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Abstract

Zinc oxide nanoparticles (ZnONPs) were successfully synthesized using Kalanchoe pinnata, member of the family Crassulaceae,
leaf extract and zinc acetate as a precursor. This green synthesis method addresses the need for eco-friendly nanoparticle production
and explores the potential of K. pinnata. UV—-Vis analysis showed a surface plasmon resonance peak at 347 nm. FTIR confirmed the
presence of biomolecules on the nanoparticle surface. SEM and particle size analysis revealed ZnONPs in the range of 50-120 nm,
While EDX and XRD confirmed their elemental composition and crystalline structure, respectively. The synthesized ZnONPs exhibited
strong antibacterial, antifungal, antioxidant, analgesic, anti-inflammatory, and antipyretic activities. Notably, they showed higher
efficacy than plant extract alone, with the strongest antifungal effect against Aspergillus niger and antibacterial activity against
Escherichia coli. These results suggest that K. pinnata mediated ZnONPs have significant biomedical potential. Future research should
clarify the molecular mechanisms of K. pinnata mediated ZnONP synthesis, undertake comprehensive in vitro and in vivo toxicity
studies, and optimize scalable production with stability assessments. Additionally, investigating controlled-release formulations and
synergistic effects with standard therapeutics will enhance their potential for practical biomedical applications.
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Introduction specificity, minimizing systemic toxicity (Swidan et al., 2024;
Subramaniam et al., 2022). Additionally, green-synthesized

Nanotechnology is the design, synthesis and  ZnO NPs exhibit broad-spectrum antimicrobial activity,
manipulation of materials sized 1-100nm to exploit their  antioxidant potential, and antidiabetic effects. Their ability to

unique physicochemical properties. In twenty-first century, disrupt microbial membranes, modulate oxidative stress, and
nanotechnology has emerged as a multi-disciplinary area. improve glucose metabolism supports their use in treating
Biosynthetic nanotechnology has applications in biomedical infections and metabolic disorders (Ajmal et al., 2024;
science, chemical industries, food or feed, cosmetics, Nkemzi et al., 2024; Yousaf, 2024). These multifunctional
healthcare, medicine and genetic factor delivery, mechanics, roles position ZnO NPs as valuable candidates for future
electronics, energy sciences and space. New physical and therapeutic applications.

chemical characteristics are created, and the new material can In addition to the various synthesis method of generated

find numerous applications in areas such as material science zinc oxide, there is a need to study its morphology that the
and biomedical applications due to miniaturization of the  properties of zinc oxide depend on the morphology of its
material (Sivasankarapillai ez al., 2019). nanostructures. Zinc sulphate heptahydrate and sodium

Zinc oxide nanoparticles (ZnO NPs) have emerged as hydroxide were employed as precursors to develop ZnO
promising nanomaterials in pharmacology due to their unique =~ NPs. After characterization by XRD and SEM the
physicochemical properties and biocompatibility. Their manufactured samples were subsequently analyzed using
application in targeted cancer therapy is particularly EDS to determine their purity. In order to establish the
noteworthy; ZnO NPs act as pH-responsive carriers that relationship between the optical properties of ZnO and its
release  therapeutic agents in the acidic tumor  morphology and crystallite size an analysis of ZnO
microenvironment, inducing cytotoxic effects through nanostructures morphology size and optical property was
reactive oxygen species (ROS) generation. Functionalization made (Kumar et al., 2013). ZnONPs are a new class of
with ligands such as folic acid enhances cellular uptake and inexpensive, low-toxicity nanomaterials that have drawn a
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lot of interest in a variety of biomedical domains, such as
drug delivery and bio-imaging applications, as well as
activities pertaining to anticancer, antibacterial, antioxidant,
anti-diabetic, and anti-inflammatory qualities (Jiang et al.,
2018) Conversely, biological methods are facilitated by
either microbes or plants. The biological method of
preparing metal nanoparticles is incredibly cost-effective in
terms of energy, reaction time, safety, ease of use, and
product yield (Yedurkar et al., 2016).

