NPs were measured to be 51.2mV, as shown in Figure 8(b).
Coagulation occurs rapidly between 0 and ±5mV of the zeta
potential, whereas intermediate instability occurs between ±10
and ±30mV, excellent stability between ±40 and ±60mV, and

exceptional stability above ±61mV [70]. Therefore, the ZnONPs
synthesized by us have an overall excellent stability. Our
results are in good agreement with previous literature [71].

3.9 Photocatalytic activity

3.9.1 Photocatalytic degradation of MO

The photocatalytic degradation activity of MO (anionic dye) by
ZnO NPs was carried out under sunlight. It was observed that
the dye underwent a color shift when exposed to sunlight. The
ultraviolet-visible spectra of MO on ZnO NPs exposed to light
are shown in Figure 9(a) at different time intervals. As time
progressed, the dye was removed, as indicated by the
decreasing intensity of the MO peak at λmax of 464 nm.
Figure 9(b) shows that MO degradation reached a peak
value of 79.44% after 120min of irradiation, which is con-
sistent, with previous studies [13,72].

Figure 7: Elemental analysis of the biogenic synthesized ZnO NPs.

Figure 8: (a) Zeta sizer data of ZnO NPs, and (b) zeta potential of the synthesized ZnO NPs.
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3.9.2 Photocatalytic degradation of methyl blue

Under sunlight irradiation, the photocatalytic degradation
activity of MB (a cationic dye) by ZnO NPs was investigated.
Over time, constant exposure to sunlight caused the deep blue
color of the MB dye to change to a lighter shade of blue. Figure
10(a) illustrates the quantitative assessment of the dye’s degra-
dation by recording its UV-Vis spectra at various time intervals,
including 0, 10, 20, 40, 60, 80, 100, and 120min. From the

recorded spectra, the intensity of the characteristic MB peak
at λmax of 665 nm keeps decreasing with time. This indicates
that the dye concentration decreases, and the dye is degraded.
The percentage degradation as a function of time is illustrated
in Figure 10(b). 84.92% of theMBwas degraded on the ZnONPs
catalyst within 2 h, when exposed to sunlight, as shown in this
figure, which illustrates the progressive increase in percentage
degradation over time. Our study showed comparable activ-
ities as previously reported [73,72].

Figure 9: Photocatalytic degradation of MO: (a) ultraviolet-visible spectra of MO on ZnO NPs at different time intervals, and (b) degradation of MO in
the presence of sunlight.

Figure 10: Photocatalytic degradation of methyl blue: (a) ultraviolet-visible spectra of MB on ZnO NPs at different time intervals, and
(b) % degradation of methyl blue in the presence of sunlight.
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3.9.3 Kinetics rate of photodegradation of MO and MB
on ZnO NPs

To investigate the kinetics of this photocatalytic process of
MO and MB dyes, a plot of ln(Ct/C0) versus exposure time
was constructed (Figure 11a and b). The following equation
(Eq. 9) was used to determine a linear relationship:

⎜ ⎟
⎛
⎝

⎞
⎠

= −
C

C
ktln

t

0

(9)

where Ct is the concentration in the time interval t, C0 is the
concentration at time zero of the reaction, and k is the rate
constant, which is determined by squaring the straight
line. A high degree of linearity was found for both dyes,
which shows that the photodegradation of MO and MB is
based on first-order reaction kinetics. While the intercept
value for MO is 0.279 ± 0.03 and has an R2 value of 0.987,
the intercept value for MB is 0.370 ± 0.076, with a correla-
tion coefficient R2 of 0.976. Similar kinetic rate values were
found in a previous study on ZnO catalysts [13].

Table 4 summarizes the results of the comparison of
the photocatalytic performance of the synthesized ZnO NPs
with the results of a previous study that used the green
synthesis technique for the photodegradation of MB and
MO dyes. In this study, the ZnO NPs showed exceptional
photocatalytic activity for both MB and MO dyes when
exposed to sunlight.

