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Abstract:

Bioengineering of metal oxide nanoparticles has become more popular because of its environmental compatibility and biomedical
applications. In this study, the Piper longum catkin extract was used to synthesize the nanoparticles of zirconium oxide (ZrO,) and
their various physicochemical and biological characteristics were studied. X-ray diffraction (XRD) analysis confirmed that highly
crystalline and phase-pure zirconia nanoparticles with characteristic diffraction peaks corresponding to the ZrO2 crystalline
formation were formed. The field emission scanning electron microscopy indicated that most of the particles were spherical to
near spherical and the size of the particles were in the range of 46.35 to 65.66 nm with an average particles size of 56.54 nm. The
surface capping and stabilization of the nanoparticles was found to be effective from the presence of Zr—O structural vibrations
and phytochemical functional groups obtained from Piper longum by Raman and Fourier transform infrared (FTIR) analysis.
Besides, energy dispersive X-ray spectroscopy (EDS) confirmed the elemental purity of the synthesized nanoparticles and only Zr
and O were detected with atomic percentages of 29.8% and 70.2% respectively. Biological activities of the synthesized Zr-PL
nanoparticles were assessed by antimicrobial, antioxidant and anti-cancer assays. The concentration-dependent antimicrobial
activity of the nanoparticles was observed against Staphylococcus aureus, Escherichia coli, Bacillus subtilis, Pseudomonas
aeruginosa and Candida albicans with maximum zone of inhibition 3, 3, 4, 5 and 3 mm, respectively at 25 mg mL™. In the DPPH
assay, the free radical scavenging activity gradually increased with increasing concentrations, reaching a maximum inhibition of
43.64% at the concentration of 1000 ug mL™. In addition, MTT assay showed a dose dependent anticancer activity in A549 (human
lung adenocarcinoma) and Hela (human cervical adenocarcinoma) cell lines with 1Cso of 53.18 and 53.93 ug mL-1, respectively.
Cell viability was reduced to 39.54 % for A549 cells and 40.62 % for Hela cells at the concentration of 100 pg mL-1 which shows
good growth inhibition. The overall outcome shows that the ZrO, nanoparticles prepared by Piper longum have suitable structural
behavior and have good antimicrobial, antioxidative, and anticancer properties. The results show that the green-synthesized ZrO,
nanoparticles are promising candidates for future biomedical and therapeutic applications to be used as multifunctional
nanomaterials.

Keywords: Piper longum; zirconium oxide nanoparticles (ZrO,); green synthesis; antimicrobial activity; antioxidant activity;
anticancer activity; nanobiotechnology.

Introduction:

By 2050, more people will be dying from drug-resistant infections every year than from cancer, and that has placed
antimicrobial resistance (AMR) on the top of global health priorities. Meanwhile, even as cancer chemotherapy is
effective, existing drugs remain highly unspecific and have significant systemic toxicity: clinicians are trapped
between pathogens that are resistant to all current drugs and treatments that cause toxicity to healthy tissues that
is comparable to that of unhealthy tissue. Both these crises cover one point: both require agents that could work
differently than traditional antibiotics or chemotherapeutics, which is more resistant to resistance and less harmful
to normal cells. The search has gained momentum that has stimulated the interest of science in metal oxide
nanoparticles and specifically zirconium oxide nanoparticles (ZrO2 NPs), which demonstrate intrinsic antimicrobial
and cytotoxicity selective properties, and have a proven safety record in biomedical applications [8].

