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Chemical syntheses of nanoparticles that release toxic substances into the environment rarely meet the
strict requirements of green chemistry principles. Instead, green synthesis of nanoparticles using plant
extracts brings a safe, rapid, and effective process, contributing to solving environmental pollution
problems. Here, we report the green synthesis of multifunctional ZnO nanoparticles (ZnONPs) using
aqueous extracts of E. prostrata leaves and P. longum fruits. The XRD results affirmed the existence of
hexagonal crystalline ZnONPs with particle sizes of 17-30 nm. The optical analysis revealed bandgap
energies of 3.10 eV and 3.16 eV for ZnONPs biosynthesized using E. prostrata and P. longum extracts,
respectively. The synthesized ZnONPs showed potential antioxidant activity through DPPH and ABTS
methods. Among the antibacterial outcomes against pathogenic bacterial strains (S. aureus, B. cereus, E.

coli, and S. typhimurium), ZnONPs exhibited the highest zone of inhibition (18.5 mm) for S. aureus.
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photocatalysts in the degradation of crystal violet with degradation efficiencies of 95.64% and 99.90%,
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1 Introduction

Currently, nanoparticles (NPs) are garnering significant atten-
tion across various domains, including catalysis, electronics,
and biomedical sciences, due to their tiny size and high surface
area.' Notably, metal oxide (M-O) NPs are widely acknowledged
for their versatile applications such as sensors, catalysts, anti-
microbial agents, cosmetics, and energy storage devices.”™
Among these NPs, zinc oxide nanoparticles (ZnONPs) exhibit
exceptional optical, semiconducting, antifungal, antioxidant,
and antibacterial properties.>®* ZnONPs possess a wide band
gap, high chemical stability, a high electron transfer rate,
biocompatible substances and minimal toxicity.” Importantly,
ZnONPs have been recognized as a safe metal oxide by the US
Food and Drug Administration (FDA). Consequently, ZnONPs
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respectively. Therefore, biosynthesized ZnONPs hold significant promise as antioxidants, antibacterial

can be adopted as antioxidant and antibacterial agents in
surface coatings for food containers and within biological
systems.®

Various methods, including chemical precipitation,® phys-
ical vapor deposition,* hydrothermal,"* sol-gel," ultrasound-
assisted,'® thermal decomposition,** green synthesis,"> micro-
wave-assisted,'® ball milling,"” and others, have been employed
for synthesizing ZnONPs. Among these approaches, green
synthesis has attracted considerable attention for its ability to
overcome the limitations of conventional chemical and physical
synthesis of NPs, such as the use of expensive and toxic chem-
icals, dependence on specialized equipment, and the substan-
tial generation of chemical waste that can harm the
environment and impact application areas.” By contrast, the
use of green synthesis offers advantages such as cost-
effectiveness, the generation of non-toxic byproducts, ease of
scaling up for large-scale production, and improved biocom-
patibility, particularly in clinical applications.”

Different parts of plants (leaves, flowers, roots, etc.) are
available in phytochemicals and biomolecules, including poly-
phenols, flavonoids, alkaloids, saponin, terpenoids, amino
acids, proteins, tannins, and glycosides.”*** These compounds
play a crucial role in reducing metal ions and acting as capping
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agents to minimize nanoparticle aggregation, making them
ideal candidates for the green synthesis of zinc oxide nano-
particles (ZnONPs).>**' This method is noted for its ease of
synthesis, affordability, and safety.

Recent studies have utilized the C. jambhiri Lush. leaf extract
to prepare ZnONPs for investigating their photocatalytic appli-
cations.” Extracts of leaves from C. reticulata,”® and P. pinnata™
have been employed for the synthesis of ZnONPs. The bacterial
and photocatalytic activities of the resulting ZnONPs were also
studied. Indeed, Venkatesan et al.*® reported the preparation
ZnONPs using E. milii leaf constituents to catalyze the decom-
position of methylene blue under direct solar light irradiation.
Additionally, ZnONPs synthesized using leaf extracts from two
medicinal species, C. fistula and M. azedarach, demonstrated
bactericidal applications against two clinical strains of S. aureus
and E. coli.*

False daisy, scientifically identified as Eclipta prostrata L. and
a member of the Asteraceae family, is commonly grown in
tropical and subtropical regions such as Asia and Africa. This
versatile herb features multiple branches, reaching heights of
about 20-90 cm, and strigose leaves measuring approximately
2.2-8.5 cm long. The flowers are white or yellow and arranged in
compact clusters. E. prostrata has been utilized in ancient
healing traditions to address various conditions such as loose
teeth, hemorrhagic, hepatic and renal issues, whitening of hair,
dizziness, diabetes, respiratory problems, tuberculosis and
more.”” E. prostrata yields a diverse range of chemical
compounds, including alkaloids, flavonoids, steroids, sapo-
nins, alkenynes, triterpenes, polyacetylenes, polypeptides and
carbohydrates, all of which have been successfully isolated and
identified.”®

