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This work reports an eco-friendly approach of synthesis of zinc oxide nanoparticles (Kf-ZnNPs) using leaf extract from Kalanchoe
fedtschenkoi and evaluates their physico-chemical characteristics along with a broad spectrum of biological activities. The UV-Visible
spectroscopy confirmed the formation and optical stability of the nanoparticles through a distinct absorption peak at 349 nm, indicative
of monodispersity. Dynamic light scattering and zeta potential analyses revealed a narrow particle size distribution with an average
hydrodynamic diameter of approximately 34.20 nm (PDI: 0.001-0.306) and moderate colloidal stability (-11.66 mV). Scanning electron
microscopy (SEM) further demonstrated a quasi-spherical morphology with particle sizes ranging between 13.49 and 24.28 nm. FTIR
analysis confirmed the involvement of proteins, phenolics and other phytochemicals from the plant extract in nanoparticle reduction and
stabilization. The crystalline nature of the nanoparticles was established by X-ray diffraction, which showed a characteristic wurtzite ZnO
phase with crystallite sizes between 17.7 to 26.4 nm and an average crystallite size of 21.78 + 3.42 nm. Biological results revealed the
remarkable antibacterial activity of Kf-ZnNPs against Staphylococcus aureus and Escherichia coli, with inhibition zones of 25 + 1.00
mm and 22 + 1.00 mm, respectively, along with significant antifungal efficacy against Candida albicans (23 + 1.00 mm). The
nanoparticles also exhibited significant antioxidant, anti-inflammatory and antidiabetic activities, with 1Cso values of 92 ug/mL, 70.98
ug/mL and 97.13 ng/mL, respectively. Furthermore, the cytotoxicity assays demonstrated substantial anticancer potential against MCF-
7 and A549 cell lines, with 1Cso values of 15 pg/mL and 20.15 pg/mL, respectively.
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INTRODUCTION

The synthesis of nanoparticles has traditionally relied on
a range of physical and chemical techniques, including ball
milling, laser ablation, chemical reduction, hydrothermal pro-
cessing and sol-gel methods. While these approaches offer
precise control over particle size and crystallinity, they often
demand substantial energy input, specialized instrumentation
and hazardous chemical reagents [1-3]. Such requirements
not only increase production costs but also raise concerns
regarding environmental sustainability and biological safety,
particularly in applications related to nanomedicine and
biomedical engineering [4].

In response to these challenges, green synthesis strategies
have gained significant attention over the past two decades as
sustainable alternatives that integrate nanotechnology with
principles of environmental compatibility and resource effi-
ciency [5,6]. These approaches utilize biological systems to
facilitate the reduction and stabilization of metal ions, thereby
minimizing the use of toxic chemicals and aligning with
green chemistry concepts [7,8]. Early green synthesis efforts
primarily employed microorganisms including bacteria, fungi
and actinomycetes, which mediate nanoparticle formation
through enzymatic and metabolite-driven pathways [9-11].
However, limitations such as the need for strict sterilized
conditions, prolonged synthesis times and complex post-syn-
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thesis processing have restricted their broader technological
arrangement [12]. Animal-derived biomaterials such as egg
albumin, gelatin and chitosan, offer alternative biological plat-
forms but face challenges related to batch variability, stability
and ethical considerations [13,14].

Among biological synthesis routes, the plant-mediated
nanoparticle fabrication has emerged as a robust and scalable
strategy within nanotechnology research [15]. Plant extracts
are rich in diverse phytochemicals such as polyphenols, flav-
onoids, alkaloids, terpenoids and proteins that simultaneously
act as reducing, capping and stabilizing agents, enabling cont-
rolled nanoparticle formation [16]. The simplicity of proces-
sing, reduced procedural complexity and ready availability of
plant resources further enhance the suitability of this approach
for large-scale nanoparticle production. Several medicinal plants
such as Azadirachta indica, Moringa oleifera, Aloe vera,
Ocimum sanctum, Calotropis gigantea and Catharanthus
roseus, have been successfully employed in the green synth-
esis of zinc oxide (ZnO) nanoparticles, yielding materials with
tailored physico-chemical properties and promising biological
functions [17-22]. These studies collectively highlight plant-
mediated synthesis as a viable nanotechnological platform for
developing functional and biocompatible ZnO nanomaterials.

The genus Kalanchoe, belonging to the Crassulaceae family,
comprises over 125 species of succulent plants, many of which
are extensively used in traditional medicine across Asia, Africa
and South America [23]. Several species such as Kalanchoe
pinnata, Kalanchoe crenata, Kalanchoe blossfeldiana and
Kalanchoe laciniata are known for their potent antimicrobial,
antioxidant, anti-inflammatory, wound healing and anticancer
properties. Phytochemical studies of these species have reve-
aled the presence of alkaloids, flavonoids, phenolic acids,
bufadienolides, triterpenes and steroids, which contribute to
their bioactivity and also make them suitable candidates for
metallic nanoparticle synthesis [24-27]. For instance, K. pinnata
leaf extract has been utilized in the synthesis of silver (AgNPs),
gold (AuNPs) and zinc oxide nanoparticles (ZnO NPs) [28,29].
These metallic nanoparticles have demonstrated enhanced
antimicrobial activity on both Gram-positive and Gram-
negative bacteria’s, significant antioxidant potential in DPPH
assays and cytotoxic effects against certain cancer cell lines.
Similarly, K. crenata-derived AgNPs have shown efficacy in
wound healing and anti-inflammatory models, underscoring
the medicinal potential of this genus when combined with
nanoscale materials [30,31].