Zinc oxide nanoparticles (ZnONPs) have been
extensively employed in degradation of contaminants and
antimicrobial processes. They have a good antimicrobial
action against those spores that are tolerant of heat and
increased pressure. The discovery of new applicability of
ZnONPs in biomedical engineering; some of the new fields
of application include using them for coating implants, for
wound healing and tissue engineering, as well as in the
engineering of cancer fighting procedures (Igbal et al.,
2019). Medicinal plants are traditionally used in folk
medicine as natural remedies for the controlling and
treatment of many lethal diseases. with therapeutic effects
and play important role for the treatment of many disease
(Shinwari et al., 2018; Anjum et al., 2019; Khan et al.,
2019; Ovais et al., 2019; Jan et al., 2022; Khan et al.,
2023). K. pinnata of crassulaceae family a popular
succulent plant originated in Madagascar is also commonly
known as Goethe plant, cathedral bells, miracle leaf, and
life plant. It is one of the most common house plants in the
tropic and sub-tropics. It is an evergreen succulent plant
that has fleshy cylindrical stems are reddish in their young
state, grows to about 1-metre-high and flowers for about
nine out of the twelve months of the year (Al-Snafi ef al.,
2013). According to the preliminary phytochemical
examination, this work aims to establish the herbal
resources possessing few pharmacological potentials.
Although plant-mediated synthesis of ZnO nanoparticles is
well-studied, the phytochemical constituents of K. pinnata
have not been thoroughly investigated for this purpose. The
influence of its bioactive compounds on ZnONP synthesis,
stability, and multifunctional bioactivities remains unclear,
limiting the advancement of efficient green-synthesized
ZnONPs for biomedical applications. K. pinnata mediated
ZnO nanoparticles exhibit markedly enhanced analgesic
and antifungal activities compared to those synthesized
from other plant extracts, highlighting the unique role of
K. pinnata phytochemicals in producing multifunctional,
green-synthesized nanoparticles. The present study
focused on the green synthesis of zinc oxide nanoparticles
(ZnONPs) using K. pinnata leaf extract and zinc acetate as
a precursor. The synthesized ZnONPs were characterized
by UV-Vis spectroscopy, FTIR, SEM, EDX, and XRD.
Their antibacterial, antifungal, antioxidant, analgesic, anti-
inflammatory, and antipyretic activities were evaluated and
compared with those of the crude plant extract.

Material and Methods

Collection of plant material: Leaves of Kalanchoe
pinnata (Fig. 1) were obtained from Peshawar, Pakistan, in
October 2021. They were washed with distilled water, cut
into small pieces, and air-dried at 25-30°C. The dried
material was ground into fine powder using an electric
grinder and stored in sealed amber bottles to protect against
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light, moisture, and degradation (Das et al., 2010). Prof. Dr.
Waheed Murad identified the plant, and a voucher
specimen (No. 125367) was deposited in the Herbarium of
Abdul Wali Khan University Mardan.

Preparation of plant extract: Plant extract was prepared
by weighing 10g of powdered K. pinatta leaves and adding
100 ml of distal water into a beaker and heating mixture on
a hot plate for 20-25 minutes.

Green synthesis of zinc oxide nanoparticles: A total of
2 mg of zinc oxide was dissolved in 50 mL of distilled
water. The solution was mixed with plant extract in a 1:25
ratio and heated at ~455°C with continuous stirring for 2
hours. Change of color from light yellow to whitish
indicated the formation of ZnONPs due to phytochemical-
mediated reduction of zinc ions (Dipankar et al., 2012).
The nanoparticles were separated by centrifugation at
4500 rpm for 25-30 minutes, washed three times with
distilled water, and oven-dried at 100°C for 3 hours.

Physical characterization

UV-Vis spectrophotometry: The formation of zinc oxide
nanoparticles (ZnONPs) was assessed through ultraviolet—
visible (UV—Vis) spectroscopy using a UV-1602 double-beam
spectrophotometer with a spectral resolution of 1 nm. Distilled
water was used as a reference blank. The reaction mixtures
were prepared with varying ratios of K. pinnata leaf extract to
zinc precursor (1:1 to 1:6) to evaluate the influence of extract
concentration on nanoparticle synthesis. Absorbance was
recorded over a wavelength range of 300-800 nm, and the
appearance of a distinct absorption band indicated successful
formation of ZnONPs (Acay et al., 2019).

FTIR spectrophotometry: The synthesized ZnO
nanoparticles were dried at 37°C using a vacuum dryer to
eliminate residual moisture. For FT-IR analysis, the dried
ZnONPs were finely ground and homogenized with
potassium bromide (KBr), then compressed into pellets
using a hydraulic press. Spectral analysis was performed
using a PerkinElmer Spectrum One FT-IR spectrometer in
the range of 4000-400 cm™ with a resolution of 4 cm™
(Acay et al., 2019).

X-Ray spectrophotometry: ZnONPs prepared from K.
pinattta extract were analyzed with jeOL JDX 3532 X-ray
diffractometers. The diffraction patterns of the bio
fabricated nanoparticles were obtained with the help of a
nickel monochromator. Cu-K radiation was utilized to filter
the wave at tube voltage of 40KV and the current of 30mA.
The size of the ZnONPs related to the Scherr’s equation D
= KA/ (B1/2cos0), in which Scherr’s constant K =0.93 and
B is the Full width half maximum. Bragg angle X-ray
wavelength is denoted here by A(=1,5406A0), the shearer
K (0.89) andp is the coefficient (Acay ef al., 2019).

Scanning electron spectroscopy: ZnONPs synthesized
from an extract from K. pinatta leaves was vacuum dried
at a temperature of 350°C. To prepare the ZnONPs sample,
a very small volume of the sample was placed on a carbon
mounted SEM grid and allowed to dry for some time before
being coated in ZnO using an auto fine coater (Spi-module
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sputter coater). Sample were then characterized using a
scanning electron microscope (FE-SEM (JSM-5910-
JEOL) in order to determine morphological features
(Mofolo et al., 2020).

