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The preparation of metallic nanoparticles (NPs) using the green method is rapid, eco-friendly, and
easily scaled up at room temperature and pressure. In the current study, zinc oxide nanoparticles

(ZnO NPs) were prepared utilizing leaf extract from Mallotus philippinensis, employing two distinct
precursors of zinc oxide: zinc acetate and zinc nitrate. The antioxidant and antibacterial properties

of the synthesized nanoparticles were also evaluated. The synthesis of ZnO NPs was preliminary
monitored by UV-visible analysis. The biosynthesized nanoparticles were further characterized using a
variety of techniques, such as Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
transmission electron microscopy (TEM), and ultraviolet-visible (UV-Vis) spectroscopy. XRD peaks
showed that nanoparticles synthesized from both zinc precursors exhibit crystalline properties, having
wurtzite hexagonal shapes. The TEM analysis indicates that the average crystallite size was determined
to be 21 nm and 28 nm for zinc nitrate and zinc acetate as precursor. FTIR analysis confirmed the
presence of polyphenolic compounds on the surface of the nanoparticles, which likely acted as reducing
and capping agents during ZnO NP synthesis. The antioxidant activity of M. philippinensis-mediated
ZnO NPs was assessed in vitro. ZnO NPs synthesized using zinc nitrate exhibited higher antioxidant
potential (IC,,=65.31 pg/ml) compared to those synthesized using zinc acetate (IC,,=66.87 pug/ml).
Furthermore, the ZnO NPs demonstrated significant antibacterial activity against both gram-positive
and gram-negative bacteria, including Klebsiella pneumoniae (K. pneumoniae), Staphylococcus aureus
(S. aureus), Escherichia coli (E. coli), and Streptococcus pneumoniae (S. pneumoniae). The highest
antibacterial activity was observed against S. pneumoniae, with a zone of inhibition of 14.97 +0.38 mm
for ZnO NPs synthesized using zinc nitrate. These findings suggest that M. philippinensis leaf extract is
an effective reducing and capping agent for the biosynthesis of ZnO NPs. The resulting nanoparticles
exhibit potent antioxidant and antibacterial properties, highlighting their potential applications in
biomedical and environmental fields.
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In the twenty-first century, one of the most significant areas of research and development is nanotechnology
and nanopharmacology, which examines the size and manipulation of matter at the atomic level, often between
1 and 100 nanometers'%. In nanoforms, the surface-to-area volume ratio rises due to decreasing material size;
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this property makes the surface effects more noticeable and simpler to investigate™S. Because of their superior
physico-chemical and biological properties over bulk materials, nanomaterials have enormous potential in many
scientific domains’. High surface-to-volume ratios are a distinctive characteristic of nanoparticles (NPs)®; larger
surface areas and larger surface-to-volume ratios generally increase the reactivity of nanomaterials due to the
larger reaction surface’, which means that they are more appropriate candidates for pharmacological activities'.
Nanopharmacology deals with the formulations at the nano level to treat different ailments with enhanced
effects and minimum side effects!!.

Among the large variety of NPs available, Because of their unique physical, chemical, and biological
characteristics, such as their solubility, chemical stability, and adhesiveness, metal oxide (MO) nanoparticles are
seen as the most promising!. The use of hazardous substances in the reduction and capping processes of the
MO NPs production results in a host of negative consequences for the environment, living systems, and flora.
Synthesis of MO NPs using plant extract is non-toxic, inexpensive, environmentally compatible, and simple.
Compared to classical chemicals, the resultant particles are also biocompatible and free of toxic stabilizers. Plant
extracts contain a variety of active biomolecules that aid in the reduction and stabilize NPs!?.

Physical, chemical, and biological techniques can be used to synthesize nanomaterials. However, physical and
chemical techniques use a higher temperature, more energy, and environmentally dangerous organic solvents
such as sodium borohydride and hydrazine as reducing agents'2. In light of this, the green chemistry subject
has received more attention from researchers. The use of inexpensive materials, solvents that do not harm the
environment, and non-toxic compounds are very important in the censer of green chemistry. The primary benefit
of this approach was reduced processing time, environmental friendliness, and ease of handling. Additionally,
in place of chemical reducing agents, bio-functional groups such as fibers, carbohydrates, polyphenols, proteins,
and lipids work as capping and reducing agents for nanoparticle synthesis!*!°.

The number of diseases with microbial origins has increased in the modern era, and due to the advent of new
infectious diseases and the development of harmful bacteria’s resistance to present medications, it is imperative
to find new options. Since plant-based materials are typically affordable and safe, developing new alternatives
by employing phytochemicals to lessen losses!®!” is interesting. Along with infectious diseases, diseases caused
by oxidative stress induced by reactive oxygen species are a serious threat to humanity from an economic and
social point of view!'®!?. The use of plant-based antioxidants and bioactive compounds such as flavonoids and
polyphenols has been effective in the prevention of these diseases, and several studies have shown that these
compounds possess antimutagenic, anticarcinogenic, antimicrobial, and antiviral activities?’. These plant-
based antioxidant or antibacterial agents are important to various industrial sectors, including healthcare, food,
packaging, and the environment?!.