Despite these promising results, most of the researches
have been concentrated on a few well-known species, especially
K. pinnata and K. crenata, while other phytochemically potent
species like Kalanchoe fedtschenkoi remain underexplored. K.
fedtschenkoi, an ornamental succulent native to Madagascar
and widely cultivated in India, has shown preliminary evid-
ence of antioxidant and antimicrobial properties [32,33]. How-
ever, its use in green nanotechnology, particularly for the
synthesis of zinc oxide nanoparticles (ZnONPs), has not yet
been systematically investigated.

Therefore, the present investigation emphasizes the plant
mediated synthesis of ZnO nanoparticles using K. fedtschenkoi
leaf extract (Kf-ZnNPs) to address existing gaps in green
nanomaterial research. The synthesized nanoparticles were

systematically characterized using UV-Visible spectroscopy,
scanning electron microscopy (SEM), dynamic light scattering
(DLS), zeta potential analysis, Fourier transform infrared spectro-
scopy (FTIR) and X-ray diffraction (XRD) to evaluate their
optical, morphological, surface and crystalline properties. Further-
more, the biological performance of Kf-ZnNPs was assessed
through in vitro assays to determine their antimicrobial
efficacy against Staphylococcus aureus, Escherichia coli and
Candida albicans, along with their antioxidant, antidiabetic,
anti-inflammatory and anticancer activities.

EXPERIMENTAL

Plant extract: Fresh Kalanchoe fedtschenkoi leaves were
collected from the Botanical Garden at S.M. Joshi College
campus, Hadapsar, Pune, India. Under the authentication no.
Bot/BGC-28/AUTH, the plant material was taxonomically veri-
fied and used. In brief, freshly harvested leaves (10 g) were
thoroughly washed with distilled water to remove surface
contaminants and then finely macerated using a mortar and
pestle. The resulting paste was transferred to a beaker
containing 100 mL of distilled water and heated at 70 °C for
30 min under continuous stirring on a magnetic hot plate to
enhance the extraction of phytochemicals. After cooling to
room temperature, the extract was filtered through a 20 um
syringe filter to remove coarse particulates. The filtrate was
subsequently centrifuged at 4000 rpm for 15 min to eliminate
residual plant debris. The resulting clear supernatant was
collected, sealed and stored at 4 °C for subsequent use in the
green synthesis of ZnO nanoparticles.

Synthesis of ZnO nanoparticles (Kf-ZnNPs): Phyto-
capped ZnO nanoparticles (Kf-ZnNPs) were synthesized using
an aqueous zinc acetate dihydrate solution (1.0 mM) as the
precursor. To generate an alkaline medium favourable for nano-
particle formation, a 0.1 M NaOH solution was added drop-
wise under continuous magnetic stirring until the pH reached
approximately 9. Subsequently, the previously prepared K.
fedtschenkoi leaf extract was introduced into the reaction
mixture ina 1:9 (v/v) ratio. The reaction was allowed to proceed
under constant stirring at room temperature for 24 h. During
the synthesis, the reaction mixture gradually changed from a
milky appearance to a clear solution, with the simultaneous
formation of a pale yellowish-white precipitate, indicating
successful formation of ZnO nanoparticles. The resulting Kf-
ZnNPs were collected by centrifugation at 14,000 rpm for 15
min and washed 2-3 times with distilled water to remove resi-
dual impurities and unreacted species. The obtained Kf-ZnNPs
nanoparticles were then dried and stored for subsequent
characterization and biological evaluation.

Characterization: The optical and structural characteri-
zation of K. fedtschenkoi mediated ZnO nanoparticles (Kf-
ZnNPs) was carried out using multiple analytical techniques.
UV-Vis spectroscopy was performed on a Shimadzu UV-1800
spectrophotometer in absorbance mode over 300-900 nm to
compare the surface plasmon resonance of Kf-ZnNPs with
the absorption profiles of the plant extract and 1 mM zinc acetate
solution. FESEM (Nova NanoSEM NPEP303) operated at 15
kV under high vacuum was used to examine nanoparticle mor-
phology and size. The hydrodynamic diameter and polydis-
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persity index (PDI) were determined by dynamic light scatter-
ing (DLS) using a Brookhaven Instrument system, while the
surface charge and colloidal stability were evaluated through
zeta potential analysis employing phase analysis light scatt-
ering (PALS) at 25 °C. Fourier transform infrared (FTIR)
spectroscopy (Bruker) in the range of 4000-500 cm* was used
to identify the functional groups responsible for nanoparticle
reduction and stabilization. The crystalline structure and
average crystallite size of Kf-ZnNPs were analyzed by X-ray
diffraction (XRD) using Cu-Ka: radiation (A = 1.5406 A) over
a 20 range of 3-90°, with phase identification confirmed using
JCPDS card no. 36-1451 and crystallite size estimated using
the Debye-Scherrer’s equation.
Biological activity assays