Energy-dispersive X-ray: The elemental composition of
zinc in the synthesized ZnO nanoparticles was confirmed
using energy dispersive X-ray spectroscopy (EDS). The
nanoparticle suspension was vacuum-dried at 35°C,
following centrifugation at 4800 rpm for 15 minutes. The
dried sample was then analyzed using an Oxford Inca 200
EDS system attached to a scanning electron microscope
(SEM) (Mofolo et al., 2020).

Absorbance of control (nm) — Absorbance of sample (nm)

Biological assays

Anti-oxidant assay: Antioxidant activity of K. pinnata
extract and ZnONPs was assessed using the DPPH assay.
A 0.004% DPPH solution was prepared in 99.9%
methanol. Test samples (plant extract, ZnONPs, and
ascorbic acid) were prepared at 50, 100, and 500 pg/mL.
Equal volumes of each sample were mixed with 2 mL of
DPPH solution to make a final volume of 3mL. The
mixtures were kept in the dark at 25°C for 60 minutes.
Absorbance was recorded at 517 nm using a UV-Vis
spectrophotometer. Lower absorbance indicated higher
antioxidant activity (Khan et al., 2018).

Antioxidant potential % =

Anti-fungal assay: Antifungal activity of K. pinnata extract
and ZnONPs was tested using the agar well diffusion
method. PDA medium (20 mL) was poured into sterile Petri
dishes and incubated at room temperature for 24 hours to
check for contamination. A 10 uL. fungal suspension was
spread on the solidified medium. Four wells of 5 mm each
were made in each plate, and 50, 100, and 500 pL/mL of
plant extract and ZnONPs were added. Clotrimazole and
distilled water were used as positive and negative controls,
respectively. Plates were incubated at 25°C for 3—7 days, and
inhibition zones were measured after 72 hours to assess
antifungal efficacy (Keshari ef al., 2020).

Antibacterial assay: The antibacterial activity of K.
pinnata extract and ZnONPs was evaluated using the
Kirby-Bauer disc diffusion method. All materials were
autoclaved at 121°C and 17 Ib pressure for 1 hour. A 10 pL
bacterial suspension was spread on solidified agar medium
using a sterile glass spreader. Four discs were placed on
each plate, loaded with test samples at varying
concentrations. Streptomycin and distilled water served as
positive and negative controls, respectively. Plates were
incubated at 25°C for 24 hours, and the diameter of
inhibition zones was measured to assess antibacterial
activity (Asad et al., 2025a).

Analgesic activity: The analgesic potential of K. pinnata
ethanolic leaf extract was assessed using the acetic acid-
induced writhing test in Swiss albino mice, with ethical
approval granted by the Abdul Wali Khan University
Ethics Committee, Mardan, KPK, Pakistan. Mice were
randomly divided into six groups. The control group
received 1 mL of 1% saline intraperitoneally, while the

x 100

Absorbance of control

second group (disease control) was given 1 mL of 1%
acetic acid only. The remaining groups were injected with
1 mL of acetic acid followed by treatments: Group III
received paracetamol, and Groups IV to VI received
ethanolic leaf extract at concentrations of 50, 100, and
500 pL/mL, respectively. Writhing responses were
observed for five minutes, beginning ten minutes after
acetic acid administration. The reduction in the number of
writhes was used to calculate the percentage inhibition,
indicating the analgesic effect of the test substances (Asad
et al.,2022; Asad et al., 2024).

Number of writhing in sample group
Number of writhing in the control group

Inhibition (%) = x 100
Anti-inflammatory assay: Male Swiss albino mice (25—
30 g) were selected for the study and housed individually in
clean plastic cages under controlled conditions (20-25°C, 50—
60% humidity), where they were regularly provided food and
water. The animals were habituated for ten days under
standard laboratory conditions. Prior to testing, mice were
fasted overnight, and experiments were conducted between
8:00 AM and 12:00 PM. Ear inflammation was induced by
applying two drops of xylene to one ear of each mouse, and
ear thickness was measured 15-20 minutes later to confirm
edema. Treatment groups received K. pinnata ethanolic
extract topically at concentrations of 50, 100, and 500 pL/mL
using micropipettes, while the standard group was treated with
10 pg/ear of diclofenac sodium. The positive control group
did not receive xylene. This protocol was used to evaluate the
anti-inflammatory potential of the plant extract (Liu et al.,
2020; Asad et al., 2024).

% Inhibition ear edema =

(Thickness of control — Thickness of the treated)
X

100

Thickness of the control group

Anti-pyretic assay: The In vivo antipyretic activity was
evaluated using a Brewer’s yeast-induced pyrexia model
in male Swiss albino mice. Fever was induced by
subcutaneous injection of a 10% w/v Brewer’s yeast
suspension at a dose of 10mL/kg. Prior to yeast
administration, the baseline rectal temperature of each
mouse was recorded using a lubricated digital
thermometer. After 18 hours, a second temperature
reading was taken to confirm the onset of pyrexia. The
mice were then administered the test substances

intraperitoneally. Rectal temperatures were monitored at
hourly intervals for a total duration of four hours to
assess the antipyretic response (Sulaiman et al., 2022;
Asad et al., 2024).