Piper longum L., belonging to the Piperaceae family, is
predominantly cultivated for its fruits and grows across India,
Indonesia, Brazil, Philippines, Myanmar, Vietnam, Thailand,
and other regions.” These plants are traditionally valued for
their anticancer, spasmolytic, antidiabetic, anti-inflammatory,
antimicrobial, hepatoprotection and cardioprotection proper-
ties. They are commonly used to treat conditions such as cough,
constipation, stomachache, asthma and spleen-related
diseases.>*® The oblong, blunt and blackish-green P. longum
fruits, measuring approximately 2.5-3.5 cm in length and 5 mm
in thickness, showcase a spectrum of pharmacological activi-
ties.** These include anticancer, anti-inflammatory, antimicro-
bial, antioxidant, immunomodulatory, larvicidal,
hepatoprotective, antiplatelet, antihyperlipidemic, and anti-
fungal properties.>” They contain numerous alkaloids such as
rosin, piperchabaoside, guineensine, and piperlongumine,
alongside compounds like lignans, esters, volatile oils, proteins,
tannins, saponins, amino acids, phenols, starch, and carbohy-
drates.**** Due to the presence of these constituents, both E.
prostrata and P. longum extracts play a pivotal role in bio-
reducing metal ions to nano-scale dimensions and acting as
capping agents for nanoparticles. This capability is critical for
achieving stability and biocompatibility in nanoparticle
synthesis. Moreover, their rich chemical composition and
associated medicinal benefits highlight their potential for effi-
cient green synthesis of nanoparticles.
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The primary objective of this study is to propose an eco-
friendly and effective approach to synthesize ZnONPs using
plant extracts from E. prostrata and P. longum as natural
reducing and capping agents. The prepared ZnONPs under-
went a detailed investigation to assess their structural, vibra-
tional, optical, morphological, zeta potential, compositional,
and band-gap properties through analytical techniques.
Furthermore, the antibacterial activity of the synthesized
ZnONPs was assessed against four bacterial strains: S. aureus,
B. cereus, E. coli, and S. typhimurium. Additionally, the photo-
catalytic activity of ZnONPs was investigated by studying their
ability to degrade an organic pollutant, specifically crystal
violet dye. This study contributes to the green chemistry field
by demonstrating the potential of plant extracts in the fabri-
cation of multi-functional ZnONPs for wastewater treatment
and biomedical engineering.

2 Materials and methods

2.1. Materials and characterization

Chemicals, raw materials (E. prostrata and P. longum), bacterial
strains, and characterization are detailed in the ESI.t

2.2. Preparation of aqueous plant extracts

E. prostrata and P. longum were cleaned using distilled water to
eliminate undesired impurities. The raw precursors were dried
at 50 °C using an air drier to remove moisture. Then, the dried
plants were finely ground using an electric mixer. For the
extraction process, 2 g of the prepared powder was immersed in
100 mL distilled water and the mixture was magnetically
agitated at 60 °C in 1 h. Subsequently, the mixture was filtered
through Whatman No. 1 filter paper and the resulting super-
natant was stored at 4 °C for further experiments.

2.3. Synthesis of ZnONPs using aqueous extracts of E.
prostrata and P. longum

The green ZnONPs were fabricated based on a method pub-
lished in a previous study.* Initially, 80 mL of 0.1 M Zn(CHj;-
COO0), solution was combined with 30 mL of the aqueous
extract of E. prostrata or P. longum. The resulting solution
underwent stirring for 120 min at 80 °C. Subsequently, the pH
of this mixture was adjusted to 7 using a 2 M NaOH solution and
stirred continuously at 80 °C for another 60 min. Following this,
centrifugation at 5000 rpm was carried out for 30 min to isolate
the precipitate. This solid was then washed with deionized
water and ethanol and then air-dried at 80 °C for 12 h. Finally,
the obtained samples using E. prostrata or P. longum extract
were calcined at 500 °C for 4 h in an air environment, denoted
as ZnO_EPE and ZnO_PLE, respectively. The flow chart for the
synthesis of ZnONPs is thoroughly described in Fig. 1.

2.4. Antibacterial, antioxidant, and photocatalytic activities
of ZnONPs

Antibacterial, antioxidant, and photocatalytic activities of
ZnONPs are described in the ESL{

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of green synthesis of ZnONPs.

3 Results and discussion

3.1. Phytochemical test and the mechanism for green
synthesis of ZnONPs

The role of phytochemicals derived from extracts of E. prostrata
and P. longum in the reduction and stabilization of ZnONPs was
assessed using qualitative analysis methods. The results in
Table 1 showcase the presence of flavonoids, saponins, steroids,
phenolics, and tannins in the E. prostrata extract, while the P.
longum extract contains alkaloids, flavonoids, saponins,
phenolics, terpenoids, and tannins. Furthermore, the phenolic
and flavonoid contents of the aqueous extracts of E. prostrata
and P. longum were determined using the quantitative analysis
method, as shown in Table 2. The results indicate that the
phenolic content in the E. prostrata extract (37.72 mg GAE per g)
was higher than that in the P. longum extract (20.83 mg GAE per
2). A similar trend is observed for flavonoid content, with the
total content of flavonoids (20.83 mg QE per g) in the E.

Table 1 Phytochemical screening of E. prostrata leaf and P. longum
fruit extracts

Results®

Phytochemicals E. prostrata extract P. longum extract
Alkaloids - +++
Anthocyanins - -

Flavonoids +++ ++

Glycosides - -

Saponins +++ —

Steroid ++ -

Phenolic compound 4+ ++

Terpenoid - ++

Tannins o+ ++

¢ (++4): indicates high intensity, (++) indicates medium intensity, (+)
indicates presence, and (—) absence of phytochemical constituents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prostrata extract being higher than that in the P. longum extract
(5.82 mg QE per g).

The precise mechanism of ZnONP production using the
plant extracts remains incompletely understood, presenting
a notable challenge for academic societies. At present, phyto-
chemicals play an important role as reducing, capping and
stabilizing agents in the synthesis of metal oxide nanoparticles,
thereby controlling their size. In this study, the presence of
phenolics, alkaloids, tannins and flavonoids containing -OH
and -NH, groups in the E. prostrata and P. longum extracts
facilitates the formation of ZnONPs.** The proposed mecha-
nism for the formation of ZnONPs involves three main stages,
as illustrated in Fig. 2. Firstly, the phytochemicals in the E.
prostrata or P. longum extracts act as chelating agents, forming
stable complexes with Zn>" ions. Secondly, a hydrolysis reaction
transforms these complexes into Zn(OH),. Thirdly, calcination
is employed to remove the phytochemicals and convert Zn(OH),
into ZnO, initiating a growth phase through electrostatic
interaction, leading to the formation of ZnONPs.