Antimicrobial activity: The antimicrobial activity of
phyto-capped Kf-ZnNPs was assessed against Gram-positive
S. aureus (ATCC 29213), Gram-negative E. coli (ATCC 25922)
and the fungal strain C. albicans (ATCC 10231) using the agar-
well diffusion method. For antibacterial evaluation, nutrient
agar plates (HiMedia) were inoculated with 100 pL of bacterial
suspension and uniformly spread, followed by aseptic punc-
hing of 6 mm diameter wells. Each well was loaded with 100
pL of Kf-ZnNPs solution (1 mg/mL in DMSOQ). Streptomycin
(1 mg/mL) and DMSO served as positive and negative controls,
respectively. For antifungal assessment, Sabouraud agar plates
(HiMedia) were prepared and inoculated with 100 pL of fungal
culture, after which wells of 3 mm radius were prepared and
filled with 100 pL of Kf-ZnNPs solution (1 mg/mL in DMSO).
Miconazole (1 mg/mL) and DMSO were used as positive and
negative controls, respectively. All plates were incubated at
37 °C for 24 h and antimicrobial activity was quantified by
measuring the zones of inhibition in millimeters. Each experi-
ment was performed in triplicate to ensure reproducibility.

Antioxidant activity: The antioxidant activity of Kf-ZnNPs
was evaluated using the DPPH radical scavenging assay. Serial
dilutions of the nanoparticles were prepared in methanol at
concentrations ranging from 20 to 100 pg/mL. Each concen-
tration was mixed with 1.5 mL of 0.1% methanolic DPPH
solution and incubated in dark at room temperature for 30 min.
The absorbance was measured at 510 hm using a colorimeter.
All experiments were performed in triplicate and the mean
absorbance values were used to calculate the percentage of
radical scavenging activity using the standard DPPH formula.
Ascorbic acid served as the positive control.

Anti-inflammatory activity: In vitro protein denature-
tion assay was performed to estimate the anti-inflammatory
activity of Kf-ZnNPs [34]. Fresh egg albumin (0.4 mL), PBS
(pH 6.4; 5.6 mL) and 100 uL of test sample at varying concen-
trations (20-100 pg/mL) were mixed to make 10 mL final
volume. For 15 min incubation was performed at 37 + 2 °C,
then for 5 min heating was done at 70 °C and after subsequent
cooling the absorbance was taken at 660 nm. For the positive
control, diclofenac sodium was used and double distilled water
as a blank was used. In triplicate all tests were performed. The
percentage inhibition of protein denaturation was calculated
using the standard formula:

Inhibition (0%6) = =1

=100

where C = absorbance of control and T = absorbance of test
sample.

Antidiabetic activity: The in vitro a-amylase inhibition
assay was performed to assess the antidiabetic activity of bio-
synthesized Kf-ZnNPs using the Bernfeld method [35]. Diffe-
rent concentrations of the nanoparticles (20-100 ug/mL) were
incubated with a-amylase enzyme and starch substrate in
phosphate buffer (pH 6.9). After a second incubation, the
reaction was halted using dinitrosalicylic acid (DNS) reagent
and boiled. At 540 nm, the absorbance was recorded using a
spectrophotometer. All the experimental conditions were per-
formed in triplicates to ensure the reproducibility. The per-
centage inhibition of a-amylase was calculated by comparing
the absorbance of control and treated samples. Acarbose was
used as the standard reference drug.

Anticancer assay: The cytotoxic potential of biosynth-
esized phyto-capped Kf-ZnNPs was evaluated against human
lung (A549) and breast (MCF-7) cancer cell lines using the
standard MTT assay. Cells procured from the National Centre
for Cell Science (NCCS), Pune, were cultured in DMEM supp-
lemented with 10% fetal bovine serum and 1% penicillin-
streptomycin and maintained at 37 °C in a humidified incub-
ator with 5% CO.. At 70-80% confluence, cells were trypsin-
nized (0.25% trypsin-EDTA), counted and seeded into 96-well
plates at a density of 1 x 10* cells per well. After 24 h for cell
attachment, the medium was replaced with fresh DMEM cont-
aining serial concentrations of Kf-ZnNPs (15.625-500 ug/
mL). Docetaxel at corresponding concentrations was used as
the positive control. Following 24 h of treatment, the medium
was replaced with 100 pL of MTT solution (0.5 mg/mL) and
incubated for 3 h to allow formazan formation. The resulting
crystals were dissolved in 100 uL of DMSO and absorbance
was measured at 570 nm using a microplate reader. Cell
viability was expressed as a percentage relative to untreated
controls and 1Cso values were determined from dose-response
curves using nonlinear regression. All experiments were perfor-
med in triplicate, and results are presented as mean + standard
deviation (SD).