Statistical analysis

Data (n = 6) were analyzed using one-way ANOVA
followed by Dunnett’s test in SPSS v16.0. Graphs were
prepared using OriginPro 7.5.
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Fig. 1. Kalanchoe pinatta plant.

Results and Discussion

UV spectrophotometry: The formation of ZnO
nanoparticles was confirmed using a dual-beam UV—Vis
spectrophotometer. Absorption spectra recorded between
200-600 nm (Fig. 2) showed a distinct peak at 347 nm for
ZnO NPs synthesized with Kalanchoe pinnata extract.
This peak indicates surface plasmon resonance (SPR),
confirming the presence and optical activity of the
nanoparticles. Previous studies have reported UV—Vis
absorption peaks characteristic of ZnO nanoparticles
within the UV range. Yedurkar et al., (2016) observed
maximum absorbance at 340 nm, while Mahmood et al.,
(2022) reported a prominent peak at 375 nm, both
confirming successful synthesis of ZnO NPs. The ability
of ZnO to absorb UV light is crucial for its photocatalytic
activity, as it facilitates the excitation of electrons
necessary for the photocatalytic process. Rajeshkumar et
al., (2018) also confirmed the formation of ZnO NPs by
a characteristic absorption peak at 355 nm following 6
hours of incubation. Similarly, Vijayakumar et al., (2015)
demonstrated that green synthesis using Plectranthus
amboinicus leaf extract yielded ZnO NPs with
comparable UV absorption behavior. These findings
support the current results, indicating effective synthesis
and strong UV absorption capabilities of ZnO NPs.

FTIR Spectroscopy: Fourier-transform infrared (FTIR)
spectroscopy was utilized to determine the functional
groups involved in the reduction, capping, and
stabilization of ZnO nanoparticles synthesized using K.
pinnata leaf extract. The FTIR spectrum (Fig. 3)
exhibited a broad band at 3277 cm™, which corresponds
to O—H stretching vibrations and suggests the presence of
hydroxyl groups. Additional characteristic peaks included
1558 cm™ (indicative of C=C stretching), 1405 cm™!
(assigned to the C—N stretching vibration of amide I in
proteins), 1027 cm™ (attributable to C—O stretching in
amino acids), 948 cm™ (corresponding to C-O-C
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stretching vibrations), and bands at 677 cm™ and 618
cm!' (associated with C-H bending vibrations).
Importantly, the spectrum also showed a distinct peak at
498 cm™!, confirming the presence of Zn—O bonds and
thereby validating the formation of ZnO nanoparticles.
These results indicate that multiple phytochemicals
present in the leaf extract are actively involved in the
bioreduction and stabilization processes of the
nanoparticles. A broad absorption band around 3398 cm™!
corresponded to O—H stretching, indicating the presence
of hydroxyl groups. The peak observed at 533 cm™ was
attributed to Zn—O stretching vibrations, confirming the
formation of ZnO nanoparticles. These observations were
in agreement with those reported by Rao et al., (2015).
Similarly, Awwad & Amer (2020) identified functional
groups at 3505 cm™ (O—H stretching), 1560 cm™ (C=C
aromatic), 1507 cm™, 1388 cm™ (C-H bending), 1034
cm ' (C—N stretching of aliphatic amines), and 885 cm™
(aromatic C—H bending). The presence of similar
functional groups in both the plant extract and the
synthesized ZnO NPs suggests that phytochemicals from
the extract play a significant role in reducing and
stabilizing the nanoparticles.

X-rays diffraction analysis: The crystalline nature of
the synthesized ZnO nanoparticles was confirmed by X-
ray diffraction (XRD) analysis. Prominent diffraction
peaks were observed at 26 values of 30.55°,36.2°, 48.3°,
56.45°, 63.4°, and 68.45°, corresponding to the (100),
(101), (102), (110), (103), and (112) planes of ZnO, as
shown in (Fig. 4). The sharp and well-defined peaks
indicate a high degree of crystallinity. Crystallite size
was estimated using the Scherrer equation: D = 0.94 /
Pcos. Additional peaks observed at 31.84°, 34.52°,
36.38°,47.64°,56.7°, 63.06°, and 68° further confirmed
the crystalline structure. According to JCPDS card No.
36-1451, these reflections are characteristic of the
hexagonal wurtzite shape of ZnO. The absence of
extraneous peaks confirms the purity of the synthesized
ZnO nanopowder, with no detectable secondary phases
or impurities. Golmohammadi et al., (2020) reported the
synthesis of spherical ZnO NPs ranging from 21-37 nm
using Ziziphus jujube fruit extract. Similarly, Padalia &
Chanda (2017) achieved spherical ZnO nanoparticles
with sizes between 12.47-26.97 nm using Ziziphus
nummularia leaf extract. According to Chemingui et al.,
(2019), during the green synthesis process, Zn>" ions
interact with electron-donating biomolecules present in
the plant extract, leading to their reduction. Under
alkaline conditions, Zn(OH)+** are initially formed,
which then complex with phytochemicals such as
polyphenols and flavonoids. Upon calcination
Zn(OH)+* breaks down, resulting in the formation of
pure ZnO nanoparticles. These findings align with the
current study and reinforce the role of plant-based
compounds in controlling particle morphology and
aiding nanoparticle stabilization.