3.2. Effect of pH and [Zn*']

The formation of ZnONPs is remarkably reliant on pH, which
changes the electrical charges of biochemical compounds
present in the plant extract. This modification may alter their
ability to reduce, cap and stabilize, consequently influencing
the growth of the nanoparticles.’” The formation of ZnONPs in
the presence of either the E. prostrata leaves or P. longum fruit
extract was conducted across a pH range of 7-10. Fig. 3 illus-
trates the XRD pattern of the ZnONPs synthesized through the
green process, depicting pH changes during the ZnO nano-
particle synthesis. The diffraction peaks of ZnO_EPE conducted
at pH 7 were observed at 32.13°, 34.78°, 36.61°, 47.88°, 56.94°,
63.20°, 66.72°, 68.28°, 69.40°, 72.88°, and 77.30°. Additionally,
ZnO_EPE peaks for pH 8 exhibited diffraction angles (26) of
32.01°, 34.66°, 36.48°, 47.77°, 56.82°, 63.09°, 66.63°, 68.17°,
69.29°, 72.79°, and 77.19°. Similarly, the peaks of ZnO_EPE at
PH 9 were positioned at 32.09°, 34.74°, 36.57°, 47.86°, 56.91°,

Nanoscale Adv., 2024, 6, 4885-4899 | 4887
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Table 2 The amount of the phenolic and flavonoid compounds in the aqueous extracts of E. prostrata leaf (EPE) and P. longum fruit (PLE).

Abbreviations: GAE, gallic acid equivalents; QE, quercetin equivalents

Phenolic compounds

Flavonoid compounds

Sample (mg GAE per each gram of the sample) (mg QE per each gram of the sample)
EPE 37.72 20.83
PLE 15.23 5.82
Eclipta prostrata Piper longum
@ o0 i):
o 4 ¢ e
Aqueous extract l A ﬁl/lo \g/ .

ol

OH
OH ©

(> = Phytochemical O =Zn(OH), O =ZnO NPs

\ [} ( D
\i/
4+ Zn?*——> HO, /Z" OH —> /
Ho o . H\/A o O 1>
OGN o |3
OH \ 5
-} QXL

’ ~ Calcnstion .‘

Fig. 2 Plausible mechanism for green synthesis of ZNONPs using quercetin as one of the phytochemicals in the agueous extract of E. prostrata

leaves and P. longum fruits.

63.17°, 66.70°, 68.26°, 69.38°, 72.87°, and 77.26°. Furthermore,
diffraction peaks of ZnO_EPE at pH 10 displayed 26 values of
32.04°, 34.70°, 36.52°, 47.81°, 56.85°, 63.12°, 66.68°, 68.21°,
69.32°, 72.79°, and 77.21°. These 26 values aligned with
diffraction planes (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202), respectively, matching with the
hexagonal wurtzite structure of ZnONPs (JCPDS no. 36-1451).%
Importantly, the XRD pattern of ZnO_EPE showed no impurity
peaks, affirming the pure nature of ZnO_EPE.

The average particle sizes of ZnO_EPE nanoparticles at pH 7,
pH 8, pH 9, and pH 10, determined based on the most intense
diffraction peak at 20 = 36° (101) using the Debye-Scherrer
equation, were 17.30 nm, 17.62 nm, 20.73 nm and 18.09 nm,
respectively. Similar observations were noted in ZnO_PLE. The
XRD pattern of ZnO_PLE at different pH values showed
diffraction peaks located around 32° (100), 34° (002), 36° (101),
47° (102), 56° (110), 63° (103), 66° (200), 68° (112), 69° (201), 72°
(004), and 77° (202), indicating that ZnO_PLE nanoparticles

exhibit a fine hexagonal crystalline structure. The absence of
diffraction peaks rather than peaks of ZnONPs suggests that the
ZnONPs were uncontaminated by additional phase impurities,
underscoring their elevated phase purity. The average crystallite
sizes of ZnO_PLE nanoparticles at pH 7, pH 8, pH 9, and pH 10
were found to be 26.23 nm, 27.74 nm, 29.47 nm, and 27.77 nm,
respectively. The outcomes showed that crystallite sizes of
ZnO_EPE as well as ZnO_PLE gradually increased with increase
in pH, and a slight decrease occurred at higher pH owing to the
dissolution of ZnONPs, leading to smaller particle sizes and
agglomeration.*

The impact of Zn>* concentrations on the particle size of
both ZnO_EPE and ZnO_PLE was determined at different
concentrations (0.05-0.2 M). The XRD pattern of all samples in
Fig. 4 shows the peaks at 32°, 34°, 36°, 47°, 56°, 63°, 66°, 68°,
69°, 72°, and 77°, which correspond to the hexagonal crystalline
structure of ZnONPs. The average crystallite sizes of ZnO_EPE at
Zn*' concentrations of 0.05 M, 0.10 M, 0.15 M, and 0.20 M were

ZnO_EPE " - ZnO_PLE , B ‘
g s g | —
g = 5 = 2 T B s
g g g g3 ¢ 3 i g i g .85 o =«
pH 10 A A A2 & B pH 10 X A 832 &8 8
h Hﬂ
z 5
g pHY A ~ A A ko pHY A '\ A An
Jul A Jul e
A A
A L wils H7 | \
i M . T T T T T
T T T ] T
20 30 40 50 60 70 80 20 30 40 50 60 70 80

20 (degree)

26 (degree)

Fig. 3 XRD pattern of (A) ZnO_EPE and (B) ZnO_PLE synthesized at different pH values.
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Fig. 4 XRD pattern of (A) ZnO_EPE and (B) ZnO_PLE synthesized at different Zn?* concentrations.

calculated to be 20.32 nm, 17.67 nm, 18.55 nm and 18.97 nm,
respectively. Similarly, the corresponding average crystallite
sizes of ZnO_PLE were found to be 26.23 nm, 22.07 nm,
21.29 nm, and 23.27 nm. According to these results, a rise in
[Zn**] tended to lower the crystallite size of ZnONPs. This
phenomenon could be explained by an increase in Zn>*
concentration up to an optimum level subsequently facilitating
accelerated particle growth, yielding nanoparticles of smaller
size. However, at higher [Zn®"], the ZnONP size slightly
increased. At higher [Zn**] in the reaction mixture, it is possible
to observe the shortage of functional groups, enhancing
aggregation of growing nanoparticles, giving rise to bigger size
nanoparticles.*’ Kaningini et al.*' reported that concentrations
of zinc nitrate hexahydrate up to 1 g lead to the formation of
a smaller crystallite size of ZnO nanoparticles, while the crys-
tallite size increased at 5 g of zinc nitrate hexahydrate.