Statistical analysis: All the biological activities were
performed in triplicate set and the results expressed in mean
+ standard deviation (SD). Statistical significance of differ-
ences between control, standard and test groups was evaluated
using one-way analysis of variance (ANOVA) after that by
Tukey’s post-hoc test for multiple comparisons. A t-taste
p-value if not greater that 0.05 (p < 0.05) then it is considered
as statistically significant. Data analysis and graphical repre-
sentations were performed using SPSS version 16.0 and
Microsoft Excel 2016.

RESULTS AND DISCUSSION

The plant-mediated synthesis of ZnO nanoparticles (Kf-
ZnNPs) using leaf extract from K. fedtschenkoi reflects an
effective nanobiotechnological strategy for producing func-
tional ZnO nanomaterials. Aqueous extraction under heating
releases bioactive phytoconstituents such as flavonoids and
polyphenols, which facilitate reduction and surface capping
of nanoparticles [36]. The adjustment of reaction pH to appr-
oximately 9 enhances ZnO nucleation kinetics, consistent with
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reported synthesis mechanisms [37]. Zinc acetate was chosen
as the metal precursor owing to its high aqueous solubility
and suitability for mild reaction environments. The formation
of a white precipitate corresponds to ZnO NPs generation, as
reported previously [38]. Post-synthesis purification ensured
removal of residual organic and ionic species.

UV-Vis spectroscopy: The UV-visible absorption spectra
(Fig. 1) compare the optical characteristics of (a) phyto-capped
Kf-ZnNPs synthesized using K. fedtschenkoi leaf extract, (b)
plant extract alone and (c) zinc acetate precursor solution. The
spectrum of Kf-ZnNPs (Fig. 1a) exhibits a sharp and well-
defined absorption peak at 349 nm, which is characteristic of
the surface plasmon resonance (SPR) associated with ZnO NPs,
confirming their successful formation and nanoscale nature
[39]. A weak shoulder observed around 310 nm is attributed to
the residual phytochemicals, such as flavonoids and phenolic
compounds, that remain adsorbed on the nanoparticle surface
and contribute to reduction and stabilization processes [40].
In contrast, the plant extract spectrum (Fig. 1b) shows a broad
absorption band near 349 nm, arising from its inherent phyto-
constituents, while the zinc acetate solution (Fig. 1c) displays
negligible absorbance across the 300-800 nm range, indica-
ting the absence of nanoparticle-related optical features. The
absence of secondary peaks or extended absorption beyond
400 nm in the Kf-ZnNPs spectrum suggests a high degree of
monodispersity, minimal aggregation and good optical purity.
These spectral features are consistent with previously reported
green-synthesized ZnO nanoparticles and further validate the
effective role of K. fedtschenkoi extract in mediating the
formation and stabilization of ZnO nanostructures [41,42].
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Fig. 1. UV-Vis absorption spectra of (a) Kf-ZnNPs, (b) Kalanchoe
fedtschenkoi leaf extract and (c) zinc acetate

FESEM: FESEM analysis (Fig. 2) revealed that the bio-
synthesized Kf-ZnNPs possess a predominantly quasi-spherical
morphology with a narrow particle size distribution, confirming
effective nanoscale control during synthesis. The particle sizes
ranged from 13.49 to 24.28 nm, with an average diameter of
18.52 + 3.12 nm, and most particles were clustered around
~18.9 nm, indicating the uniform growth behaviour. The fine
granular surface texture and consistent nanoscale features
suggest efficient reduction, capping and stabilization by phyto-
chemicals present in the K. fedtschenkoi extract, in agreement
with other plant-mediated ZnO nanoparticle studies [43-45].
Moderate agglomeration observed in the micrographs is likely
attributable to phytochemical-mediated interparticle inter-
actions and the drying process, as reported previously [46,47].
Similar quasi-spherical morphologies have been documented
for ZnO NPs synthesized using A. indica and other medicinal