The reason ZrO2 NPs are appealing is because of the way they work by producing reactive oxygen species (ROS) and
releasing zirconium ions at their surface (which are difficult to evade in the same way as small molecule drugs by
pathogens or cancer cells) [7,9]. But the way the nanoparticles are synthesized is now as important as the
nanoparticles themselves. Traditional chemical synthesis methods use toxic reducing agents and require high energy
input to achieve the synthesis of ZrO2 NPs, thus reducing the potential safety benefits of incorporating them into
electronic devices [8]. The concept of using plant phytochemicals instead of a toxic chemical reductant has been
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pushing forward for a new trend of ‘green synthesis’ where nanoparticles are capped and-stabilized by natural
biomolecules instead of synthetic surfactants [8]. But not all plants are equal at making contributions to this process.
Biological properties such as surface chemistry and defect density of the nanoparticles are directly determined by
the botanical source used. In this regard, the use of long pepper or “Pippali” in Ayurveda was of particular interest
because its phytochemical profile is characterized by the presence of piperine, piperlongumine and
piperlonguminine, which have been previously documented for antimicrobial, antioxidant, and anticancer biological
activity before the investigations related to its use in the production of nanoparticles were conducted [5,6]. This
suggests a viable speculation that the bioactivity of the plant-based bioactive alkaloids can augment, rather than
simply overlay, the bioactivity of the ZrO2 nanoparticle if the bioactive alkaloids are found as ‘capping agents’ on the
surface of the ZrO2 nanoparticle.

A few studies have examined this hypothesis employing several Piper longum parts. Catkin extract-mediated ZrO;
NPs have been found to inhibit multidrug-resistant Salmonella strains; synthesis of fruit and root extract have
exhibited tunable semiconducting properties and photocatalytic activity in addition to antibacterial activity [2,3],
while the combined extract of P. longum further promoted antioxidant as well as dye-degradation activity [4]. A single
system where the structural, optical, and surface-chemical identity of Piper longum derived ZrO2 NPs is directly linked
to a combined biological screening across the range of activities (antibacterial, antifungal, antioxidant, anticancer)
for which the plant is renowned, however, remains comparatively unstudied. This is a gap that is important as it is
not only chemistry that determines the biological outcome, but the surface chemistry. Such oxygen vacancies and
defect states on the zo2 surface, which can be identified by Raman and X-ray photoelectron spectroscopy (XPS), are
known to regulate the ROS generation efficiency and hence the antimicrobial activity and cytotoxic selectivity of z.02
[11,12]. While biological testing is conducted, it is hard to deduce the nature of this surface-defect topography
without first characterizing it.

In the present study, we have overcome this by synthesizing the ZrO2 nanoparticles using Piper longum extract and
subjected the synthesized nanoparticles to structural (XRD), optical (UV-Vis), elemental (EDS), vibrational (Raman)
and surface-chemical (XPS) characterizations and further evaluated their antibacterial, antifungal, antioxidant and
anticancer potentials. The aim of the present work is not only to report another plant-mediated synthesis of ZrO;
NPs but to establish a mechanistic relationship between the surface characteristics of these plant-derived
nanoparticles and their multifunctional-biological behavior, making Piper longum-derived ZrO2 NPs available as a
potential platform for both the antimicrobial resistance and the problems of oncology.

Materials & Methodology:

Materials:

Dried catkins of Piper longum L. were purchased from a certified herbal supplier/local medicinal plant market and
authenticated by a qualified botanist. Zirconium oxychloride octahydrate [ZrOCl,-8H,0] was used as the zirconium
precursor for the synthesis of zirconium oxide nanoparticles. Sodium hydroxide (NaOH), ethanol, methanol, dimethyl
sulfoxide (DMSO), 2,2-diphenyl-1-picrylhydrazyl (DPPH), ascorbic acid, Mueller—Hinton agar, Sabouraud dextrose
agar, nutrient broth, phosphate-buffered saline (PBS), Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), penicillin—streptomycin, trypsin-EDTA, and MTT reagent were obtained from analytical reagent-grade
suppliers. All chemicals were of analytical grade and used without further purification. Deionized/distilled water was
used throughout the experiment. The microbial cultures and cancer cell lines used in the study were obtained from
recoghized microbial culture collections/cell repositories and maintained under recommended laboratory
conditions.