Due to their different use in the biological, medical, electronics, communications, sensors, UV-protective
cosmetics, water purification, and cosmetics industries, MO NPs have attracted much interest from researchers
point of view?>?. Recently, ZnO, CuO, Ag,0, Fe,0,, CaO, NiO, and MgO NPs have received the most attention
in the literature as having antibacterial action®*. Among those NPs, ZnO is considered a prospective contender
in biomedicine, particularly for antibacterial, antioxidant, anti-inflammatory, anticancer, and anti-diabetes
applications®. The properties of ZnO-NPs have been investigated in a wide range of targeted applications,
including electrical properties, antibacterial activity, antifungal activity, catalytic activity, and cosmetic
industry?®. Recently, green synthesized ZnO nanoparticles using plant extracts have been effectively used
against multi-drug resistant microbes. Moreover, ZnO nanoparticles antioxidant properties using several plants
extracts have also been reported?”. For instance, Shnawa et al.(2023)?® evaluate the antibacterial and antioxidant
properties of aqueous Ziziphus spina-christi leaf extract-mediated zinc oxide nanoparticles. The result confirmed
that the produced ZnO-NPs effectively affected the antibacterial properties against the tested microorganisms in
a concentration-dependent manner. In another study, without modifying their structural characteristics, Celosia
argentea mediated ZnO NPs enhanced the antioxidant and antibacterial activities?®. Pluchea indica leaf extract
was used to biosynthesize ZnO NPs to assess their antibacterial activity. The result indicated higher antibacterial
activities against tested organisms™.

M. philippinensis Muell. Arg (Euphorbiaceae), commonly known as Kamala, Sindur, Rohini, and Kambhal,
is a small to medium-sized monoecious tree. The plant is well known for its medicinal potency and is used
in both codified and non-codified systems of medicine. Ethnobotanically, the plant treats intestinal worms,
wound healing, burns, oral contraceptives, and purgative’!~3. In ethnoveterinary, plants treat Threadworms and
Ascaris*, and fruits are also considered antihelminthic. Besides this, the plant also has wide pharmacological
preference, and it is known for its antibacterial activity, antifungal®>*, antioxidant®>*, anti-filarial®, anti-
fertility®, antidiabetic’’, anti-leukemic?!, anti-HIV*2, anti-tumor®®, anti-tuberculosis*!, anti-inflammatory*
and hepatoprotective’® activities. However, no study on M. philippinensis-mediated ZnO NPs focuses on
different ZnO sources for antioxidant and antibacterial activities. The synthesis of nanoparticles using green
approaches is gaining unique importance due to its low cost, biocompatibility, high productivity, purity, and
being environmentally friendly. So, the current study focused on the green synthesis of zinc oxide nanoparticles
(ZnO-NPs) using two zinc precursors (zinc acetate and zinc nitrate) and leaf extracts from M. philippinensis for
testing antioxidant and antibacterial potential. The prepared nanoparticles were assayed by the DPPH method
for antioxidant potential and the well diffusion method for antibacterial potential.

Materials and methods

Plant collection

M. philippinensis leaves were collated from Indora, Himachal Pradesh, India’s District Kangra. The collection of
this plant material complied with the relevant institutional, national, and international guidelines and legislation.
For collection of M. philippinensis plant species permissions or licenses were obtained from the Agricultural
center of Jammu. The plant was officially identified by Nitin Katoch at the Department of Botany, University of
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Jammu, India, where it was assigned the accession number HBJU16545 after the specimen was submitted. After
gathering the healthy leaves, they were adequately cleaned using tap water to remove any remaining soil. After
washing, the leaves were allowed to air dry for 15 to 20 days. Using a mortar and pestle, the dried leaf components
were ground into a fine powder and placed in a container without air for later usage at room temperature.

Preparation of plant extract

8 g of finely produced M. philippinensis leave powder were soaked in 100 milliliters of distilled water in a conical
flask, and the flask was then heated to a continuous 60 °C on a hotplate for 10 min. The mouth of the flask was
airtight with aluminum foil. After letting it cool to room temperature, Whatman filter paper number 1 was used
to filter it. The extract’s final volume was calculated to be 100 milliliters and kept at room temperature for further
analysis.

Preliminary investigation of bioactive compounds in plant extract

Test of saponins

Mix 5 ml of distilled water with crude ethanol extract in a test tube to test for Saponins, shaking vigorously. If
stable foam begins to form, saponins are present.

Test of terpenoids
To test for Terpenoids, mix 2 ml of ethanolic crude extract with 2 ml of chloroform and allow it to dehydrate.
Then, add 2 ml of concentrated H,SO, and heat it for 2 min. A grayish hue indicates the presence of terpenoids.

Test of flavonoids

Alkaline reagent test: A bright yellow color appeared when 2 milliliters of a 2% NaOH solution were added to an
ethanol crude extract. Upon the addition of diluted acid droplets, the solution became colorless, indicating the
presence of flavonoids.

Test of phenol
The addition of 2 milliliters of a 2% FeCl, solution to the ethanolic crude extract produced green or blue-black
colors, indicating the presence of phenols.

Test of tannins
The combination of 2 milliliters of a 2% FeCl, solution with the ethanolic crude extract produced a green or
blue-black hue, indicating the presence of tannins.

Test of steroids
Two milliliters of ethanolic crude extract, concentrated H,SO,, and chloroform are introduced simultaneously.
The red coloration observed in the bottom chloroform layer indicated the presence of steroids.

Test of alkaloids
Mayer’s reagent was added after combining 2 milliliters of 1% HCI with the C,;H,OH crude extract and heating
the mixture uniformly. The turbidity of the resultant precipitate was taken as evidence of the presence of alkaloids.