Fig. 2. FESEM image of Kf-ZnNPs

plant extracts [48]. Overall, the uniform morphology and repro-
ducible size distribution validate the role of K. fedtschenkoi
phytoconstituents in directing controlled green synthesis, a
feature advantageous for biomedical applications due to
enhanced surface reactivity and cellular interaction [20].
Dynamic light scattering (DLS): DLS analysis reve-
aled that the hydrodynamic diameter of the Kf-ZnNPs ranged
from 31.70 to 37.43 nm, with a mean particle size of 34.20 +
2.93 nm (n = 3), as presented in Table-1 and Fig. 3. The poly-
dispersity index (PDI) values varied between 0.001 and 0.306
(mean PDI: 0.205 + 0.176), indicating a narrow size distribu-
tion and good colloidal stability. PDI values below 0.3 are
indicative of moderate to high monodispersity, confirming that
the nanoparticles were well dispersed in the aqueous medium
with minimal aggregation. The intensity-based DLS profile
displayed a single, sharp monomodal peak centered around
34.2 nm, reflecting uniform particle populations consistent
with green-synthesized ZnO nanoparticles reported in earlier
studies [49-52]. A baseline index of 0.0 across all measure-
ments further confirmed instrumental stability and low back-
ground interference, supporting sample purity. The slightly
larger hydrodynamic size observed by DLS compared to
FESEM measurements can be attributed to the hydration layer
and phytochemical capping on the nanoparticle surface. Over-
all, the DLS results are consistent with the FESEM findings
and validate the reproducible synthesis of uniformly sized, collo-
idally stable Kf-ZnNPs mediated by plant phytoconstituents.

TABLE-1
DYNAMIC LIGHT SCATTERING (DLS)
ANALYSIS OF BIOSYNTHESIZED Kf-ZnNPs

Effective Polydispersi Baseline
A pElD diameter (nm) yindgx Y index
Zn-1 37.43 0.306 0.0
Zn-2 31.70 0.001 0.0
Zn-3 33.48 0.306 0.0
Mean 34.20 0.205 0.0
Std. error 1.70 0.102 0.0
Std. deviation 2.93 0.176 -

Zeta potential: The zeta potential measurements of Kf-
ZnNPs revealed moderately negative surface charges ranging
from -8.68 to -14.96 mV, with an average value of -11.66 +
3.15 mV (n = 3), as illustrated in Table-2 and Fig. 4. These
values indicate sufficient electrostatic repulsion among particles
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Fig. 3. Intensity-based DLS size distribution of Kf-ZnNPs

TABLE-2
ZETA POTENTIAL MEASUREMENTS
OF BIOSYNTHESIZED Kf-ZnNPs

Electrophoretic

Sample ID Zew(fn‘)\t;;”"a' mobility reF;'\gjal
(ps/V cm)

Zn-1 -8.68 -0.68 3.19 x 102
Zn-2 -11.35 -0.89 1.55 x 102
Zn-3 -14.96 -1.17 2.49 x 1072
Mean -11.66 -0.91 2.41 x 1072
Std. error 1.82 0.14 475 x 103
Std. deviation 3.15 0.25 8.22 x 103

1

Phase (radians)

-12 I ] 1 T Ll ] 1 1 1
0 0.2 0.4 0.6 0.9
Time (sec)

Fig. 4. PALS (phase analysis light scattering) graph showing the phase
shift curve of biosynthesized Kf-ZnNPs, used to calculate zeta
potential through time-resolved signal interpretation

to support colloidal stability in aqueous suspension, despite
being below the conventional +30 mV threshold typically
associated with highly stable dispersions. The nanoparticles
remained well dispersed throughout characterization, consis-
tent with DLS and FESEM observations. Electrophoretic
mobility values ranged from -0.68 to -1.17 ps/V cm (mean: -
0.91 £+ 0.25 ps/V cm), confirming the presence of negatively
charged and mobile nanoparticle surfaces. Low RMS residual
values (mean: 2.41 x 10?) further indicate reliable measure-
ment fitting with minimal background interference. The obser-
ved surface charge is attributed to phytochemical constituents
from the K. fedtschenkoi extract, which act as capping agents
and impart electrostatic stabilization. Comparable zeta potential
values have been reported for ZnO NPs synthesized via other
plant-mediated routes, supporting the reproducibility and
stability of the green synthesis approach [53-57].

FTIR studies: The FTIR spectrum of the biosynthesized
Kf-ZnNPs (Fig. 5) displayed multiple characteristic absorption
bands, confirming the involvement of plant-derived phyto-
chemicals in nanoparticle formation and stabilization. A broad
and intense band at 3396.08 cm™ is attributed to O—H stretc-
hing vibrations of phenolic or alcoholic groups, indicating the
presence of polyphenolic compounds from the K. fedtschenkoi
extract [58]. The weak absorption observed near 2923.82 cm
corresponds to C—H stretching of aliphatic —CH» groups,
commonly associated with plant-based organic constituents.
Prominent peaks in the fingerprint region at 1572.53, 1442.95
and 1365.34 cm are assigned to N-H bending of amines or
amides, C=C stretching of aromatic rings and C—N stretching
vibrations of proteins or alkaloids, respectively, suggesting
the role of nitrogen-containing biomolecules as capping and
stabilizing agents [59,60]. Additional sharp bands at 1212.81
and 1056.26 cm™ correspond to C-O stretching vibrations of
alcohols, esters or ethers, further supporting the presence of
organic moieties on the nanoparticle surface. Notably, absor-
ption bands below 1000 cm™, including peaks at 826.89,
667.38 and 558.60 cm™, are characteristic of Zn-O stretching
vibrations, confirming the formation of the ZnO nanoparticle
framework [53]. Collectively, these FTIR findings demons-
trate that biomolecules present in the K. fedtschenkoi extract
actively participate in the reduction of Zn?* ions and provide
effective surface capping and stabilization to the synthesized
Kf-ZnNPs.
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Fig. 5. FTIR spectrum of Kf-ZnNPs