3.3. Surface chemistry

Surface chemistry analysis identifies chemical bonds present in
both the plant extract and the synthesized ZnONPs. The spectra
of the EPE extract and ZnO_EPE nanoparticles are shown in
Fig. 5a and b. The FTIR spectrum of EPE (Fig. 5a) reveals bands
at 3436 cm ' referring to O-H stretching of phenolic
compounds, at 2974 ecm ' for ~CH stretching vibration, at
1643 cm™ ' for C=C stretching of aromatic compounds such as

Transmittance (%)

DT L R ——

| EPE
| ———2n0_EPE

T T T T T
2500 2000 1500 1000 500

Wavenumber (cm™)

T
4000 3500 3000

Fig. 5 FTIR spectra of (a) EPE, (b) ZnO_EPE, (c) PLE and (d) ZnO_PLE.

© 2024 The Author(s). Published by the Royal Society of Chemistry

flavonoids, at 1394 cm™' for C-H bonds in aldehydes, at
1054 cm™! for C-O ether stretch, and at 879 cm™' for N-H
amine stretch. These results are in good agreement with those
reported by Maheswari et al.** The FTIR spectrum (Fig. 5b) of
ZnO_EPE nanoparticles exhibited a characteristic band at
around 460-490 cm™ " corresponding to the stretching vibra-
tions of Zn-0.* A broad peak at 3515 cm ™" could be attributed
to the ~OH group and surface water of ZnO_EPE nanoparticles.
Meanwhile, the spectra of the PLE extract and ZnO_PLE nano-
particles are shown in Fig. 5c and d. The peaks of PLE were
observed at 3305 cm™ " (-OH stretching vibration), 2927 cm ™" (-
CH stretching of aromatic compound), 1636 cm ' (C=C),
1445 cm™* (-OH bond of polyphenols), and 1038 cm™* (C-O-
C).** Similar to the FTIR spectrum of ZnO_EPE, a characteristic
peak at around 460-490 cm ' is present, assigned to Zn-O
bonds of ZnO_PLE nanoparticles.*

3.4. Optical properties

The optical absorption behavior of biosynthesized ZnO_EPE
and ZnO_PLE nanoparticles was assessed using UV-DRS
profiles, as shown in Fig. 6A. The spectra revealed that the
absorption band edges at 415 nm for ZnO_EPE and 407 nm for
ZnO_PLE may be attributed to the electron transition from the
valence band (VB) to the conduction band (CB), corroborating
prior research findings.”” To further analyze the optical

T T —

3302 =
2027 - - em—
2856 = 3

Transmittance (%)

2867

-PLE
e ZnO_PLE

T T T
2500 2000 1500

Wavenumber (cm™)

T
3500 3000
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Fig. 6 (A) UV-Vis DRS profiles, (B) UV-Vis spectra,
spectra of ZnO_EPE and ZnO_PLE.

properties, the Kubelka-Munk function (eqn (2)) is employed to
transform diffuse reflectance data into absorption coefficients
(@). As illustrated in Fig. 6B, absorption bands at 381 nm and
375 nm are observed for ZnO_EPE and ZnO_PLE nanoparticles,
consistent with existing literature.*® The bandgap energy of
ZnO_EPE and ZnO_PLE was measured using the Kubelka-
Munk function (eqn (1)) and Tauc's equation (eqn (2)), as
follows:

F(RE) = (1 — RE)!(2 x RE) (1)

(2)

where R, E, h, B, v, n and E, represent the reflectance coefficient,
photon energy, Planck constant, a constant coefficient,
frequency, the type of optical transition of the semiconductor
(for indirect transition n = 1/2 and for direct transition n = 2)
and bandgap energy, respectively. Direct bandgap values are
determined to be 3.10 eV for ZnO_EPE and 3.16 eV for ZnO_PLE,
corresponding to indirect bandgap values of 2.84 eV and
2.90 eV, as depicted in Fig. 6C and D. The findings reveal subtle
discrepancies in bandgap energies attributed to the difference
in plant extracts utilized in the ZnONP production. This
observation aligns with established literature on green-
synthesized ZnO nanoparticles and direct bandgap energies of
both biosynthesized ZnO nanoparticles.*”

The photoluminescence (PL) spectra of ZnO_EPE and
ZnO_PLE at an excitation wavelength of 325 nm are shown in
Fig. 6E and F. Both types of biosynthesized ZnO exhibit distinct
peaks. The PL spectra of ZnO_EPE nanoparticles showed a UV
emission peak at 382 nm and a broad-deep level visible emis-
sion peak at 530 nm. Similarly, the PL spectra of ZnO_PLE
nanoparticles revealed peaks around 383 nm and 598 nm. The
initial peaks at approximately 382 nm or 383 nm denote UV