Scanning Electron Microscopy: Scanning electron
microscopy (SEM) was used to analyze the surface
morphology and particle size of the green-synthesized
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ZnO nanoparticles (Fig. 5). The estimated crystallite size,
calculated using the Scherrer equation, ranged between
50-120 nm. SEM images revealed that the nanoparticles
primarily exhibited spherical to hexagonal shapes. The
morphology was influenced by various synthetic
conditions, including the precursor-to-extract ratio,
stirring duration, and the activity of biofunctional groups.
These factors likely played a key role in particle growth,
aggregation, and shape variation during synthesis.
Variations in the morphology and size of ZnO
nanoparticles synthesized through green methods have
been widely documented. Nazir et al., (2021) reported
that ZnO nanoparticles with irregular, platelet-like
structures, often formed aggregates due to surface
interactions with stabilizing biomolecules present in the
plant extract. Elemental analysis of their sample revealed
high purity, with zinc and oxygen content recorded at
19.87% and 74.95%, respectively. In another study,
Chikkanna et al., (2019) described nanoparticles
exhibiting spherical, flower-like, and sponge-like shapes,
with particle sizes ranging from 40-120 nm for one
formulation and 60—130 nm for another. Agarwal et al.,
(2017) also observed agglomeration among ZnO
nanoparticles, contributing to slightly increased particle
dimensions-an effect commonly seen in biosynthetic
processes. Krupa et al., (2016) estimated an average
particle size of 60 nm, which aligned with results from
coconut water-mediated synthesis that produced particles
in the 20-80 nm range. These findings corroborate the
present study, highlighting the role of synthesis
parameters and bioactive compounds in determining the
structural characteristics of ZnO nanoparticles.

Energy dispersive analyses: Energy-dispersive X-ray
(EDX) analysis was performed to determine the elemental
composition of the green-synthesized ZnO nanoparticles
(Fig. 6). The EDX spectrum, recorded over the 0—14 keV
range, displayed strong signals corresponding to zinc and
oxygen, confirming the successful formation of ZnO. The
atomic composition was approximately 61% oxygen and
23% zinc. A notable carbon peak (~39%) was also
detected, likely originating from phytochemicals present in
the plant extract used during synthesis. These results
suggest high elemental purity of ZnO NPs, with minimal
contamination from extraneous elements. Elemental
analysis through EDX is commonly used to verify the
composition and purity of ZnO nanoparticles synthesized
via green methods. Previous study of Yedurkar et al.,
(2016), EDX confirmed the presence of zinc and oxygen
with no significant impurities, showing a composition of
77.56% zinc and 22.44% oxygen, indicating high-purity
nanoparticle formation. Chikkanna et al., (2019) also
reported prominent signals for zinc and oxygen, along with
minor traces of elements such as carbon, calcium, silicon,
and sulfur. These additional elements are likely introduced
by plant-based compounds acting as natural stabilizers
during synthesis. Nagarajan et al., (2013) noted well-
defined peaks for zinc and oxygen, with the absence of
other signals confirming nanoparticle purity. The present
study shows comparable results, with EDX analysis
demonstrating dominant zinc and oxygen peaks, validating
the successful and clean biosynthesis of ZnO nanoparticles.
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Fig. 5. SEM images of green-synthesized ZnO nanoparticles
showing surface morphology and particle aggregation.
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Biological assays

Antioxidant assay: The DPPH assay was conducted to
assess the free radical scavenging ability of both the plant
extract and the green-synthesized ZnO nanoparticles. The
ZnONPs showed a concentration-dependent increase in
antioxidant activity (Fig. 7). At concentrations of 50
pg/mL, 100 pg/mL, and 500 pg/mL, the scavenging effect
increased steadily. The highest level of DPPH inhibition
was recorded at 500 pg/mL, where ZnO nanoparticles
achieved a 62.5% inhibition rate (p<0.0001), compared to
47.7% inhibition by the plant extract at the same
concentration. The standard reference, ascorbic acid,
exhibited the most significant effect, showing 70.3%
inhibition at 500 pg/mL (p<0.0001). These results indicate
that ZnONPs possess considerable antioxidant activity,
likely enhanced through the green synthesis process.