Test of glycosidase

The Keller-Killani test involves mixing an ethanolic crude extract with 2 milliliters of glacial acetic acid containing
one or two drops of a 2% FeCI3 solution. Next, fill a second test tube with the mixture and add 2 milliliters of
concentrated H,SO,. The production of brown rings indicates the presence of cardiac glycosides.

Biofabrication zinc oxide nanoparticles

Biofabrication of ZnO NPs was carried out using two different samples. For one sample, 50 milliliters of M.
philippinensis extract and 50 milliliters of 100 mM zinc acetate dehydrate were combined in a 1 to 1 ratio. In a
second sample, 50 milliliters of 100 mM zinc nitrate and 50 milliliters of M. philippinensis extract were combined
in a 1:1 ratio to create two distinct ZnO nanoparticles, as previously mentioned®. The reactions were allowed at
60 C for 4 h while continuously stirring using a magnetic stirrer. The precipitates formed in the reaction were
collected by centrifuging at 4000 rpm after completion. The reaction mixtures take 24 h to settle down to form
a pellet. After collecting the pellets, they were cleaned three times using double-distilled water and then dried
in an oven set at 60 °C for ten hours. After using a mill and pestle to homogenize the powdered nanoparticles,
they were finally gathered in airtight vials for later usage. Figure 1 shows the synthesis of ZnO NPs using M.
philippinensis.

Characterization of nanoparticles

UV-vis absorption

Visual markers (color change) were used to characterize produced nanoparticles in the preliminary stages.
Utilizing a UV-Vis spectrophotometer, the optical properties of MB suspension were measured between 200
and 800 nm.

Transmission electron microscopic (TEM) study
The powder particles were analyzed at an accelerating voltage of 200 kV using Transmission Electron Microscopy
(TEM) at a resolution of approximately 1 A. To perform this investigation, we used a probe sonicator to dissolve
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Fig. 1. Pictorial representation for the synthesis of ZnO NPs via M. philippinensis.

the ZnO sample in TDW. Then, TEM characterization was done after a drop of the combination was put into a
carbon-coated copper grid and left to dry at room temperature.

Fourier transform infrared spectroscopy (FTIR)
An FTIR spectrometer was used to obtain the samples’ FTIR spectra, which were recorded using a 400-4000 cm™
wavenumber range. An IS50 FTIR spectrometer was used to conduct FTIR analysis.

1

X-ray diffraction (XRD)

XRD diffractometer was used to evaluate the crystallite size and shape of two ZnO NPs formed from Zinc nitrate
and zinc acetate using monochromatic Cu Ka radiation at k=1.54056 A° in the 2-0 range of 5-80°. We used the
Scherrer equation, often known as Eq. 1, to determine the crystallinity size’.

2

Crystalline size (D) = B cost

(1)

Where: D is the size of a crystallite in A, 0 is the scattering angle in radians, the wavelength of X-ray radiation is
represented by A (1.54178 A°), Scherer’s constant k has a value of 0.9, and the integral breadth of the maximum
full width (FWHM) is represented by p.

Antioxidant activity

DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical assay (Fig. 2) was performed to analysis the antioxidant
potential of synthesized nanoparticles based on the methods used by Blois*® and Desmarchelier et al.*’. The
alcoholic solution of DPPH was mixed with a substance having the potential of donating hydrogen atom
resulting in reduced DPPH and loss of colour from purple to light yellow. Hence, 2 ml of a freshly prepared
methanolic solution (0.1 Mm) of DPPH was mixed with 2 ml of (25, 75, 100 and 125 ug) solution of the ZnO-
NPs. The test tubes were then left in the dark for 30 min. At 517 nm, the absorbance was measured following
incubation. As a reference or control, ascorbic acid with concentration between 25 and 125 pg was used. A
lower absorbance of the reaction mixture during measurement indicates a higher level of free radical scavenging
activity®®. Equation 2 was utilized to assess the antioxidant qualities of the samples by calculating the DPPH
radical scavenging properties using ascorbic acid as a benchmark.

_ (AC-AS)

2
i x 100 (2)

SCV (%)

where, AC and AS are absorbance of control and sample, SCV is the radical scavenging activity.

Antibacterial assay

The antibacterial activity of the generated nanoparticles was evaluated using the agar well diffusion method
against gram-negative and gram-positive bacteria species, including K. pneumoniae and E. coli, as well as gram-
positive bacteria, such as S. aureus and S. pneumonia (Fig. 2).

To prepare the Muller Hinton Agar Medium (HI-Media), 33.9 gram was dissolved in 1000 ml of purified
water for the bacterial experiment. The dissolved medium was autoclaved for 15 min at 121 °C and 15 Pa
pressure. The media that had been autoclaved was subsequently transferred into a 20 x90 mm Borosil petri
plate situated beneath the laminar airflow chamber. Throughout the process, measures were taken to prevent
any vapor production. A bacteriological incubator was used to incubate the prepared plates for 24 h at 30 °C to
look for contamination.
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Fig. 2. Pictorial representation of the characterization and biological activities of ZnO NPs via M.
philippinensis.

Chemical composition
Alkaloids | Saponins | Terpenoids | Tannins | Fl ids | Glycosid Phenol
Result of plant extracts + - + + + + +

Table 1. Preliminary investigation of phytochemicals in M. philippinensis leave extract. Key: + means present
and - means absent.