(F(Ryw)" = B(E — Ey)
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550 600
Wavelength (nm)
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(C) direct bandgap values, (D) indirect bandgap values, and (E and F) photoluminescence

arising from the band edge of the ZnO_EPE or ZnO_PLE
nanoparticles, indicating the recombination of free excitons
through an exciton-exciton collision process.*® The calculated
bandgaps for these emissions, 3.25 eV and 3.24 eV respectively,
align closely with the Tauc plot band gap, as depicted in Fig. 6C.
Furthermore, the second broad-deep level emission peaks of
ZnO_EPE at 530 nm and ZnO_PLE at 538 nm are attributed to
the radiative recombination of holes in the VB and electrons in
the CB, associated with singly ionized oxygen vacancies.* These
findings corroborate existing literature on ZnO nanoparticle
photoluminescence behavior.>

3.5. Zeta potential and BET surface analysis

Zeta potential measurement provides information about
surface charges present on ZnO nanoparticles, thus contrib-
uting to a deeper understanding of their potential stability in
colloidal suspension. Furthermore, zeta potential can provide
valuable insights into the particle distribution and aggregation
behavior. Nanoparticles with large negative or positive zeta
potential values experience no aggregation due to electrostatic
repulsion among the particles, leading to an increase in the
stability of the formulation.** Meanwhile, particles with low zeta
potential values tend to aggregate due to interparticle van der
Waals attractions. Typically, zeta potential values higher than
+30 mV or lower than —30 mV are considered indicative of good
nanoparticle stability.>® The zeta potential values of the bio-
synthesized ZnONPs, as shown in Fig. 7, were found to be
—42.2 mV for ZnO_EPE and —62.6 mV for ZnO_PLE, confirming
the stability of the synthesized ZnO nanoparticles.

The antibacterial, antioxidant, and photocatalytic activities
of ZnONPs are widely recognized to be influenced by their
specific surface area (Sggr). Through BET analysis, Sggr values of
ZnO_EPE and ZnO_PLE NPs were measured to be relatively low,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Zeta potential of (A) ZNO_EPE and (B) ZnO_PLE nanoparticles.

at around 8.6 m®> ¢ ' and 8.0 m”> g, respectively. The results
indicate that ZnO_EPE NPs possess a slightly larger surface area
with a greater abundance of active sites compared to ZnO_PLE
NPs. Similarly, several studies also reported low surface areas of
ZnONPs biosynthesized using the Pontederia crassipes leaf
extract (Sgerzno: 12.8 m* g7 1),% Zea mays husk extract (Spgr zno:
11.3 m* g ), and Artocarpus heterophyllus peel extract
(SsETZno: 6.6 m* g~ 1).3 This distinction suggests that ZnO_EPE
NPs may exhibit enhanced bioactive applications and photo-
catalytic processes relative to ZnO_PLE NPs.

3.6. Morphology and composition

The morphology and size of green synthesized ZnO_EPE and
ZnO_PLE nanoparticles were examined using SEM as shown in
Fig. 8A and B. The outcomes reveal that the morphology of
ZnO_EPE was uneven, with heterogeneous particles exhibiting

Gy .
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quasi-spherical and rod-like shapes with aggregations. This
irregular shape is common in metal oxides formed during
solution combustion processes.”> The particles of ZnO_PLE
show spherical shapes with little agglomeration, as represented
in Fig. 8C and D. This agglomeration observed in SEM images
can be attributed to high polarity and electrostatic attraction
between ZnONPs.*® The sizes of ZnO_EPE and ZnO_PLE were
determined to be 16-58 nm and 27-78 nm, respectively. The
morphology and size of the ZnO_EPE and ZnO_PLE are also
shown in TEM micrographs (Fig. 9). Fig. 9A and B display the
TEM images of the spherical shaped ZnO_EPE in selected areas
where the uniform spheres have particles size from 14 nm to
58 nm. The TEM images of ZnO_PLE shown in Fig. 9C and D
show that the shape of the nanoparticles is spherical and their
size ranges from 16 nm to 97 nm. These results are in accor-
dance with the SEM observations (Fig. 8) and are higher than

Element ‘Weight % | Atomic %

17.41

46.27

82.59 53.73

300nm [HE=E
Weight %
19.48

Atomic %

49.71

80.52 50.29

300nm [

Fig. 8 Low and high magnification SEM images of (A and B) ZnO_EPE and (C and D) ZnO_PLE; EDX spectra and elemental composition (table

inset) of (E) ZnO_EPE and (F) ZnO_PLE.
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their crystal sizes calculated from XRD profiles owing to the
polycrystalline aggregation.”” Recent research on the green
synthesis of ZnONPs, along with various morphologies and
sizes, is listed in Table 3. EDX measurements were carried out to
determine the elemental composition of the ZnO_EPE and
ZnO_PLE, with the results presented in Fig. 8E and F. The EDX
spectrum of both ZnO samples showed only the presence of zinc
(zn) and oxygen (O) without any other compositions, indicating
the formation of biosynthesized ZnO nanoparticles in a pure
chemical state. The quantitative analysis of all elemental
constituents of ZnO_EPE and ZnO_PLE is summarized in the
table inserted in Fig. 8E and F. The compositions of obtained

50 nm:

100 nm

View Article Online

Paper

peaks were Zn (53.73%) and O (46.27%) for ZnO_EPE while the
chemical composition of ZnO_PLE exhibited Zn (50.29%) and O
(49.71%). These results closely align with the findings of the
chemical composition [Zn (43.07%) and O (56.93%)] of ZnONPs
synthesized using the R. tuberosa extract as reported by
Vasantharaj et al.*®

3.7. Photocatalytic performance of green ZnONPs

The investigation into the photocatalytic performance of
ZnONPs biosynthesized utilizing extracts from the E. prostrata
or P. longum was conducted by evaluating the degradation

(O

@
8

Count (%)

Diameter (nm)

60
Diameter (nm)

Fig.9 TEMimages (C and D) at low and high magnifications and size distribution histograms of ZnO_EPE (A, B and E) and ZnO_PLE (C, D and F).