Preparation of Piper longum Extract:

The dried catkins of Piper longum were washed thoroughly with running tap water followed by distilled water to
remove dust and surface impurities. The cleaned material was shade-dried at room temperature and finely powdered
using a clean mechanical grinder. For preparation of the aqueous extract, 10 g of powdered Piper longum catkin was
mixed with 100 mL of distilled water and heated at 60—70°C for 30-45 min under continuous stirring. The mixture
was then allowed to cool to room temperature and filter first through muslin cloth and then through Whatman No.
1 filter paper. The resulting filtrate was stored at 4°C and used for subsequent nanoparticle synthesis. The
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aqueous Piper longum catkin extract served as a biological reducing, stabilizing, and capping medium during
nanoparticle formation. The phytochemical constituents of Piper longum, includ'ing_ alkaloids such as piperine,
piperlongumine, and related bioactive compounds, have been associated with antimicrobial, antioxidant, anti-
inflammatory, and anticancer properties. Therefore, these plant-derived molecules may contribute to nanoparticle
stabilization and may also influence the biological activity of the synthesized ZrO, nanoparticles [11,12].

Green Synthesis of ZrO2 Nanoparticles:

Zirconium oxide nanoparticles were synthesized using a plant-mediated precipitation method. Briefly, 0.1 M
zirconium oxychloride octahydrate [ZrOCl,-8H,0] solution was prepared in distilled water under magnetic stirring.
Freshly prepared Piper longum catkin extract was added dropwise to the zirconium precursor solution in a suitable
ratio, such as 1:4 or 1:5 v/v, under continuous stirring. The pH of the reaction mixture was adjusted to 10-12 using 1
M NaOH, which promoted the formation of zirconium hydroxide/zirconium oxyhydroxide intermediate species. The
reaction mixture was stirred at 60—80°C for 2—-3 h until a pale white precipitate was formed. The precipitate was
collected by centrifugation at 8,000—-10,000 rpm for 10—15 min and washed several times with distilled water and
ethanol to remove unreacted ions, residual chloride/nitrate species, and loosely bound phytochemicals. The washed
precipitate was dried at 60—80°C overnight. The dried powder was then calcined in a muffle furnace at 400-500°C
for 2-3 h to obtain crystalline ZrO, nanoparticles. The final ZrO, nanopowder was stored in airtight containers for
further characterization and biological evaluation. Plant-mediated synthesis was selected to reduce the use of harsh
chemical agents and to enable surface functionalization of the nanoparticles with naturally occurring
phytochemicals. Such green synthesis approaches can improve the surface compatibility, stability, and biological
functionality of metal oxide nanoparticles [13,14].

Characterization of ZrO; Nanoparticles:
Structural, optical, elemental, vibrational and surface-chemical characterizations of the synthesized ZrO>
nanoparticles from the extract of Piper longum were performed.

X-Ray Diffraction Analysis:

X-ray diffraction analysis was performed to determine the crystalline structure, phase composition, and crystallite
size of the synthesized ZrO, nanoparticles. The dried nanopowder was scanned over a 20 range of 20°-80° using Cu
Ka radiation. The obtained diffraction peaks were compared with standard reference patterns of zirconium oxide to
identify the crystalline phase, such as monoclinic, tetragonal, or cubic ZrO,. The average crystallite size was calculated
using the Debye—Scherrer equation:

D =k\A/ (B cosB) (1)

This equation is applicable to calculate the size of the crystallite (D) where D is the average crystallite size, K is the
shape factor, A is the X-ray wavelength, B is the full width at half maximum and 6 is the Bragg angle.

UV-Vis Spectroscopy:

The optical absorption behavior of the synthesized ZrO, nanoparticles was analyzed using UV—Visible spectroscopy.
A small quantity of ZrO, nanopowder was dispersed in distilled water or ethanol by ultrasonication for 10-15 min,
and the absorbance spectrum was recorded in the range of 200—-800 nm. Zirconium oxide nanoparticles generally
show strong absorption in the ultraviolet region due to their wide band-gap nature. Any shift in the absorption edge
may be associated with particle size, surface defects, oxygen vacancies, and phytochemical capping from the Piper
longum extract. The optical band gap energy was estimated using the Tauc relation:

(athv)" = A(hv - Eg) .(2)
The coefficient a represents the absorption coefficient, the photon energy hv, the constant A and the optical band
gap Eg.