It was suggested that Ag-NPs exhibited a significant
(»<0.0001) maximum competency of DPPH radical
inhibition, with the highest inhibition at 500ul/ml being
78.92%, and the least inhibition at 50ul/ml being 69.7%
(Asad et al., 2025a). Furthermore, Grewia optiva leaf
extract demonstrated the highest inhibition at 500ul/ml
being 75%, and the least inhibition at 50pul/ml being 65%,
while ascorbic acid showed maximum significant
(»<0.0001) inhibition at 77.4%.

Free radicals are known to cause oxidative damage to
biological molecules, compromising cellular integrity and
function. Vidhu et al., (2015) highlighted that biomolecules
interacting with molecular oxygen can lead to the formation
of reactive oxygen species, making antioxidants essential for
maintaining cellular health by neutralizing these radicals.
Suresh et al., (2015) demonstrated that the antioxidant
capacity of ZnO nanoparticles synthesized using mango plant
extract was comparable to that of vitamin C. Their DPPH
scavenging assay, conducted in triplicate across various
concentrations, confirmed that the green synthesis approach
enhanced the radical scavenging potential of ZnONPs. These
nanoparticles may exhibit even greater antioxidant activity if
further engineered or functionalized. Similarly, Vera et al.,
(2023) reported that the type of plant extract significantly
influenced the yield and antioxidant performance of the
resulting ZnONPs. Aristotelia chilensis extract yielded the
highest amount of ZnONPs, while Galega officinalis extract
yielded the lowest. Extracts with high total phenolic content
(TPC) were associated with increased antioxidant activity,
suggesting that the phytochemical composition played a
critical role in both nanoparticle synthesis and bioactivity. In
ZnO nanoparticle production, extracts with greater
antioxidant properties also demonstrated superior reducing
and metal-chelating abilities, achieving scavenging
efficiencies as high as 89.37%.

Antifungal activity: The antifungal efficacy of green-
synthesized ZnO nanoparticles was evaluated against
Aspergillus niger at concentrations of 50 pg/mL, 100 pg/mL,
and 500 pg/mL, with clotrimazole used as a standard control.
As shown in (Fig. 8), ZnONPs exhibited a concentration-
dependent inhibitory effect, producing a significant
(»<0.0001) zone of inhibition measuring 7.0 mm at 500
pg/mL, 5.5 mm at 100 pg/mL, and 4.5 mm at 50 pg/mL. In
comparison, the plant extract alone showed inhibition zones
of 6.0 mm at 500 pg/mL and 5.0 mm at 100 pg/mL.
Interestingly, clotrimazole, despite being a standard antifungal
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agent, showed a smaller inhibition zone of 4.5 mm at 500
pg/mL under the same conditions. These results suggest that
ZnONPs synthesized via green methods possess notable
antifungal activity, potentially exceeding that of conventional
antifungal drugs at the tested concentration. Sun et al., (2018)
reported that ZnO nanoparticles possessed significant
antifungal activity, making them effective agents for
managing fungal infections. Antifungal activity of ZnO
nanoparticles has been extensively studied and supported by
various findings. Asad et al., (2025a) demonstrated that plant
leaf extract exhibited significant antifungal effects against 4.
niger, with inhibition zones of 4.9 mm and 4.4 mm at 500
pL/mL and 100 pL/mL, respectively (p<0.05). Clotrimazole,
used as a reference antifungal agent, produced a smaller
inhibition zone of 3.0 mm under similar conditions. Ag-NPs
also displayed antifungal activity, with the highest inhibition
zone recorded at 5.7 mm for 500 uL/mL, and 4.8 mm and 4.4
mm at 100 pL/mL and 50 pL/mL, respectively. Baskar et al.,

A [] znones B
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(2013) conducted diffusion assays against multiple fungal
strains including A. fumigatus, A. aculeatus, and A. niger, and
found that synthetic ZnONPs exhibited clear zones of
inhibition on all test plates, indicating potent antifungal
activity. This was attributed to the generation of highly
reactive oxygen species (ROS) such as hydroxyl ions (OH"),
hydrogen peroxide (H20:), and superoxide (O»*"), which are
known to damage fungal cell walls and membranes.

Miri et al., (2019) further supported the antifungal
potential of ZnONPs by demonstrating activity against
Candida  albicans, reporting minimum inhibitory
concentration (MIC) and minimum biofilm suppression
(MBS) values of 128 and 256 pg/mL, respectively. Their
study suggested that ZnONPs compromised the integrity of
fungal cell membranes, resulting in leakage of essential
cellular components such as proteins, ions, and nucleic
acids, ultimately leading to cell death.
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Fig. 8. (A) Antifungal activity of green-synthesized ZnO nanoparticles, plant extract, and clotrimazole against Aspergillus niger at
different concentrations. (B) Representative image showing the inhibition zone of ZnO nanoparticles against 4. niger.
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Fig. 9. (A) Antibacterial activity of green-synthesized ZnO nanoparticles at different concentrations against Escherichia coli. (B) Zone
of inhibition observed in the antibacterial assay using Kalanchoe pinnata leaf extract and ZnO nanoparticles.
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Fig. 10. Analgesic activity of green-synthesized ZnO

nanoparticles at different concentrations compared to Kalanchoe
pinnata leaf extract and standard drug (paracetamol), showing
percentage inhibition of pain response.
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Fig. 11. Anti-inflammatory activity of green-synthesized ZnO
nanoparticles at different concentrations, compared with
Kalanchoe pinnata leaf extract and standard drug (diclofenac
sodium), based on xylene-induced ear edema model in mice.