Table 3 Comparison of properties and applications of green ZnONPs synthesized using different plant extracts

Zn source Plant source Particle size Morphology Application Reference
Zinc acetate A. esculentus mucilage  20-70 nm Spherical and rod shape Photocatalytic degradation 59
Zinc acetate M. fragrans fruit 41.23 nm Spherical or elliptical shape Photocatalytic degradation, 60
antibacterial, antidiabetic, antiparasitic,
larvicidal and antioxidant activity
Zinc acetate A. barbadensis Mill. leaf 35 nm Spherical shape Seeding growth and germination 61
Zinc nitrate  P. hysterophorus L. leaf  27-84 nm Spherical and hexagonal shape Antifungal activity 62
Zinc nitrate  Zea mays husk, 28-74 nm Flower shape Antibacterial and antioxidant activity 54
A. heterophyllus peel,
P. granatum peel
Zinc acetate E. prostrata leaves 14-58 nm Spherical and rod shape Photocatalytic degradation, Present work
antibacterial and antioxidant activity
Zinc acetate P. longum fruits 16-97 nm Spherical shape Photocatalytic degradation, Present work
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efficiency under direct solar light irradiation. Fig. 10 shows that ) Co k 3
both ZnO_EPE and ZnO_PLE exhibited poor CV dye adsorption na =K (3)

percentages at approximately 6.11% and 6.40%, respectively,
after 60 min of stirring in darkness. Adsorption works out
thanks to the electrostatic attraction between the negative
charges of ZnONPs and the positive charges of CV dye. The
results from the photocatalytic degradation of CV under solar
light for both ZnO_EPE and ZnO_PLE suggest significantly high
photocatalytic activity. In particular, ZnO_PLE nanoparticles
demonstrated superior degradation, achieving a remarkable
99.90% degradation at 120 min, while ZnO_EPE nanoparticles
attained a slightly lower degradation of 95.64%. This difference
is elucidated by the substantial amount of CV adsorbed on the
ZnO_PLE surface, coupled with dispersion and size distribution
of ZnONPs, contributing to enhanced photocatalytic efficiency.
Indeed, the photocatalytic performance of ZnONPs depends on
their morphology, size, and crystallographic structure.®® The
solar light-induced CV degradation kinetics catalyzed by
ZnO_EPE or ZnO_PLE could be assessed using the Langmuir-
Hinshelwood equation (eqn (3)).

where C,: CV concentration at ¢t = 0 min, C;: CV concentration at
any time ¢, and k: rate constant of the pseudo first-order reac-
tion. Fig. 10E demonstrates that the rate constant (k) of ZnO_-
PLE is 0.0593 min’l, which is higher than that of ZnO_EPE
(0.0273 min™"), indicating that ZnO_PLE exhibits better photo-
reactivity towards CV dye than ZnO_EPE.® Comparative results
of the photocatalytic performance of various NPs are listed in
Table 4, indicating higher activities of both ZnO_PLE and
ZnO_EPE.

The photocatalysis mechanism, as illustrated in Fig. 11, was
proposed to further understand the role of ZnO_EPE or ZnO_-
PLE in degradation of CV. First, under solar irradiation, ZnO
nanoparticles were subjected to energy equal to or greater than
bandgap energies (in this case, 3.16 eV for ZnO_EPE and 3.10 eV
for ZnO_PLE). This led to the excitation of electrons from the VB
to CB, generating electron-hole pairs that migrated to the
surface of ZnONPs. Subsequently, holes in the valence band
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Fig. 10 Photocatalytic activity of ZnO_EPE and ZnO_PLE: (A-C) absorption spectra of CV dye versus irradiation time, (D) photocatalytic
degradation versus irradiation time, (E) pseudo-first order kinetics for CV degradation versus irradiation time.

Table 4 Comparison of photocatalytic performance of biosynthesized NPs for degradation of dyes

Nanomaterial Synthesis method Light source Target Degradation time Reference
In,O; NPs Green synthesis W-lamp light Crystal violet 93.7% in 80 min 64
Cu-Ni NPs Green synthesis UV light Crystal violet 95.6% in 160 min 65
CuO NPs Green synthesis Sunlight Crystal violet 87.0% in 100 min 66
ZnONPs Co-precipitation UV light Crystal violet 82.0% in 240 min 67
ZnONPs Green synthesis UV light Crystal violet 76.0% in 90 min 68
Methylene blue 81.5% in 120 min
Phenol red 83.0% in 90 min
ZnO_EPE NPs Green synthesis Sunlight Crystal violet 95.6% in 120 min Present work
ZnO_PLE NPs Green synthesis Sunlight Crystal violet 99.9% in 120 min Present work
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Fig. 11 Plausible mechanism for photodegradation of CV dye of ZnO_EPE and ZnO_PLE.

directly oxidized with H,O or OH™, yielding hydroxyl radicals
(‘OH), while the photogenerated electrons in the conduction
band reduced O,, giving rise to superoxide anion radicals
(O,"7). Ultimately, O,"~ and "OH radicals played a crucial role in
degrading crystal violet in the water-based solution, yielding
environmentally friendly and non-toxic byproducts such as CO,
and H,O0 as shown in the equations below:

ZnONPs + hv — ZnONPs (h*, VB) + ZnONPs (¢, CB)
ZnONPs (e~, CB) + O, — ZnONPs + 05"~
ZnONPs (h*) + H,O or OH™ — ZnONPs + OH" + H*
0,” +H" - "OOH
ZnONPs (h*) + CV — ZnONPs + CV*

CV'+ 0, + 'OOH — CO, + H,0

To investigate the role of radicals in decomposition of
crystal violet dye, runs were conducted the same as standard
experiments and addition of 0.5 mM tert-butanol (¢-BuOH), p-
benzoquinone (BQ), and triethanolamine (TEOA) as scaven-
gers for the hydroxyl radical (OH"), superoxide radical (0O, "),
and holes (h"), respectively. As depicted in Fig. 12, the