Raman Spectroscopy:

Raman spectroscopy was performed to investigate the vibrational characteristics, phase-related features, and defect-
associated modes of the synthesized ZrO, nanoparticles. The dried nanopowder was placed on a clean glass slide
and analyzed using a Raman spectrometer with suitable laser excitation. Raman spectra were recorded in the range
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of 100-1000 cm™. The Raman spectrum was analyzed for characteristic vibrational modes associated with zirconium
oxide phases. ZrO, commonly exists in monoclinic, tetragonal, or cubic crystalline forms, and each phase exhibits
distinct Raman-active vibrational bands. The presence, position, and intensity of Raman bands were used to support
phase identification and to evaluate lattice disorder. Additional spectral features or broadening of Raman bands were
considered indicators of nanoscale crystallinity, oxygen vacancies, surface defects, and interaction between ZrO,
nanoparticles and phytochemical residues from Piper longum extract. These defect-related features are important
because surface oxygen vacancies and hydroxylated sites may influence reactive oxygen species generation and
biological interactions [15,16].

X-Ray Photoelectron Spectroscopy:

X-ray photoelectron spectroscopy was used to determine the surface elemental composition, chemical states, and
oxygen-related surface defects of the synthesized ZrO, nanoparticles. Survey spectra were recorded to identify the
elements present on the nanoparticle surface, followed by high-resolution scans of the Zr 3d, O 1s, and C 1s regions.
The Zr 3d spectrum was analyzed to confirm the oxidation state of zirconium in ZrO,. The characteristic Zr 3ds/> and
Zr 3ds/> peaks were used to verify the presence of Zr**. The O 1s spectrum was deconvoluted into contributions from
lattice oxygen, oxygen-deficient regions, surface hydroxyl groups, and adsorbed oxygen species. The C 1s signal, if
present, was attributed mainly to plant-derived organic residues adsorbed on the nanoparticle surface. The relative
abundance of oxygen vacancy-related and hydroxylated components was evaluated because such surface features
may influence ROS generation, antimicrobial activity, antioxidant response, and cytotoxic behavior of ZrO,
nanoparticles [15,16].

Energy-Dispersive X-Ray Spectroscopy Analysis:

Energy-dispersive X-ray spectroscopy was performed to determine the elemental composition and purity of the
synthesized Piper longum catkin extract-mediated ZrO, nanoparticles. The dried nanoparticle powder was mounted
on carbon adhesive tape and analyzed using an EDS detector attached to the scanning electron microscope. The
presence of strong zirconium (Zr) and oxygen (O) signals in the EDS spectrum confirmed the formation of zirconium
oxide nanoparticles. The relative atomic and weight percentages of Zr and O were recorded to evaluate the elemental
distribution of the synthesized material. Minor carbon signals, if detected, were attributed to residual phytochemical
molecules from the Piper longum catkin extract that remained adsorbed on the nanoparticle surface as natural
capping or stabilizing agents. The absence of major impurity peaks indicated the elemental purity of the synthesized
ZrO; nanoparticles.

Antibacterial Activity:

The antibacterial activity of the Piper longum catkin extract-mediated ZrO, nanoparticles was evaluated against
selected Gram-positive and Gram-negative bacterial strains, including Staphylococcus aureus, Bacillus
subtilis, Escherichia coli, Pseudomonas aeruginosa, and/or multidrug-resistant clinical isolates, depending on
availability. Bacterial cultures were grown overnight in nutrient broth or Mueller—Hinton broth at 37°C, and the
turbidity of each culture was adjusted to approximately 0.5 McFarland standard. For the agar well diffusion assay,
Mueller—Hinton agar plates were uniformly swabbed with the standardized bacterial suspension. Wells were made
using a sterile cork borer, and different concentrations of ZrO, nanoparticles, such as 25, 50, 100, and 200 pg/mL,
were prepared in sterile distilled water or DMSO and sonicated to ensure uniform dispersion. Each concentration
was added to separate wells. Plant extract alone, zirconium precursor solution, and solvent were used as comparative
controls, while a standard antibiotic such as streptomycin was used as the positive control. The plates were incubated
at 37°C for 24 h, and antibacterial activity was assessed by measuring the diameter of the inhibition zone in
millimeters. All experiments were performed in triplicate. The minimum inhibitory concentration was determined
using the broth microdilution method. Serial dilutions of ZrO, nanoparticles were prepared in Mueller—Hinton broth
and inoculated with standardized bacterial suspension. The plates were incubated at 37°C for 18-24 h. The MIC was
defined as the lowest concentration of ZrO, nanoparticles that inhibited visible bacterial growth. To determine the
minimum bactericidal concentration, aliquots from wells showing no visible growth were plated onto fresh agar
plates and incubated for 24 h. The lowest concentration that produced no bacterial colonies was recorded as the
MBC.
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Antifungal Activity: < —
The antifungal activity of the synthesized ZrO, nanoparticles was evaluated against fungal strains such as Candida
albicans and other relevant fungal pathogens. Fungal cultures were prepared in sterile saline or suitable broth and
adjusted to the required turbidity. Sabouraud dextrose agar plates were uniformly inoculated with the fungal
suspension. Wells were made using a sterile cork borer and filled with different concentrations of ZrO, nanoparticles.
Fluconazole, amphotericin B, or nystatin was used as the positive control, while solvent and plant extract were used
as negative or comparative controls. The plates were incubated at 28-30°C for 48-72 h, depending on the fungal
species. Antifungal activity was determined by measuring the zone of inhibition around each well. For MIC
determination, the broth microdilution method was used, and the lowest nanoparticle concentration that inhibited
visible fungal growth was recorded as the MIC.

Antioxidant Activity:

The antioxidant activity of the synthesized Piper longum catkin extract-mediated ZrO, nanoparticles was evaluated
using the DPPH free-radical scavenging assay. Different concentrations of ZrO, nanoparticles were prepared in
distilled water or methanol and mixed with freshly prepared DPPH solution. The reaction mixtures were incubated
in the dark at room temperature for 30 min, and absorbance was measured at 517 nm using a UV-Visible
spectrophotometer. Ascorbic acid was used as the reference antioxidant, while DPPH solution without nanoparticle
sample served as the control. The percentage of free-radical scavenging activity was calculated using the following
equation:

DPPH scavenging activity (%) = (Ac - As/Ac) x 100 ..(3)

where Ac is the absorbance of the control and As is the absorbance of the sample. The ICso value was calculated from
the concentration-dependent inhibition curve. The antioxidant activity of ZrO, nanoparticles may be associated with
surface-bound phytochemicals from Piper longum extract, surface hydroxyl groups, oxygen vacancies, and redox-
active surface sites. These features may contribute to radical neutralization through electron transfer or hydrogen
donation mechanisms.

Anticancer Activity:

The anticancer activity of the synthesized ZrO, nanoparticles was evaluated using the MTT assay against selected
human cancer cell lines, such as MCF-7 breast cancer cells, Hela cervical cancer cells, A549 lung cancer cells, or other
relevant cancer cell models. A normal cell line, such as L929 fibroblasts, HEK-293 cells, or normal epithelial cells, may
be included to evaluate cytotoxic selectivity. Cancer and normal cells were cultured in DMEM or RPMI-1640 medium
supplemented with 10% fetal bovine serum and 1% penicillin—streptomycin. Cells were maintained at 37°C in a
humidified atmosphere containing 5% CO,. Approximately 5 x 10° - 1 x 10* cells/well were seeded in 96-well plates
and allowed to attach for 24 h. After attachment, cells were treated with different concentrations of ZrO,
nanoparticles, such as 10, 25, 50, 100, and 200 pg/mL, for 24 or 48 h. After treatment, MTT solution was added to
each well and incubated for 3—4 h at 37°C. The formazan crystals formed by metabolically active cells were dissolved
using DMSO, and absorbance was measured at 570 nm using a microplate reader. Cell viability was calculated using
the following equation:

Cell Viability (%) = As x Ac / 100 ..(4)

Where, As is the absorbance of treated cells and Ac is the absorbance of the untreated control cells. The percentage
of cytotoxicity was calculated as:

Cytotoxicity (%) = 100 — Cell Viability (%) ..(5)

The ICso value was determined from the dose-response curve. Selective anticancer activity was evaluated by
comparing cytotoxicity in cancer cells and normal cells. The anticancer activity of ZrO, nanoparticles may be
associated with ROS generation, oxidative stress, mitochondrial dysfunction, membrane damage, cell-cycle arrest,
and apoptosis. These effects can be influenced by nanoparticle size, morphology, crystallinity, oxygen vacancies,
surface hydroxyl groups, and phytochemical capping derived from Piper longum extract [4,5,10].

Statistical Analysis:
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All experiments were performed in triplicate, and the results were expressed as‘"mean + standard- deviation. Statistical
analysis was performed using one-way analysis of variance followed by an approprlate post hoc test. The value of p
< 0.05 was considered statistically significant. '

Results & Discussion:

XRD Analysis:

X-ray diffraction was used to study the crystal structure and phase purity of synthesized nanoparticles of zirconium
oxide (ZrO,). The diffraction pattern in the range 2\theta from about 10° to 80° is presented in Figure 2. The XRD
profile shows multiple sharp peaks, suggesting a crystalline structure for the synthesized material. The sharp high
peaks are indicative of well-structured highly crystalline ZrO, nanoparticles [1,2]. The most intense diffraction peak
was observed at around 26 = 29.5°, accompanied by additional diffraction peaks located at approximately 23°, 31°,
34°, 39.5°, 41°, 44.5°, 46.5°, 51°, 52°, 54.2°, 61°, and 65°. Such diffraction reflections could be indexed to the usual
crystalline planes of zirconium oxide and are in good agreement with the JCPDS/ICDD standard ref. pattern of
crystalline zirconia (2,3). The multiple sharp reflections help to confirm the synthesized material has a polycrystalline
structure. The most intense diffraction peak at 29.5° has an intensity of ~38,000 cps and the peak at 31° has an
intensity of ~21,000 cps. The intensities of these other reflections varied between 3,000 — 12,000 cps, showing that
the crystallites grew preferentially in certain crystallographic directions. The high intensity and narrow peak widths
reveal a good degree of crystal growth during synthesis process [1]. Also, no other unknown diffraction peaks were
observed, suggesting that no secondary crystalline phases or impurity compounds were present in the synthesis. The
characterization confirms that the zirconia nanoparticles prepared are phase-pure. The broadening of the diffraction
peaks relative to bulk zirconia is attributed to the nanocrystalline size of the crystallites and this is a property typical
of nanocrystalline materials [4]. The crystallite size of the synthesized nanoparticles of ZrO, can be estimated from
the Debye-Scherrer equation. Broadening observed in the peaks indicated the presence of nanocrystalline zirconia
as observed in FESEM where the particle size ranged between 46.35 to 65.66 nm, which is in good agreement with
the observed peak broadening. More crystalline the XRD pattern, better the thermal stability, mechanical strength,
catalytic activity, and chemical resistance it will exhibit, which is beneficial to applications. Diffraction patterns similar
to this have been observed with nanocrystalline zirconia precipitates, hydrothermally synthesized, and synthesized
by sol-gel processing [3,5] and it is considered that crystalline nanoparticles of zirconia had been successfully
prepared.
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Figure 2: XRD analysis of Piper longum-mediated ZrO: nanoparticles
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FESEM Analysis:
Field Emission Scanning Electron Microscopy was used to investigate the morphology and particle size distribution
of ZrO, nanoparticles synthesized. Figure 3 is a FESEM micrograph taken at the following operating conditions:
accelerating voltage, 15 kV; working distance, 9.7 mm; and magnification, 120,000x. The image shows the
synthesized material on the nanoscale with a detailed view of its surface characteristics, covering a horizontal field
width (HFW) of 3.45 um. The FESEM image shows that synthesized particles (ZrO,) have a spherical to nearly spherical
shape with uniform distribution on the sample surface. The nanoparticles have a high tendency to agglomerate, i.e.
they tend to form clusters of touching particles. This agglomeration is frequently seen for metal oxide nanoparticles
because of the high surface energy of the nanoparticles, interparticle interactions during their synthesis and drying
[1,2]. The analyzed FESEM micrograph gave a particle size of 46.35nm, 52.63nm, 56.21nm, 61.86nm and 65.66nm.
The calculated average particle size is found to be about 56.54 nm, which confirms the synthesized zirconia to be of
nanoscale size. The size distribution of particles is observed to be 46.35 nm to 65.66 nm, reflecting a relatively even
particle development with slight particle size distribution. The width of the size range indicates that the synthesis
process involves controlled nucleation and growth of the nanoparticles of ZrO, [3]. The surface morphology also
illustrates the presence of a dense assembly of nanograins where the rough surface morphology is due to the
aggregation of the particles. These nano-clusters may be explained by van der Waals attractive forces that occur
between adjacent nanoparticles. Even so, the nanocrystalline particles still could be distinguished in the clusters,
which means that the synthesis of independent nanosized zirconia particles was successfully achieved [4]. The
particle size from FESEM is in concordance with what is expected for ZrO, materials in nanoscale and is like previously
reported value of synthesized zirconia nanoparticles by precipitation process, sol-gel process, and hydrothermal
method, where their particle size is in the range of 20-100 nm [2,5]. The small size of the particles is beneficial for
the catalytic, sensing, adsorption and biomedical applications of zirconia nanomaterials [5]. In general, the FESEM
investigation confirms successful preparation of nanostructured ZrO, having predominant spherical particles,
average particles size 56.54 nm and moderately agglomerated morphology.
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Figure 3: FESEM Analysis of Piper longum-mediated ZrO: nanoparticles