After that, bacterial strains were added to sterilized plates. A loop of bacteria from the prepared slant was
dissolved in the necessary amount of distilled water to create a suspension of bacterial strains. 50 pl of the
suspension was then loaded onto Muller Hinton Agar plates and gently shifted over the plate surface with a slider.
Ultimately, sterilized cork borer was used to create wells with a diameter of 9 mm, into which a micropipette was
used to pour the prepared sample solution (100 pg). Following a 24-hours incubation period at 37 °C for each
plate, the diameter of the zone of complete inhibition was determined using a ruler scale. The same procedures
were used to measure the antibacterial activities of the control (samples without plant extract and ZnO NPs).

Statically analysis

One-way ANOVA was used to analyze variance using Origin 8 software. Each measurement was made three
times (n=3), and the standard deviation (SD) and average of the three runs are shown. P < 0.05 was used to
determine significance.

Result and discussion

Upon conducting a phytochemical screening of ethanol extracts from M. philippinensis, many compounds were
detected, including alkaloids, phenolic groups, steroids, flavonoids, phenols, saponins, sugars, tannins, and
triterpenes. Table 1 lists the various phytochemicals found in M. philippinensis. This result is similar to the work
of Madhavi Adhav®!, who detected that the preliminary phytochemical screening of ethanolic extract reveals
the presence of flavonoids, glycosides, phenolic compounds, tannins, proteins, and amino acids in the fruit part
of M. philippinensis. The ethanolic extract revealed that M. philippinensis also contains significant alkaloids,
flavonoids, steroids, saponins, and phenols for their antioxidant and antibacterial activities®2. The results of
different experiments performed for the phytochemical investigations revealed the presence of flavonoids,
Glycosides, reducing sugars, phlobatanins, steroids, Tannins, anthraquinones, and Terpenoids were also present
in M. philippinensis>.

UV-vis spectrum
ZnO nanoparticles’ optical characteristics were examined using visible and ultraviolet absorption spectroscopy
in the 280-800 nm range. ZnO nanoparticle generation was observed visually; the formation of ZnO
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nanoparticles is shown by the color change from white at the beginning to yellow at the end. Figures 1 and 2
show the synthesized nanoparticles” absorbance spectra using zinc nitrate and zinc acetate as zinc sources.
Additionally, ZnO production was validated using UV-Vis measurements. According to the data of UV-visible
absorption investigations, the generated nanoparticles utilizing zinc nitrate as the zinc source samples had a
significant absorption peak at Amax=365-393 nm in the UV-visible spectrum. This finding is confirmed by
the work of Sharmila et al.'®, who examined the ability of T. castanifolia to synthesize ZnO NPs. The maximum
absorbance peak was obtained at 380 nm. Similar results of absorption peak obtained for ZnO NPs at 370 nm
were reported by Padalia and Chanda®!. The UV-vis data showed that the presence of bioactive compounds such
as alkaloids, terpenoids, tannins, flavonoids, glycosidases, and phenol are responsible for ZnO NPs synthesis.
This is supported by Mittal et al.?>; Their result confirmed that phytochemicals such as alkaloids, terpenoids,
phenolics, flavonoids, and polypeptides present in the T. castanifolia leaf extract act as reductant, which plays a
significant role in the ZnO NPs formation. In addition, Abdelbaky et al.'%, confirm green synthesized ZnO NPs
mediated by P. odoratissimum using UV-Vis spectrophotometry. Their result indicated the formation of ZnO NPs
at absorbance peak of 370 nm. The UV-Vis spectrogram of the generated nanoparticles employing zinc acetate
as the zinc source showed a broad absorption peak at Amax =343-347 nm (Fig. 2), confirming the presence
of ZnO nanoparticles that may be attributed to the ZnO nanoparticles. This result is confirmed in the work of
Nozipho et al. (2024)”. Based on their result at a maximum absorption peak of 350 nm, the formation of ZnO
NPs mediated by Mucuna pruriens was confirmed. The differences in the crystallite sizes of the samples resulting
from varying ZnO NP concentrations cause these discrepancies in the absorbance bands of the samples®®. These
peaks result from an electron traveling from ZnO’s basic band gap absorption (O2p > Zn3d) to the conduction
band®’. A Tauc plot of the absorbance data for each sample calculates the energy gap®®. The predicted energy
band gap of the ZnO nanoparticles made using zinc acetate was 3.57-3.61 eV, which is greater than the result
achieved with zinc nitrate sources (3.50). This is due to different reasons such as the synthesis method, the purity
of the starting materials, and the presence of impurities or defects in the synthesized ZnO material. Impurities
in the raw materials may cause variations in the band gap energy of the produced ZnO. The method utilized
to make zinc nitrate or zinc acetate can impact the band gap energy of zinc oxide. In general, both Figs. 3 and
4 show the distinctive absorption peak of ZnO at around 370. Electron transfers from the valence band to the
conduction band (O2p-Zn3d) are responsible for ZnO’s inherent band gap absorption®**’. Numerous biological
characteristics, including antioxidant and antibacterial properties, can be linked to this bandgap®!.