Table 1. Rectal temperature (°F) of albino mice before and after treatment with Kalanchoe pinnata leaf extract and ZnONPs
in a Brewer’s yeast-induced pyrexia model.

Dose Baseline

Group (uL/mL or mg/mL)| Temp. °F) Oh 1h Zh 3h 4h

Negative control (Saline) 10% v/v 98.7 101 101 101 101 101
Positive control | me/mL 98.7 100.5,99.0, 100.1,99.5, 100.1,98.1, 100.6,99.0, 100.3,99.0,

Paracetamol) & ) 100.0 99.0 99.4 98.2 98.0
100.0,99.5, 99.7,99.5, 100.0,98.0, 100.0,99.5, 100.2,99.1,

Leaf extract 50, 100, 500 pL/mL 98.7 98 6 082 995 08 3 986
. 100.5,99.0, 100.1,99.5, 100.1,98.1, 100.6,99.0, 100.3,99.0,

ZnO Nanoparticles 50, 100, 500 pL/mL 98.7 100.0 990 99 4 082 980

Antibacterial activity: The antibacterial potential of green-
synthesized ZnO nanoparticles was assessed against
Escherichia coli using the agar well diffusion method, with
streptomycin serving as the standard control. As shown in
(Fig. 9), ZnONPs exhibited a significant (p<0.0001)
concentration-dependent antibacterial effect. The maximum
zone of inhibition was recorded at 7.5 mm for 500 pL/mL,
followed by 6.0 mm at 100 pL/mL and 4.5 mm at 50 pL/mL.
In comparison, the plant extract alone produced zones of
inhibition measuring 6.0 mm at 500 pL/mL and 4.5 mm at
100 pL/mL. Streptomycin, used as a reference antibiotic,
showed a 4.5 mm inhibition zone at 500 uL/mL. These
results suggested that ZnO nanoparticles synthesized via
green methods possessed strong antibacterial properties,
surpassing those of both the crude plant extract and the
standard antibiotic under the tested conditions. Asad ef al.,
(2025a) worked on the well diffusion method to assess the
antibacterial potential of (G. optiva) leaves extract and Ag-
NPs against E. coli and shigella. The results demonstrated
that the extract at 500ul/ml showed a significant (p<0.05)
highest zone of inhibition (4.7mm) against E. coli and a
minimal zone of inhibition (3mm) against shigella. Ag-NPs
showed a significantly (p<0.05) highest inhibition zone (5.9
mm) against E. coli at 500ul/ml and a lowest inhibition zone
(4.7 mm) against shigella at 100pl/ml.

Rizwan et al., (2010) found that ZnONPs enhanced the
growth inhibition and the ZnONPs concentration in the

wells and discs. Concentrations of ZnONPs and the type of
bacteria affected the size of the inhibition zone since it was
larger with the cocci bacteria type than the gram-positive
bacteria. Comparing the result with the control, cell growth
inhibition by ZnONPs was notable here. Furthermore, the
analysis confirmed that the gram-positive organisms S.
aureus and S. epidermidis had similar results as the two-
gram negative organisms E. faecalis and E. coli. Mendes et
al., (2022) showed that ZnONPs had IC100 values of 0.6
mM for both strains of P. aeruginosa and E. coli, which
ultimately reduced their growth. The calculated IC100
values were 0.8 and 1.0 mM for B. subtilis and S. aureus,
respectively. Antimicrobial resistance is known to be
provided by a thin layer of peptidoglycan that exists
between two membranes in gram-negative bacteria.

Analgesic Assay: The analgesic potential of ZnO
nanoparticles synthesized using K. pinnata leaf extract was
evaluated through a dose-dependent study (Fig. 10). The assay
was conducted in triplicate using three concentrations: 50
pg/mL, 100pg/mL, and 500 pg/mL. ZnONPs showed the
highest significant inhibition of pain response at 500pg/mL,
with a percent inhibition of 56% (p<0.0001). At 100pg/mL,
ZnONPs exhibited 50% inhibition, while the crude leaf extract
showed 47% and 42% inhibition at 500 pg/mL and 100
pg/mL, respectively. The standard analgesic, paracetamol,
also showed a significant inhibition of 53% at 500pug/mL
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(p<0.0001). These findings suggest that ZnONPs derived
from K. pinnata may possess effective analgesic properties,
comparable to or exceeding those of conventional drugs at
higher concentrations. Asad et al., (2025b) investigated the
analgesic properties of G. optiva leaf extract and iron
nanoparticles (FeNPs), reporting a significant (p<0.0001)
inhibition of pain at 500 pL/mL. The extract alone showed
62.5% inhibition at this concentration and 60% at 100 pL/mL.
FeNPs demonstrated even greater effectiveness, with 63%
inhibition at 500 pL/mL and 62% at 50 pL/mL. In
comparison, the standard analgesic, paracetamol, showed
51.5% inhibition under the same conditions. Sulaiman et al.,
(2022) evaluated the analgesic activity of zinc oxide-based
nanomedicines formulated with etoricoxib and montelukast.
Their findings revealed that the ZE6 formulation exhibited
superior pain inhibition compared to both standard drugs and
other nanoformulations, even at half the dosage, highlighting
the enhanced efficacy of nanoscale drug delivery systems.