3.9.4 Photocatalysts and photocatalytic mechanisms

The three types of semiconductor heterojunction config-
urations are based on the bandgap energies [77]. In the
straddling-gap structure (type 1), semiconductor 2 has a
larger negative capacitance (CB) and a larger positive
valence (VB) than semiconductor 1. According to the prin-
ciple of carrier transfer, electrons, and holes accumulate in
semiconductor 1 at a lower Eg. Due to a smaller Eg, recom-
bination of carriers may charge carrier recombination
might occur, leading to a decrease in photocatalytic

Figure 11: Kinetic study of ln(Ct/C0) versus exposure time for first-order photocatalytic degradation of (a) MO and (b) methyl blue.

Table 4: Compression of ZnO NP photocatalytic degradation with previous literature

Plant Dye Light source Degradation efficiency (%) Irradiation time (min) Ref.

Sargassum muticum MB Natural sunlight 96 120 [74]
Cassia fistula MO UV 84 120 [75]
Wild olive MO Natural sunlight 92 90 [76]
O. europaea MB Natural sunlight 75 180 [13]

MO 87
ZnO NPs MO Natural sunlight 79.44 120 This work

MB 84.92
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efficiency. Both the CB and VB of semiconductor 2 are more
negatively correlated with each other in a staggered gap
arrangement (type 2) than in semiconductor 1. Hence, holes
migrate from semiconductor 1 to 2, while electrons migrate
from semiconductor 2 to semiconductor 1. Due to the
division of charge carriers between two semiconductors,
type 2 offers superior electron-hole separation compared
to type 1. In the third type of broken gap, semiconductor 2
has higher CB and VB than semiconductor 1 so, the inter-
face of the semiconductor prevents electrons and holes
from accessing their respective bands. This occurs due to
the energy barrier that hinders the passage of charge
carriers at the interface [78]. The type 2 semiconductor
heterojunction structure is the most common of the three
heterojunction structures. It enhances the photocatalytic
reaction by preventing the recombination of charge carriers
during electron transfer and promoting effective separation
of the photogenerated electrons [79].

Dye-based model molecules for the photocatalytic activity
of semiconductors can interact with degradation intermediates
that absorb at the wavelength of the dye [80]. Sensitive dyes
can be degraded due to photocatalysis, dye sensitization, or
both [81]. Therefore, to evaluate the efficacy of the synthesized
catalyst and to understand the degradation process, it is impor-
tant to distinguish between these two effects. Based on pre-
vious research and our findings [82,13], Figure 12 shows the
photocatalytic degradation mechanism of MB and MO on ZnO
NPs. The photocatalytic degradation of ZnO typically involves
the following processes (Eqs. 10–13):

+ → + +− +hνZnO ZnO e h (10)

+ →− −
eO O2 2

˙ (11)

+ → ++ +h H O OH˙ H2 (12)

( )+ + →

+ +

−
OH˙ O organic dye MO/MB min eral acids

CO H O.

2

˙

2 2

(13)

3.10 Antibacterial activity

Antibiotic resistance is a major problem in healthcare in
emerging and industrialized countries. The increasing incidence
of multidrug-resistant illnesses has a significant impact on cur-
rent antibiotic therapy [70,59]. Hence, it is essential to explore
alternative reservoirs of antimicrobial agents, such as plant-
derived nanomaterials, which contain a variety of bioactive
components with proven therapeutic attributes [59]. In the cur-
rent situation, the use of environmentally benign techniques for
the production of metallic NPs has been recognized as a highly
beneficial development.