X-Ray diffraction (XRD) analysis

By measuring the interatomic distance and angle as well as the way atoms are arranged in crystalline solids,
XRD can be utilized to ascertain the structure of these materials®?. The XRD pattern of the synthesized zinc
oxide nanoparticles (ZnO NPs) in Figs. 5 and 6 clearly shows the crystalline structure of the leaf-based ZnO
nanoparticles, which were prepared utilizing zinc nitrate and zinc acetate as precursors. Six separate diffraction
peaks were visible in the XRD pattern, as seen in Fig. 5, at degrees 32.519, 34.380, 36.487, 47.810, 56.737,
and 62.727. Figure 6 also showed interesting XRD peaks at 32.837, 32.962, 36.514, 47.712, 56.921 and 63.230
degrees. The synthesized nanoparticles’ hexagonal wurtzite structure was verified by indexing these peaks with
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Fig. 3. UV-vis spectrogram of synthesized nanoparticles using zinc nitrate as zinc source.
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Fig. 4. UV-vis spectrogram of synthesized nanoparticles using zinc acetate as zinc source.
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Fig. 5. XRD spectrogram of synthesized nanoparticles using zinc nitrate as zinc source.
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Fig. 6. XRD spectrogram of synthesized nanoparticles using zinc acetate as zinc source.

the corresponding diffraction lattice planes, hkl value of (100), (002), (101), (102), (110), (103), and (112). This
outcome aligns with JCPDS card number 36-1451 from the Joint Committee on Powder Diffraction Standards®.
The largest intense peak (101) was used to calculate the average size of ZnO NPs using the Debye-Scherer Eq. 2.
For the generated ZnO NPs, the average crystallite size was determined to be 21 nm and 28 nm for zinc nitrate
and zinc acetate as precursor. The produced ZnO NPs’ particle size closely matched earlier observations®*%>. The
ZnO NPs produced using both techniques display comparable peak intensity profiles with little shifts in peak
positions, indicating a hexagonal wurtzite structure.

Transmission electron microscopy

Transmission electron microscopy (TEM) spectroscopy was used to examine the surface morphology of the
generated ZnO NPs. Using zinc nitrate and zinc acetate solutions, TEM pictures of ZnO NPs demonstrated that
they were irregular in shape, with sizes less than 21.25 nm and 36.12 nm, respectively (Fig. 7a and b). Compared
to other TEM analyses, Al-Askar et al.% got a spherical and smaller average size of ZnO NPs (12.0 nm) using the
P indica plant. However, a higher average size (46.6 nm) with an irregular shape was obtained by Mishra et al.*’.
The shape and size of ZnO NPs biosynthesized agree with several other studies®®*°.

Energy dispersive x-ray (EDX) analysis

The composition of the nanoparticles was determined using EDX. Figure 8a,b show sharp signals at 1 keV and
0.5 keV corresponding to Zn and O, respectively, thus showing the formation of ZnO NPs. The presence of
bioactive components in plant extract could explain the other signals observed in the spectrum.

Fourier transform infra-red (FT-IR) analysis
FT-IR is used to identify the various functional groups present in the sample because absorption modifies the
rotational and vibrational states of molecules and because different functional groups absorb various infrared
light frequencies”. The FT-IR spectra of the powder ZnO nanoparticle samples showed multiple unique peaks.
The presence of an O-H stretch band for both zinc nitrate and zinc acetate-mediated ZnO NPs corresponds
to the O-H stretching of alcohol, phenolic compounds, and flavonoid components, as indicated by the broad
stretch peak at 3410 cm™! and 3340.6 cm™! in Fig. 9a and b’"”2. The low-intensity bands found at 2923 cm™!
and 2920 cm™ ! were due to -CH stretching vibration of the hydroxyl compounds’. The peaks around 1600 cm™!
confirm the stretching C=C vibration of the aromatic ring system’®. The C-O stretching bond of the aromatic
rings is responsible for the significant intensity peaks at 1071.2 cm™! and 1067 cm™!. Flavonoids and Phenols
present in the leaves of M. philippinensis, as shown in Table 1, may also be connected to these peaks. The low
intense band around 761.5 cm™! and 761.3 cm™! is due to the -CH stretching vibration of aromatics ring®. Other
peaks at 1557.00 cm™?, 1384.00 cm™1, 1354.8, 1215.60 cm™!, and 1204.2 cm™! revealed the C=0 frequency of
highly conjugated systems, C=C aromatic stretching, and C-O stretching of ArOH, respectively in both zinc
nitrate and zinc acetate mediated ZnO NPs. However, the peaks located between 761.5 cm~! and 761.3 cm™!
could probably be due to the C-H stretching of alkane in extract”. Finally, the peaks located between 577 cm™!
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Fig. 7. TEM image of synthesized nanoparticles using zinc nitrate (a) mediated nanoparticles and zinc acetate
mediated nanoparticles (b) and their size distribution to the right of each TEM image.
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Fig. 8. EDX spectrum of synthesized nanoparticles using zinc nitrate (a) mediated nanoparticles and zinc
acetate mediated nanoparticles (b).

and 583.4 cm™! for the synthesized nano ZnO samples could probably be assigned to the stretching of Zn-O
bonds. A similar peak range was also associated with Zn-O bonds, as reported by Santhoshkumar et al.”®.

As observed in the FTIR peaks, nearly identical functional groups such as hydroxyl groups, C=O frequency
of widely conjugated systems, C=C aromatic stretching, and C-O stretching of ArOH, are present in both
samples (Fig. 9a,b) in high intensity. Therefore, the zinc oxide nanoparticles’ FTIR spectra demonstrated that
more bioactive compounds are present in charge of capping and stabilizing the ZnO nanoparticles. There is little
difference in intensity peaks of Fig. 9a,b due to the difference in the synthesis method, the purity of the starting
materials, and the presence of impurities or defects in the synthesized ZnO material. Impurities in the raw
materials may cause variations in the intensity of the band.
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Fig. 9. FTIR spectra of leaf extract mediated nanoparticles from zinc nitrate mediated nanoparticles (a) and
zinc acetate mediated nanoparticles (b).