XRD studies: The X-ray diffraction (XRD) pattern of the
biosynthesized Kf-ZnNPs exhibited well-defined and intense
Bragg reflections at 20 values of 31.78°, 34.45°,36.27°, 47.53°
and 56.60°, corresponding to the (100), (002), (101), (102),
and (110) crystallographic planes, respectively (Fig. 6). These
diffraction peaks are in excellent agreement with the standard
data for hexagonal wurtzite ZnO (JCPDS card No. 36-1451),
confirming the formation of a pure crystalline phase without
detectable secondary or impurity phases [58]. The calculated
interplanar spacings (d-values) ranged from 1.624 t0 2.814 A,
consistent with the ZnO lattice parameters. Crystallite sizes
estimated using the Debye-Scherrer’s equation from the most
intense reflections were in the nanoscale range, with values
spanning approximately 17.7 to 26.4 nm and an average
crystallite size of 21.78 £ 3.42 nm (Table-3). The narrow
FWHM values (0.0055-0.0081 radian) and high peak inten-
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Fig. 6. XRD pattern of biosynthesized Kf-ZnNPs
TABLE-3
MAJOR XRD PEAKS OF Kf-ZnNPs
WITH INTERPLANAR SPACING, FWHM,
CRYSTALLITE SIZE AND INDEXED PLANES
20 9) d-spacing FWHM Crystallite Indexed
A (B, rad) size (nm)  plane (hkl)
31.78 2.814 0.0055 26.4 (100)
34.45 2.603 0.0060 24.0 (002)
36.27 2.474 0.0070 22.3 (101)
47.53 1.913 0.0081 17.7 (102)
56.60 1.624 0.0078 18.5 (110)

sities indicate excellent crystallinity with the minimal lattice
strain or structural defects. These results confirm the success-
ful green synthesis of phase-pure, highly crystalline ZnO NPs
using K. fedtschenkoi extract and are consistent with the
particle morphology observed by FESEM and the size distri-
bution obtained from DLS analysis.

Biological activities

Antimicrobial activity: The antimicrobial efficacy of
the biosynthesized Kf-ZnNPs (1 mg/mL) was evaluated using
the agar well diffusion method against S. aureus, E. coli and
C. albicans, and the results are shown in Table-4. Kf-ZnNPs
exhibited pronounced antibacterial activity, producing inhi-
bition zones of 25.00 + 1.00 mm against S. aureus and 22.00
+ 1.00 mm against E. coli, indicating strong and reproducible
antibacterial potential. In comparison, the standard antibiotic
streptomycin (1 mg/mL) produced slightly larger inhibition
zones of 31.00 + 1.00 mm and 30.00 + 1.00 mm, respectively,
while the negative control (DMSO) showed no inhibitory effect,
confirming assay specificity [61,62]. Statistical analysis using
at-test demonstrated significant differences (p < 0.05) between
Kf-ZnNPs and the control, with S. aureus displaying greater
susceptibility than E. coli. The observed antibacterial activity
is consistent with previously reported mechanisms for ZnO NPs,
including reactive oxygen species generation, membrane
disruption, and metal ion release, which are enhanced by the
nanoscale size and high surface area of the particles [63,64].

In antifungal assays, Kf-ZnNPs showed substantial inhibitory
activity against C. albicans, producing a clear zone of inhibi-
tion measuring 23.00 + 1.00 mm, closely comparable to the
standard antifungal drug miconazole (26.00 + 1.00 mm). The
absence of inhibition in the DMSO control confirmed that the
antifungal effect was solely attributable to the nanoparticles.
Statistical evaluation (p < 0.05) indicated significant inhibi-
tion by both Kf-ZnNPs and miconazole relative to the control.
Comparable antifungal activities have been reported for ZnO
NPs synthesized using plant extracts such as Lavandula
angustifolia and Salvia officinalis, suggesting that plant-derived
metabolites play a key role in enhancing antifungal efficacy
[65-67]. The antifungal mechanism is likely associated with
membrane damage and oxidative stress in fungal cells, as
proposed in earlier nanoparticle-based studies [68,69]. Overall,
these findings demonstrate the broad-spectrum antibacterial
and antifungal potential of Kf-ZnNPs synthesized using K.
fedtschenkoi, supporting their promise as effective green nano-
materials.