Asad et al., (2022) explored the analgesic potential of
silver nanoparticles synthesized from Amaryllis vittata leaf
and bulb extracts. The leaf-derived Ag-NPs achieved the
highest inhibition (»p<0.05), reducing writhing responses to
2.75 £ 0.75. Paracetamol, used as a standard (150 mg/kg),
reduced writhing to 9 + 3.0 with 76.77% inhibition
(»<0.05). The ethanolic leaf extract also demonstrated
significant analgesic activity, reducing writhing to 7.5 +
1.19 and achieving 80.64% inhibition at 500 pg/mL.

Anti-inflammatory in vivo assay: The anti-inflammatory
potential of green-synthesized ZnONPs was assessed using
the xylene-induced ear edema model in mice (Fig. 11).
ZnONPs were applied topically at 50, 100, and 500 pL/mL
concentrations. At 500 pL/mL, ZnONPs showed the
inhibition percent (47.16%) after 24 hours. At 50 pL/mL,
inhibition reached 41% after 1 hour. The leaf extract showed
42% inhibition at 100 pL/mL. Diclofenac sodium (standard)
showed 41.94% inhibition at 500 uL/mL. These results
indicate that ZnONPs exhibit strong, dose-dependent anti-
inflammatory activity, surpassing both the plant extract and
standard drug. Sulaiman et al., (2022) reported that zinc
oxide-based nanoformulations of etoricoxib and montelukast
exhibited enhanced anti-inflammatory activity, with stronger
inhibition observed during the second and third hours of
treatment. Among the formulations, ZE6 exhibited the highest
percentage of inhibition, outperforming the free drugs on a
weight basis. Similarly, Rangeela ef al., (2019) showed that
ZnONPs synthesized using Phyllanthus emblica (amla) fruit
possessed significant anti-inflammatory potential. Rajakumar
et al., (2018) also reported that ZnONPs synthesized from
Andrographis paniculata leaf extract exhibited strong
biological activity, including antioxidant, anti-diabetic, and
anti-inflammatory effects, suggesting their potential for
applications in food, cosmetics, and pharmaceuticals.

Anti-pyretic assay: Albino mice were used to assess the
antipyretic activity of K. pinnata leaf extract and ZnO
nanoparticles using the Brewer’s yeast-induced pyrexia
model. Fever was induced by subcutaneous injection of
Brewer’s yeast (20 mL/kg body weight). ZnONPs and
plant extract were administered at concentrations of 50,
100, and 500 pL/mL, as shown (Table 1). Rectal
temperatures were recorded hourly for four hours using a
lubricated thermometer. At the second hour, treatment

groups received 500 uL/mL of either ZnONPs or the leaf
extract to evaluate their temperature-lowering effects.

Asad et al., (2025b) evaluated the antipyretic effects
of Grewia optiva leaf extract and iron nanoparticles
(FeNPs) in albino mice using the Brewer’s yeast-induced
pyrexia model. Mice were administered 20% Brewer’s
yeast (20 mL/kg body weight), and rectal temperatures
were monitored hourly over a four-hour period.
Administration of 500 pL/mL of FeNPs at the second hour
significantly reduced body temperature, followed by the
extract indicating effective pyrexia control.

Similarly, the antipyretic activity of zinc oxide-based
etoricoxib and montelukast nanoformulations was assessed
by Sulaiman et al., (2022). Mice received 10% Brewer’s
yeast (mL/kg), and those exhibiting a temperature rise of
>0.6°C after 18 hours were selected. Intraperitoneal doses
of nanoformulations (ZE4, ZE5, and ZEG6) effectively
reduced fever within the first hour of administration,
outperforming standard drugs. These findings support the
superior antipyretic efficacy of nano-based formulations
compared to their conventional counterparts.

Conclusion

This study demonstrated the successful green synthesis
of zinc oxide nanoparticles (ZnONPs) using Kalanchoe
pinnata leaf extract. The synthesized ZnONPs, with an
average crystallite size of approximately 18 nm, were
confirmed through UV-Vis, FTIR, SEM, EDX, and XRD
analyses. The nanoparticles exhibited notable antioxidant,
antimicrobial, analgesic, anti-inflammatory, and antipyretic
activities. These results highlight the potential of K. pinnata
mediated ZnONPs as an eco-friendly and effective candidate
for biomedical applications.
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