Stability of ZnO NPs

The surface charges and stability of biosynthesized ZnO NPs have been assessed through zeta potential (ZP)
analysis as observed in Fig. 10a and b. When examining the NP surface charge and colloidal stability, zeta
potential (ZP) is a crucial parameter. ZnO NPs have a zeta potential of —18.1 mV and - 18.1 mV for both zinc
nitrate-mediated nanoparticles (Fig. 10a) and zinc acetate-mediated nanoparticles (Fig. 10b), indicating that
they form stable ZnO NPs at basic pH (8.1). A comparable zeta potential of -19.3 mV indicates the stability of
ZnO NPs”’. As a result, the reducing agents (i.e., phenolic and flavonoid components) found in the leaf extract
(LE) (Table 1) are probably responsible for the negative charge potential of the produced ZnO NPs.

Application of synthesized ZnO nanoparticle

Antioxidant activities

Antioxidants donate electrons to free radicals and mask their harmful effects on biological processes to reduce
oxidative damage. The antioxidant activity of the particles was determined by assessing the green-synthesized
ZnO NPs’ capacity to scavenge free radicals produced by DPPH and detecting the decrease in DPPH absorbance
at 517 nm wavelength. In DPPH free radical, antioxidant compounds can take hydrogen atoms or electrons
from the DPPH radical, which has a violet color, and reduce it to DPPH-H (yellow color). The scavenging
activity of the produced ZnO is evaluated by monitoring the DPPH’s color change using spectrophotometry.

Scientific Reports |

(2025) 15:6541 | https://doi.org/10.1038/s41598-025-85264-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) 500000

400000 N

300000

200000

100000

-200 -100 0 100 200
Apparent Zeta Potential (mV)

Zeta Potential Distribution

(b) 400000

300000 T

200000

100000

-200 -100 0 100 200
Apparent Zeta Potential (mV)

Fig. 10. Zeta potential value of ZnO NPs formed due to zinc nitrate (a) and zinc acetate (b) precursor.

The color change from blue to yellow confirmed the antioxidant capacity of the nanoparticles’. DPPH radicals
are a frequently used model system to study the ability of various natural or phytochemicals to scavenge free
radicals®.

The antioxidant activity of ZnO NPs mediated by M. philippinensis and ascorbic acid is shown in Fig. 12.
The results show that the antioxidant experiment conducted on nanoparticles reveals significant antioxidant
capacity. The ZnO NPs’ DPPH activity increased in a dose-dependent manner. The ZnO NPs concentrations that
scavenged the DPPH radical rose from 25 to 125 ug. For the nanoparticles made from M. philippinensisleaf extract
and zinc nitrate, the percentage of DPPH radical inhibition ranged from 18.82%z 0.40 (25 pg concentration)
to 84.05% =+ 0.38 (125 ug concentration). In contrast, for the nanoparticles made from M. philippinensis leaf
extract and zinc acetate, DPPH radical inhibition ranged from 16.45%+0.71 (25 ug concentration) to 83.13%
+0.22 (125 pg concentration). For ascorbic acid scavenging activities at 125 pg concentration, the highest value
of 92.24%= 0.63 was observed compared to both zinc nitrate-mediated nanoparticles (84.05%+0.38) and zinc
acetate-mediated nanoparticles (83.13% +0.22). As observed in error bar in Fig. 11 there was no significant
difference (P>0.05) (in DPPH scavenging activities between 75, 100 and 124 ug concentrations in ascorbic acid
(Fig. 11). There is no significant different between the scavenging activities between two sample (SCVZNN and
SCVZAA) at 100 and 125 pg concentration.

As observed in Fig. 12, ZnO NPs had superior inhibitory efficiency in the DPPH scavenging assay compared
to the reference chemical, ascorbic acid.

The absorbance at 517 nm changed when ZnO NPs were added to the DPPH solution (Fig. 11). For both
samples, the maximum intensity at 517 nm gradually reduced with time in agreement with changes in color of
the DPPH solution in the presence of ZnO NPs. The drop in peak intensity proved that ZnO nanoparticles could
scavenge free radicals because ZnO NPs scavenge DPPH by donating a hydrogen atom to stabilize the DPPH
molecule’®. The plant mediated ZnO NPs and ascorbic acid effectively prevented the DPPH with the IC,  value
ranging from 60 to 67 pg/ml. The smallest IC, value was observed for ascorbic acid with a 60.07 ug/ml value.
The IC,  value of the nanoparticles mediated by zinc nitrate and leaf extract was determined to be 65.31 pg/ml.
In contrast, the nanoparticles generated from zinc acetate had an IC, value of 66.87 ug/ml; this showed that
Zinc nitrate-mediated nanoparticles demonstrated the highest level of antioxidant activity compared to zinc
acetate-mediated nanoparticle type because the lower the IC, values, the higher the antioxidant activities. The
difference in the value of IC,, occurred due to the difference in the size between them. The higher antioxidant
activities of the first compared to the second is due to the difference in the size between them. The active
phytochemicals of M. philippinensis, including steroids, flavonoids, alkaloids, saponins, phenols, glycosides, and
tannins (Table 1) have been reported to act as bio-reductants. Many studies have specified that various OH
groups’ presence in phenolic and flavonoids are responsible for the formation and stabilization of metal oxide
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Fig. 11. The absorbance of synthesized ZnO NPs from leaf extracts of M. Philippines and ascorbic acid
(SCVAA), zinc acetate-mediated nanoparticles (SCVZAA), and zinc nitrate-mediated nanoparticles
(SCVZNN) after added to DPPH.

nanoparticles’®. Additionally, the phytochemicals in M. philippinensis are capped over ZnO NPs, can donate
hydrogen, and give ZnO NPs a strong antioxidant potential®’.