The current results indicate that biologically synthe-
sized ZnO NPs have a remarkable antimicrobial impact on
all bacterial strains tested in the study. This study showed
significant antibacterial activity as evidenced by the inhibi-
tion zones for Listeria monocytogenes (ATCC 13932) (18mm),
Staphylococcus epidermidis (ATCC 12228) (20mm), Escherichia
coli (ATCC 10536) (16mm), and Bordetella bronchiseptica
(ATCC 4617) (14mm). The negative control (DH2O) showed no
zone of inhibition when tested against these bacterial strains
(see Figure 13). In addition, the biogenically produced ZnO NPs
were found to have antibacterial activity almost equivalent to
that of the positive control (ceftriaxone sodium). Zinc oxide has
antibacterial activity because it has a stronger affinity for the
amines and carboxyl groups that are frequently present on
bacterial surfaces [61]. Due to its large surface area, ZnO NPs

Figure 12: Possible photocatalytic degradation mechanism of MO and MB dyes.
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can have a larger antibacterial impact since they have greater
possibilities to interact with microorganisms [83]. The resultant
zinc ions may bind to DNA molecules, leading to cross-linking
within and between strands and possibly destabilizing the helical
structure of DNA [84]. Zinc ions also inhibit the biological pro-
cesses that occur within bacterial cells [83]. It was shown that the
antibacterial activity against Gram-positive bacteria was much
higher than against Gram-negative bacteria. Gram-positive bac-
teria exhibit higher antibiotic resistance compared to Gram-
negative bacteria owing to distinct structural differences in
their cell walls [14,84]. Our results are in full agreement with
several recent research studies [85,86,59]. Our results were
also in agreement with the study by Rezazadeh et al. [87].

In this study, the broth dilution assay was used to deter-
mine the MIC against Listeria monocytogenes (ATCC#13932),
Staphylococcus epidermidis (ATCC#12228), Escherichia coli
(ATCC#10536) and Bordetella bronchiseptica (ATCC#4617).
The values of the MIC are listed in Table 5. The results
show that the MICs of ZnO NPs were 30 and 20 μg·mL−1 for
Listeria monocytogenes (ATCC#13932), Staphylococcus epi-
dermidis (ATCC#12228), and 40 and 70 μg·mL−1 for Escher-
ichia coli (ATCC#10536) and Bordetella bronchiseptica
(ATCC#4617), respectively. This indicates that the synthesized
ZnO NPs effectively inhibit the growth of these four pathogens
at relatively low concentrations. The current MIC data support
previous results by showing that the Gram-negative bacterial
strains Escherichia coli (ATCC#10536) and Bordetella bronchisep-
tica (ATCC#4617) are more resistant to ZnO NPs than the Gram-
positive bacterial strains Listeria monocytogenes (ATCC#13932),

and Staphylococcus epidermidis (ATCC#12228) [85]. This could be
due to variations in the composition of their cell walls or to lipo-
polysaccharides that block the positive charges of ZnO NPs and
reduce the susceptibility of Escherichia coli (ATCC#10536) and
Bordetella bronchiseptica to ZnO NPs. The results show that
ZnO NPs have a significant antibacterial effect on the investi-
gated microbes. The enhanced antibacterial activity is attrib-
uted to the bioactive compounds present in the extract that
cape the NPs and to the larger surface area of the NPs.

3.11 Antioxidant activity

3.11.1 Ferric-reducing antioxidant assay (FRAP)

The FRAP was used to measure antioxidant activity. A sec-
ondary antioxidant, ascorbic acid, was used to prepare the

Figure 13: Antibacterial activity of the biogenic synthesized ZnO NPs (a) Listeria monocytogenes (ATCC 13932): ((a) positive control (19 mm), (b) ZnO NPs
(18 mm), (c) plant root extract (8 mm), (d) negative control DH2O (0 mm)). (b) Staphylococcus epidermidis (ATCC 12228): ((a) positive control (21 mm), (b)
ZnO NPs (20 mm), (c) plant root extract (7 mm), (d) negative control DH2O (0 mm)). (c) Escherichia coli (ATCC 10536): ((a) positive control (18 mm), (b)
ZnO NPs (16 mm), (c) plant root extract (6 mm), (d) negative control DH2O (0 mm)). (d) Bordetella bronchiseptica (ATCC 4617): ((a) positive control
(17 mm), (b) ZnO NPs (14 mm), (c) plant root extract (6 mm), and (d) negative control DH2O (0 mm)).