Antioxidant activity: The antioxidant potential of the
biosynthesized Kf-ZnNPs was evaluated using the DPPH
radical scavenging assay and the results are illustrated in Fig. 7.
Kf-ZnNPs exhibited a clear concentration-dependent increase
in percentage inhibition across the tested range of 20-100 pg/
mL, following a trend similar to that of the standard anti-
oxidant ascorbic acid. Notably, at 40 pg/mL, the scavenging
activity of Kf-ZnNPs was statistically comparable to ascorbic
acid, demonstrating appreciable antioxidant efficacy even at
moderate concentrations. At the highest concentration (100
ug/mL), Kf-ZnNPs achieved a maximum inhibition of 55.95 +
1.56%, whereas ascorbic acid showed a higher inhibition of
82.86 £ 0.95%. The ICs value of Kf-ZnNPs was calculated to
be 92 ug/mL, confirming effective free-radical scavenging
capacity. Statistical analysis (p < 0.05) indicated significant
differences among concentrations and between treatments.

Although the antioxidant activity of Kf-ZnNPs was lower
S 501
Z 407 dA dA
‘E 301
E 2°'J| II
101
0.

Concentratlon (pg/mL

Fig. 7. DPPH radical scavenging activity of Kf-ZnNPs and ascorbic acid
at different concentrations. Different lowercase letters indicate
significant differences within groups; uppercase letters show diffe-
rences between groups (p < 0.05)
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TABLE-4
ANTIMICROBIAL ACTIVITY OF Kf-ZnNPs

Escherichia coli Candida albicans

Treatment Staphylococcus aureus
Control (DMSO) 0.00 + 0.00
Standard (streptomycin) 31.00 + 1.00?
Standard (miconazole) Not applicable
Kf-ZnNP (1 mg/mL) 25.00 + 1.00°

0.00 + 0.00° 0.00 + 0.00°
30.00 + 1.002 Not applicable
Not applicable 26.00 £ 1.00%
22.00 + 1.00° 23.00 + 1.00°

The zone of inhibition (mm) are expressed as mean £ SD (n = 3). The small letter denotes the significant antimicrobial activity at p < 0.05.
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than that of the standard, it remains biologically meaningful
and is consistent with previous reports on green-synthesized
ZnO NPs derived from Moringa oleifera and Azadirachta
indica [70,71]. The observed activity is largely attributed to
the surface-bound phytochemicals retained from K. fedtschenkoi
extract, which act as electron donors and enhance redox beha-
viour, in agreement with earlier studies on the polyphenol-
stabilized nanoparticles [72-74].

Anti-inflammatory activity: The anti-inflammatory
potential of the biosynthesized Kf-ZnNPs was evaluated using
the heat-induced protein denaturation inhibition assay, and the
results are shown in Fig. 8. Biosynthesized Kf-ZnNPs exhi-
bited a clear concentration-dependent increase in inhibitory
activity across the tested range of 20-100 ug/mL. At the highest
concentration (100 pg/mL), the nanoparticles showed subst-
antial inhibition of protein denaturation (=62%), whereas the
standard anti-inflammatory drug diclofenac sodium produced
a higher inhibition (=87%), confirming the validity of the assay.
The 1Cso value of Kf-ZnNPs (70.98 pg/mL) was comparable
to that of diclofenac sodium (68.70 pug/mL), indicating similar
efficacy in suppressing protein denaturation. Statistical anal-
ysis (p < 0.05) demonstrated significant differences between
concentrations and treatments. Comparable protein stabiliza-
tion effects have been reported for ZnO NPs synthesized using
plant extracts such as Camellia sinensis and Aframomum
citratum [75-77]. The observed anti-inflammatory activity is
attributed to phytochemical residues on the nanoparticle surface,
which may protect proteins from structural deformation under
thermal stress [78]. Consistent with earlier findings by Ragavan
[79], these results suggest that phyto-capped ZnO NPs repre-
sent promising, biocompatible alternatives for inflammation
management [79].

1001
901 B Standard (diclofenac sodium)

801 B Kf-ZnNPs
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Fig. 8. Comparative anti-inflammatory activity of Kf-ZnNPs and diclofenac
sodium (standard) in protein denaturation inhibition assay (20-100
ug/mL). Data presented as mean + SD (n = 3). Lowercase letters
indicate significant differences between concentrations and upper-
case letters show differences between treatments (p < 0.05)

Antidiabetic activity: The antidiabetic potential of the
biosynthesized Kf-ZnNPs was evaluated using the o.-amylase
inhibition assay and the results are presented in Fig. 9. Kf-
ZnNPs exhibited a clear concentration-dependent inhibitory
effect, with enzyme inhibition increasing progressively and
reaching 52.87 + 1.73% at 100 ug/mL. In comparison, stand-
ard antidiabetic drug acarbose showed a higher inhibition of
84.48% at the same concentration, confirming the reliability
of the assay. The ICsy value of Kf-ZnNPs was calculated to
be 97.13 pg/mL, indicating moderate yet significant a-amylase
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Fig. 9. a-Amylase inhibition activity of Kf-ZnNPs and standard acarbose