A number of researchers reported similar results of ZnO NPs by DPPH radical scavenging; for instance, in
the work of Shnawa et al.?$, in comparison to vitamin C, Z. spina-christi mediated ZnO nanoparticle showed
promising H,0, and DPPH free radical scavenging properties. Alghamdi et al.?’ showed the powerful radical
scavenging activity of C. argentea mediated ZnO NPs with an Ic; value of 91.24 mg/ml comparable to well-
known standard chemicals such as ascorbic acid (Ic;,=14.37 mg/ml). By employing aqueous extracts of A.
sativum, R. officinalis, and O. basilicum, Stan et al.8! produced ZnO NPs by a combination of biological and
chemical methods (coprecipitation). An analysis was conducted to determine how plant extract affected the
antioxidant capabilities of green-produced nanoparticles. The result showed that ZnO NPs synthesized using
extracts of the selected plant species were found to exhibit more antioxidant activities than chemical ZnO NPs.

Antibacterial activity

The biosynthesized ZnO nanoparticles’ antibacterial activity against Gram-positive (S. aureus and S. pneumoniae)
and Gram-negative (K. pneumoniae and E. coli) bacteria was assessed using the disc-diffusion method, with
saline acting as a negative control.

Nanoparticles synthesized from zinc sources, such as Zinc nitrate and Zinc acetate, showed excellent
antimicrobial potential against both Gram-positive and negative bacteria species. The maximum zone of
inhibition when zinc nitrate was used as a zinc source was reported in S. pneumonia (14.97 +0.38 mm), and the
minimum zone of inhibition was reported in E. coli (14.10+0.40) (Table 2). Zinc acetate-based ZnO NPs in the
same concentration showed the maximum (13.89 +0.44) and minimum (13.31 +0.39) zone of inhibitions for the
S. pneumonia and E. coli, respectively. Zinc nitrate-mediated ZnO NPs in M. philippines do not significantly differ
(p>0.05) in their antibacterial activities from gram-positive bacteria like S. aureus and S. pneumonia; however,
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Fig. 12. DPPH radical scavenging activity of synthesized ZnO nanoparticles from leaf extracts of M.
Philippines (SCVAA = scavenging activity of ascorbic acid; SCVZNN = scavenging activity of zinc nitrate-
mediated nanoparticles and SCVZAA = scavenging activity of zinc acetate-mediated nanoparticles).

M. philippines

mediated ZnO | |0 0.00 14.88° | 14.97° 14.10° | 14.76
NPs using Zinc H8 : +0.36 | +0.38 +0.40 | +0.79
nitrate

M. philippines

mediated ZnO 100 0.00 13.58 | 13.89" 13.31° | 13.46¢
NPs using Zinc k8 : +0.66 | +0.44 +0.39 | £0.56
acetate

Table 2. Antimicrobial activity of zinc nitrate and zinc acetate M. Philippines based ZnO nanoparticles against
different bacterial strains. After examining each data set in triplicate, the mean value + SD was calculated. The
same alphabetical letter (a, b, ¢, and d) showed that there is no significant difference (P> 0.05) between the
samples.

gram-negative bacteria like E. coli and K. pneumonia have statistically significant (p <0.05). In comparison to
M. philippines-mediated ZnO NPs employing Zinc nitrate sample, the antibacterial activity potential for both
gram-positive and gram-negative bacteria is lower in the Zinc acetate-mediated sample. In both M. Philippines-
mediated tests, zinc nitrate and zinc acetate-synthesized ZnO NPs demonstrated greater antibacterial activity
against Gram-positive bacterial strains than Gram-negative bacterial strains. Furthermore, ZnO nanoparticles
were shown in a prior study to have greater bactericidal activity against Gram-positive bacteria than Gram-
negative bacteria®’. The results agree with the early literature and findings of many other workers. ZnO-NPs
produced by Z. spina-christi demonstrated strong antibacterial activity against the tested bacteria with varying
susceptibilities as a concentration-dependent effect. Gram-positive bacteria like S. aureus showed a larger zone
of inhibition (36 mm) when ZnO-NPs were applied at the same dose than gram-negative bacteria like E. coli
(15 mm)?. Utilizing the agar disc diffusion method, Alghamdi et al.?® investigated the antibacterial activity
against gram-positive and gram-negative bacteria utilizing ZnO NPs mediated by Celosia argentea. Their results
showed that gram-positive strains harboring biogenic ZnO NPs have a larger bactericidal effect than gram-
negative strains in a concentration-dependent manner. The physiological makeup of these microbes varies,
which could cause the sensitivity discrepancy between Gram-positive and Gram-negative bacteria. Due to gram-
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negative bacteria’s outer lipopolysaccharide barrier, antibacterial chemicals cannot penetrate their cell walls.
However, they are more vulnerable because gram-positive bacteria only have an exterior peptidoglycan layer—
which is ineffective as a permeability barrier. Because of this, the cell walls of Gram-negative bacteria are more
complicated than those of Gram-positive bacteria, acting as a diffusion barrier and lessening the susceptibility
of the former to antibiotics®>. Both the biosynthesized ZnO NPs and the leaf extract from M. Philippines showed
substantial antibacterial action against strains of Gram-negative (K. pneumonia and E. coli) and Gram-positive
(S. pneumonia and S. aureus) bacteria, as shown in Table 1.