Table 5: Inhibition zone (mm) and MIC of ZnO NPs

Bacterial strains Zone of
inhibition (mm)

MIC (μg·mL−1)

Listeria monocytogenes 18 30
Staphylococcus
epidermidis

20 20

Escherichia coli 16 40
Bordetella bronchiseptica 14 70

Samples were analyzed at least in triplicate, and results are presented as
mean ± standard deviation.
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reference standard solution as it neutralizes free radicals
and prevents further chain reactions. The hydroxyl groups
in vitamin C are powerful antioxidants due to their polyhy-
droxyl structure and their capacity to neutralize free radicals
[16]. The precipitated potassium ferrocyanide complex (K3Fe
(CN)6) was removed with a TCA solution. The addition of FeCl3
leads to the formation of a complex with a gradation of green
to blue, a complex often referred to as “Blue Berlin.” The
reduction capacity of reduction was possibly an indicative
feature of the antioxidant activity. The aim of the study was
to evaluate antioxidants based on their ability to reduce ferric
ions (Fe3+) and ferrous ions (Fe2+) ions. Figure 14(a) shows
that the inhibition ranged from 33.7 to 66.29 µg (AAE µg·mL−1)
between 100 and 500 µL, as measured by an ascorbic acid
standard curve. The synthesized NPs exhibit antioxidant cap-
abilities associated with the stabilization of radicals through
various processes, including direct proton transfer, electron
transfer, hydrogen atom transfer, and sequential proton loss
and electron transfer [88]. Overall, the biosynthesized ZnO
NPs showed considerable antioxidant potential in ferric reduc-
tion antioxidant potential, which is confirmed by recent pub-
lications in the literature [44,88,89].

3.11.2 DPPH assay

The DPPH assay is a frequently used strategy for the quan-
titative assessment of the antioxidant potential of diverse
substances. In this experimental design, DPPH serves as a
resilient free radical that is involved in a chemical reaction
with hydrogen or electrons provided by the sample. This
interaction results in a striking color change from purple to
yellow, as a diphenyl picrylhydrazine compound is formed.
The antioxidant capabilities of ZnONPs were evaluated in addi-
tion to ascorbic acid using a spectrophotometer (Shimadzu UV-
1800 spectrophotometer). The results showing the percentage of
radical scavenging activity (% RSA) are presented in Figure
14(b). The study showed that all concentrations tested exhibited
significant radical scavenging capabilities. The ability to reduce
free DPPH ions was highest (57.44 µg) (AAE µg·mL−1) when the
concentration was 500μL (1mg·mL−1) for ZnO NPs. The synthe-
sized ZnO NPs show greater free radical scavenging activity
than the plant root extract and are almost similar to ascorbic
acid. The findings presented here are in agreement with pre-
vious studies documented in the literature [90]. Numerous
antioxidant chemicals are involved in the capping and

Figure 14: Antioxidant activities of biogenically synthesized ZnO NPs: (a) FRAP assay, (b) DPPH assay, (c) TPC assay, and (d) TFC assay.
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stabilization of NPs. The production of reactive oxygen species
(ROS) by plant metabolic pathways under environmental
stresses damages the membrane lipids, cell tissue, genome,
and peptides. Researchers have found that flavonoids, terpe-
noids, and oxidative anti-stress regulators are some of the
metabolically important substances that can contribute to
the encapsulation and stabilization of NPs [64].

3.11.3 Total phenolic content (TPC)

The total phenolic content of the biogenic ZnO NPs and the
C. scariosus extract was estimated using the Folin–Ciocalteu
assay by establishing a standard curve with gallic acid (GA)
based on the absorbance–concentration relationship. A linear
calibration curve with y = 0.0019x and R2 of 0.9659 was deter-
mined from the standard curve with GA. It was shown that
the ZnO NPs have a dose-dependent scavenging activity, as
shown in Figure 14(c). The calibration curve equation indi-
cated that the phenolic content of ZnO NPs at a concentration
of 500 µL (57.63 GAE µg·mL−1) was higher than that of the
plant extract and compared to the standard.