100 No scavenger

OH*

Degradation ratio (%)

Radical scavengers

photocatalytic efficiency of ZnO_EPE and ZnO_PLE decreased
when p-benzoquinone was added as a superoxide radical
scavenger, dropping from 94.87% to 57.85% and from 99.52%
to 70.53%, respectively, compared to conditions without
a scavenger. Similarly, in the presence of triethanolamine as
a hole scavenger, the degradation rate of CV was 72.65% (for
ZnO_EPE) and 76.61% (for ZnO_PLE). However, tert-butanol
had no significant effect on CV dye degradation, indicating
that OH" had a lesser impact on the photocatalytic reaction.
These results indicate that the role of holes and electrons were
not identical, suggesting that O,"~ was generated by the reac-
tion between CB electrons and O,. Since the CV dye degrada-
tion was affected by addition of triethanolamine, the direct
impact of photogenerated holes on the dye degradation
process should also be considered. Consequently, the photo-
catalytic reaction mechanism involves pivotal species, which
can be specified as O,", h*, and OH".

3.8. Bioactive applications

3.8.1. Antibacterial activity. Antibacterial activity of
ZnO_EPE and ZnO_PLE was investigated against Gram-negative
bacteria (E. coli and S. typhimurium) and Gram-positive bacteria
(S. aureus and B. cereus), as shown in Fig. 13. According to Table
5, both types of ZnONPs in this study exhibited good antibac-

terial activity. ZnO_EPE NPs demonstrated potent antibacterial

100 4 No scavenger OH"

Degradation ratio (%)

Radical scavengers

Fig. 12 The photocatalytic activity of (A) ZnO_EPE and (B) ZnO_PLE in the presence of t-BuOH, TEOA, and BQ for the degradation of CV dye.
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Fig. 13 Antibacterial activity of ZnO_EPE and ZnO_PLE nanoparticles against E. coli, S. aureus, B. cereus and S. typhi.

Table 5 Antibacterial assay of synthesized ZnO nanoparticles against
the test bacteria

Zone of inhibition (mm)

Bacterial species ZnO_EPE ZnO_PLE
S. aureus 18.5 £ 0.1 13.4 + 0.3
B. cereus 13.6 £ 0.3 11.9 £ 0.3
E. coli 9.6 £ 0.3 9.9 + 0.6
S. typhimurium 10.1 £ 0.3 10.1 £ 0.1

activity against S. aureus and B. cereus, with inhibition zones
measuring 18.5 + 0.1 mm and 13.6 £ 0.3 mm, respectively,
which were higher compared to ZnO_PLE NPs, which exhibited
inhibition zones of 13.4 £ 0.3 mm for S. aureus and 11.9 +
0.3 mm for B. cereus. However, the inhibition zones of ZnO_EPE
NPs against E. coli (9.6 £+ 0.3 mm) and S. typhimurium (10.1 £ 0.3
mm) were similar to those of ZnO_PLE NPs (9.9 + 0.6 mm
against E. coli and 10.1 + 0.1 mm). This discrepancy in activity
can be attributed to variation in the surface area between
ZnO_EPE (8.582 m” g~ ') and ZnO_PLE (7.998 m?> g~ '), with

Concentration (mg/mL) 40 20 10 5

E.coli

e EE
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°
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Negative control: Distilled water

a larger surface area facilitating enhanced interaction with
bacteria, thereby augmenting antimicrobial activity.*

The minimum inhibitory concentration (MIC) data were
obtained using the broth dilution method for both S. aureus and
E. coli bacterial strains to determine the minimum quantity of
ZnONPs needed to inhibit microbial growth. As depicted in
Fig. 14, ZnO_EPE NPs exhibit MIC values of 62.5 pg mL " and
31.2 pg mL~ " against E. coli and S. aureus bacteria, respectively.
Compared to ZnO_PLE NPs, the MIC values of ZnO_EPE NPs
were similar, indicating their potent antibacterial properties.
The results suggest that both ZnO_EPE and ZnO_PLE NPs are
bacteriostatic at low concentrations. Previous reports also
revealed that the MIC values of ZnONPs biosynthesized using
the A. altissima leaf extract against E. coli, K. pneumoniae, S.
aureus and S. pyogenes were 0.3125 mg mL ™, 0.625 mg mL %,
0.3125 mg mL ™" and 0.625 mg mL ", respectively.”

As a result, both ZnO_EPE and ZnO_PLE NPs may be more
effective against Gram-(+) bacteria than against Gram-(—)
bacteria. This finding aligns with antibacterial activity of
ZnONPs synthesized using the A. marmelos leaf extract, which
was greater against Gram-(+) (S. aureus) than Gram-(—) (K.

25 1.25 0.625 0.312 0.156 0.078 (-) (+)
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ZnO only
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Fig. 14 MIC values of ZnO_EPE and ZnO_PLE NPs against E. coli and S. aureus bacteria.
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pneumonia) bacteria as reported by Dhiman et al.”* In another
study, Sahin et al”® utilized the aqueous leaf extract of T.
syriacus to synthesize ZnONPs. These authors observed
a stronger antibacterial activity against Gram-(+) bacteria such
as C. michiganensis and B. subtilis, compared to Gram-(—)
bacteria including P. syringae, P. cichorii, X. axonopodis and P.
carotovorum. Similarly, Sama et al.”® also reported that ZnONPs
biosynthesized using the C. album L. leaf extract had less anti-
microbial activity against Gram-(—) bacteria than against Gram-
(+) bacteria. Their investigations highlighted a greater resis-
tance of Gram-negative E. coli to ZnO nanocrystals compared to
Gram-positive S. aureus.