For the first time Al-Askar et al.(2023)* investigate the antibacterial properties of P. indica mediated ZnO
NPs. The result confirmed that with inhibition zones values of 21.83, 13.0, 14.9, 24.26, 17.0, 20.67, and 19.0 mm,
antimicrobial activities carried out against E. coli, P. aeruginosa, E. faecalis, B. subtilis, S. aureus, C. albicans, and
C. neoformans respectively. Another study evaluated the antibacterial efficacy of ZnO nanoparticles made from
a synthetic T. pratense flower extract against both clinical and conventional strains of E. Coli, P. aeruginosa,
and S. aureus. The results showed that ZnO nanoparticles derived from flower extract of T. pratense showed
strong antibacterial activity against each strain tested. The results largely confirmed that ZnO’s inhibitory effect
increased with concentration®*.

Researchers have proposed a few possible bactericidal pathways for how ZnO NPs interact with bacteria.
There are theories that smaller NPs release Zn?* due to increased surface reactivity and quicker cell penetration.
A fundamental concept underlying antibacterial activities is the liberation of Zn?* from ZnO NPs, which is
recognized to hinder several bacterial cell functions, such as active transport, metabolism, and enzyme activity®.
The Zn** ions released from ZnO NPs attach and damage the bacterial cell wall. It also breaks the layer of sugars,
proteins, and lipids of the bacterial cell membrane. Bacteria may also die due to the disruption of DNA by
the attack of Zn?* ions, which inhibits bacterial growth and ultimately leads to cell death. The nanoscale size
enhances the material’s surface area, increasing antibacterial activities. Additionally, their small size allows for
easy entry into cells, leading to cell death®. The other proposed antibacterial activity stems from producing
reactive oxygen species (ROS), leading to oxidative stress and cell damage or death. ZnO NPs commonly employ
ROS generation as an antimicrobial activity (Fig. 13)%”. Nanoparticles accumulate on the surface of bacterial
cell walls, and with the help of various protein channels, they enter the body of bacteria; once they enter, they
get activated and start producing metallic ions and ROS (Fig. 13). High ROS production finally destroys the
integrity of the cell wall and disrupts the nucleoids of bacterial cells®®%. As discussed above, ZnO NPs have the
potential to decolonize DPPH to show antioxidant activities. Even though DPPH does not directly kill bacteria,
there are situations in which the way antioxidants neutralize DPPH can be linked to antibacterial qualities®.
Antioxidants have the potential to interact with bacterial membranes, increasing their permeability and allowing
cell contents to seep out’. Certain antioxidants can stop protective layer formation that protects from antibiotics.
Compounds that effectively reduce DPPH may have antimicrobial properties through oxidative stress induction
and membrane disruption, among other mechanis®!. Further, the small size of nanoparticles facilitates their
easy and fast transportation, resulting in high production ROS and more nanotoxicity®>. Another proposed
mechanism is the lethal activity of the ZnO NPs due to the attachment of the NPs to the bacterial cell membranes
and the accumulation inside the cytoplasm, resulting in damaging the cell membrane integrity and loss of cell
contents because of the leakage ending up with cell death®.

Limitations of the study
In this study, antioxidant activity is performed only by the DPPH free radical scavenging method. Only
antibacterial activities are included; the paper does not perform antifungal activities.

Conclusion

The study showed how to synthesize ZnO NPs utilizing a green chemistry strategy with two zinc sources, zinc
acetate and zinc nitrate, as well as M. philippinensis leaf extract as a reducing and capping agent. Zinc nitrate and
zinc acetate were utilized as a sources of zinc oxide nanoparticles. FTIR analyses verified that phytochemicals
such as flavonoids, alkaloids, terpenoids, tannins, flavonoids, glycosidase and Phenol were present on the
nanoparticle surface. The XRD pattern also indicated the hexagonal pure Wurtzite structure. EDX, TEM,
FTIR, and DLS confirmed the formation of NPs with an average size of 21.25 nm and 36.12 nm, respectively, as
obtained from TEM analysis. Antioxidant potential was evaluated by DPPH assay. Good SCV was observed for
both nanoparticles, with IC, values of 65.31 pg/ml and 66.87 ug/ml for the nanoparticles synthesized from zinc
nitrate and zinc acetate as a zinc source. Furthermore, ZnO NPs showed excellent antibacterial effects against
gram-positive and gram-negative bacteria species. A strong zone of inhibition against gram-positive and gram-
negative bacteria with a maximum value of 14.97+0.38 and 14.76 +0.79, respectively. These results confirmed
that the synthesized nanoparticle is an effective antioxidant and antibacterial agent and may be used in the food
industry, medical industry, or other biological applications. These can be used as a safe and stable alternative to
synthetic substances in the fields of pharmaceutical and biomedical research.
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Fig. 13. Possible antibacterial mechanism of synthesized nanoparticle.
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