3.11.4 TFC

The total content of flavonoids in the green synthesized ZnONPs
is illustrated in Figure 14(d). The calibration curve derived from
the standard analysis (quercetin) was linear, with y = 0.0002x
andR2= 0.9883. The scavenging activity of ZnONPswas found to
be dose-dependent for the TFC. The calibration curve equation
indicated that the ZnONPs at a concentration of 500 µL exhib-
ited the maximum TFC (70.59 µg QCE µg·mL−1), which was
greater than the plant extract (49.14 µg QCE µg·mL−1) at the
same concentration and almost comparable to the standard.

3.12 Anti-inflammatory activity

There is a common belief that medicinal plants represent a
considerable reservoir of unique chemical compounds that

can provide therapeutic advantages. Investigating the flora
for novel anti-allergic medicines with traditional uses is a
sensible research strategy. Inflammation can cause adverse
effects and lead to hypersensitivity reactions that can be fatal
and cause persistent organ damage [16]. Non-steroidal anti-
inflammatory drugs (NSAIDs) are able to inhibit protein dena-
turation, a process that triggers the production of antigens and
subsequently leads to the development of autoimmune dis-
eases [91]. Protein denaturation is recognized as an impor-
tant factor in the inflammatory response of the human body,
particularly in the context of inflammatory diseases such as
rheumatoid arthritis. The primary mode of action of NSAIDs
involves the inhibition of protein denaturation [92]. Hence, it
could be hypothesized that the observed anti-inflammatory
effects of ZnO NPs are due to their ability to suppress protein
denaturation. The anti-inflammatory effect of C. scariosus
showed a dose-dependent response, as shown in Table 6.
Themaximum concentration (500 µg·mL−1) of the synthesized
ZnO NPs exhibited a value of 84.12%, whereas the minimum
concentration (100 µg·mL−1) of the synthesized ZnONPs demon-
strated a value of 16.50%. The results of this study show that the
ZnO NPs were encapsulated by the secondary metabolites from
the C. scariosus tuber root extract. Due to inhibition of neutro-
phils, the lysosomal components are at the site of inflammation,
as demonstrated by the application of secondary metabolites
from the plant extract. Following their release into the extra-
cellular environment, bactericidal and proteolytic enzymes
housed in the lysosomes contribute to exacerbating inflamma-
tion and causing tissue damage [72].

4 Conclusions

The present work provides a simple, rapid, cost-effective,
and environmentally sustainable approach for the synth-
esis of biogenic ZnO NPs using C. scariosus root extract as a
bio-reducing and capping agent. The synthesis of ZnO NPs
was detected and confirmed by an absorption band at
366 nm, consistent with a localized surface plasmon

Table 6: Determination of the percentage inhibition of protein denaturation

Concentration (µL) (1 mg·mL−1) C. scariosus (% inhibition) ZnO NPs (% inhibition) Diclofenac sodium (500 µL) (1 mg·mL−1)
(% inhibition)

100 5.50 16.50
200 8.14 54.49
300 18.51 70.37 87.30159
400 31.21 83.06
500 34.39 84.12

Samples were analyzed in at least triplicate, and results are presented as mean ± standard deviation.
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resonance (LSPR). The investigated ZnO NPs exhibit discrete
photocatalytic degradation. Moreover, the synthesized ZnO
NPs exhibit remarkable antibacterial potential against both
Gram-positive and Gram-negative bacteria, as well as antiox-
idant and anti-inflammatory properties. Therefore, biogeni-
cally synthesized ZnO NPs have the potential to be used in
environmental remediation and medical contexts, especially
as an alternative therapy to marketed drugs, which are
always associated with some side effects.
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