The mentioned phenomenon underscores the importance of
considering the differing cell wall structures of Gram-(+) and
Gram-(—) bacteria in contact with ZnONPs. Gram-(+) bacteria
possess a thick cell wall with multilayers of peptidoglycan. By
contrast, Gram-(—) bacteria have a thinner cell wall with
a peptidoglycan layer.” The ZnO nanoparticles attach directly to
the outer cell wall of Gram-(+) bacteria, which consists of plenty
of pores facilitating nanoparticle penetration, resulting in
intracellular content leakage, causing cell death without cell
breakage (Fig. 15). On the other hand, ZnO nanoparticles
interact directly with the outer cell wall of Gram-(—) bacteria,
which contains lipoprotein, phospholipids, and lipopolysac-
charide, acting as a barrier against ZnO nanoparticles pene-
tration.” In contrast, a previous study reported that the
antibacterial activity of synthesized ZnONPs from date pulp
waste was more efficient against Gram-(—) than Gram-(+)
bacterial pathogens.” Additionally, Aldeen et al.® investigated
the antibacterial activity of ZnONPs synthesized from P. roebe-
lenii leaves against S. aureus, S. pneumoniae, E. coli and S. typhi
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Fig. 15 Proposed mechanism of antibacterial activity of ZnONPs.
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bacteria. The results revealed that the biosynthesized ZnONPs
exhibited the most significant effect against Gram-(—) bacteria
compared to Gram-(+) bacteria. ZnONPs have various mecha-
nisms for causing antibacterial action, the most common of
which is the interaction between nanoparticles and bacteria,
the release of Zn>" ion, penetration through the cell membrane,
and the generation of reactive oxygen species to destroy lipids,
protein and bacterial DNA, ultimately leading to bacteria death
(Fig. 15).””

3.8.2. Antioxidant activity. Antioxidant assays were con-
ducted on ZnO_EPE and ZnO_PLE nanoparticles using DPPH
and ABTS free radical scavenging assays, commonly utilized to
evaluate the radical scavenging activity of nanoparticles. When
the concentration of both biosynthesized ZnO increased from
250 pg mL™" to 2500 pg mL ™", the percentage inhibition also
increased (Fig. 16). At 2500 pg mL~', ZnO_EPE exhibited
a maximum DPPH free radical inhibition of 80.83%, while
ZnO_PLE showed 83.37% inhibition. Similarly, for ABTS free
radicals, ZnO_EPE and ZnO_PLE demonstrated inhibition rates
of 99.30% and 99.67%, respectively. Here, both ZnO_EPE and
ZnO_PLE NPs exhibited stronger inhibition of the ABTS radical
compared to the DPPH radical. This finding may be attributed
to the heightened sensitivity of ABTS, as it displays faster
reaction Kkinetics, thereby generating a more pronounced
response to antioxidants.”® In Table 6, the percentages of DPPH
and ABTS free radicals scavenged by gallic acid, a well-known
standard antioxidant, were compared to those scavenged by
ZnO_EPE and ZnO_PLE nanoparticles as well as EPE and PLE
extracts. The biosynthesized ZnONPs and plant extracts dis-
played a moderate scavenging capability compared to the
standard gallic acid. Notably, the comparison investigation
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Fig. 16 (A) DPPH and (B) ABTS scavenging studies of ZnO_EPE and ZnO_PLE nanoparticles.

Table 6 Antioxidant activity of ZnO nanoparticles

ICs0 (g mL™ 1)

Samples DPPH ABTS

ZnO_EPE 925.69 + 24.10 1546.90 £ 2.53
ZnO_PLE 767.84 + 13.85 1415.62 £ 1.77
EPE 1270.03 + 9.80 2049.64 £ 4.25
PLE 1891.87 £ 10.90 2433.60 £ 6.85
GA 1.30 £ 0.01 10.19 £ 0.01

revealed that ZnO_PLE showed an antioxidant capacity on par
with that of ZnO_EPE NPs. In the ABTS assay, the ICs, values of
ZnO_EPE and ZnO_PLE were 1533.32 pg mL ™" and 1390.80 ug
mL~", respectively, whereas for DPPH assay, the ICs, values
were observed as 925.70 ug mL ™" and 767.88 ug mL™ ", respec-
tively. Therefore, the results indicate that both ZnO_EPE and
ZnO_PLE nanoparticles possess promising antioxidant
properties.

4 Conclusion

Here, ZnONPs were successfully synthesized through a green
method using E. prostrata leaves and P. longum fruits as reducing
and capping agents. Comprehensive characterization of the
biosynthesized ZnONPs was performed, encompassing struc-
tural, morphological, optical and elemental analyses conducted
via FTIR, SEM, TEM, XRD, DRS and EDX. The ZnO_EPE exhibited
quasi-spherical and rod-like shapes ranging from 16-58 nm,
while the ZnO_PLE showcased spherical morphology with an
average diameter of 27-78 nm. FTIR analysis confirmed the
presence of Zn-O bond peaks within the range of 460-490 cm ™.
Zeta potential measurements demonstrated negative values
(—42.2 mV for ZnO_EPE and —62.6 mV for ZnO_PLE), indicating
enhanced stability. In terms of CV dye degradation under natural
sunlight, ZnO_PLE exhibited superior catalytic activity (99.90%)

© 2024 The Author(s). Published by the Royal Society of Chemistry

compared to ZnO_EPE (95.64%). Furthermore, ZnO_PLE and
ZnO_EPE pseudo-first order kinetics were calculated to be
0.0593 min~' and 0.0273 min ', respectively. Principally, the
superoxide radical (O, ") was responsible for the degradation of
CV dye contaminants. In the biological studies, both ZnO_EPE
and ZnO_PLE demonstrated pronounced antibacterial activity
against Gram-(+) bacterial strains compared to Gram-(—) bacte-
rial strains and exhibited antioxidant properties. Overall, the
ZnONPs obtained in this study have a promising future in pho-
tocatalytic, antimicrobial and antioxidant applications.
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