at various concentrations, showing dose-dependent antidiabetic
potential

inhibitory activity, whereas acarbose displayed a lower 1Cs
value (=68.13 pg/mL), reflecting its stronger potency. The
statistical analysis revealed significant differences (p < 0.05)
among concentrations for both Kf-ZnNPs and the standard,
particularly at higher doses. Notably, Kf-ZnNPs demonstrated
consistent and meaningful inhibition in the 60-80 pug/mL range,
where their activity closely approached that of acarbose. The
observed enzyme inhibition is likely associated with inter-
actions between the nanoparticles and the a-amylase active site,
facilitated by their nanoscale dimensions and surface-bound
phytochemicals [80]. Similar a-amylase inhibitory effects have
been reported for ZnO NPs synthesized using Helichrysum
cymosum and Acacia nilotica extracts, supporting the role of
plant-derived capping agents in modulating carbohydrate meta-
bolism [81-83]. Overall, these findings substantiate the anti-
diabetic potential of Kf-ZnNPs and highlight their promise as
a plant-mediated, eco-friendly therapeutic alternative.

Anticancer assay: The cytotoxic activity of biosynthe-
sized Kf-ZnNPs was evaluated against human lung (A549)
and breast (MCF-7) cancer cell lines using the MTT assay
following 24 h exposure. In A549 cells, Kf-ZnNPs induced a
pronounced dose-dependent reduction in cell viability (Fig.
10), with viability decreasing to 6.76% at 500 pg/mL. The
calculated 1Cso value was 20.15 pg/mL, which is comparable
to that of the standard anticancer drug docetaxel (15 pg/mL),
indicating strong antiproliferative activity. Statistical analysis
confirmed significant differences (p < 0.05) across concen-
trations and between treatments.
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Fig. 10. Cell viability of A549 cells after treatment with Kf-ZnNPs and
docetaxel. Lowercase and uppercase letters indicate significant

differences within and between treatment groups, respectively (p <
0.05)

Morphological examination revealed that untreated A549
cells retained their characteristic elongated morphology and
intact monolayer, whereas Kf-ZnNP-treated cells exhibited
classical apoptotic features such as cell shrinkage, rounding,
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membrane blebbing and detachment, with severity increasing
at higher concentrations (Fig. 11). Similarly, MCF-7 cells
showed marked concentration-dependent cytotoxicity, with
cell viability reduced to 5.71% at 500 pg/mL and an ICso
value of 15 pg/mL, compared to 9 ng/mL for docetaxel, refle-
cting greater sensitivity of this cell line (Fig. 12). Correspon-
ding morphological changes including membrane disruption,
vacuolation, rounding, and loss of adherence, were evident in
treated MCF-7 cells (Fig. 13), supporting the viability data.
These findings demonstrate that Kf-ZnNPs exert significant
anticancer effects against both lung and breast cancer cells,
consistent with earlier reports on green-synthesized ZnO NPs
derived from plant sources such as Terminalia arjuna and
Mangifera indica [84,85]. The observed cytotoxicity is likely
mediated through mechanisms involving oxidative stress gen-
eration, mitochondrial dysfunction and apoptosis induction,
as supported by prior studies on ZnO NPs-based anticancer
systems [86-88]. Based on these results, the potential of phyto-
chemically rich K. fedtschenkoi mediated ZnO NPs is high-
lighted as promising plant-based nanotherapeutic agents for
cancer treatment.

Fig. 11. Microscopic morphology of A549 cells post 24 h Kf-ZnNPs treatment: (a) Control, (b) 15.625, (c) 31.25, (d) 62.5, () 125, (f) 250,
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Fig. 12. Viability of MCF-7 cells after treatment with Kf-ZnNPs and docetaxel.
Values are mean + SD (n = 3). Lowercase and uppercase letters
indicate significant intra- and inter-group differences (p < 0.05)

Conclusion

The present study reports the ecofriendly synthesis of
phyto-capped zinc oxide nanoparticles (Kf-ZnNPs) using the
aqueous leaf extract of Kalanchoe fedtschenkoi, a plant species
underexplored for nanomaterial fabrication. The comprehen-
sive characterization confirmed monodispersity, quasi-spherical
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(g) 500 ng/mL

morphology, moderate zeta potential and crystalline wurtzite
structure as validated by UV-Vis, SEM, DLS, FTIR and XRD
analyses. These structural and surface features contributed to
their multifunctional bioactivities including pronounced anti-
bacterial, antioxidant, anti-inflammatory, antidiabetic, anti-
fungal and anticancer effects. Cytotoxic assays revealed potent
and selective inhibition of A549 and MCF-7 cancer cell lines,
underscoring their therapeutic potential. The enhanced perfor-
mance is attributed to the synergistic influence of nanoscale
dimensions and phytochemical surface functionalization.
Overall, the findings establish K. fedtschenkoi as a sustain-
able plant resource for green nanotechnology, while highlighting
the biomedical and environmental promise of Kf-ZnNPs. Future
work should focus on in vivo validation and mechanistic studies
to advance towards clinical and industrial applications.
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