Raman Analysis:

Raman spectroscopy was performed to evaluate the vibrational characteristics, lattice features, and surface-
associated molecular signatures of the Piper longum catkin extract-mediated zirconium oxide nanoparticles (Zr-PL /
ZrO, NPs). The Raman spectrum showed distinct bands at approximately 123.84, 993.68, 1025.79, and 1063.72
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cm™ (Table 1 & Figure 4). The presence of a low-wavenumber band at 123.84 cm'indicates lattice-related vibration
of the zirconium oxide framework. In ZrO, nanoparticles, Raman-active bands iﬁ"»the low-frequency region are
generally associated with Zr—O lattice vibrations, phase-related phonon modes, and structural distortion within the
oxide network. Therefore, the band observed at 123.84 cm™ supports the formation of a zirconium oxide-based
nanostructure. The bands observed at 993.68, 1025.79, and 1063.72 cm™ are not typical primary lattice modes of
pure zirconium oxide; rather, they may be attributed to surface-associated organic functional groups derived from
the Piper longum catkin extract. These peaks can be associated with C-O, C—-C, C-N, and C-O-C stretching
vibrations of phytochemical residues present on the nanoparticle surface. Since Piper longum contains bioactive
alkaloids and other oxygen- and nitrogen-containing phytoconstituents, the appearance of these high-wavenumber
Raman bands suggests that plant-derived biomolecules remained attached to the surface of the ZrO, nanoparticles
after synthesis. These biomolecules may have acted as natural capping and stabilizing agents during nanoparticle
formation. The Raman profile also indicates that the synthesized nanoparticles possess both an inorganic zirconium
oxide lattice and organic surface functionalization. The low-frequency band confirms the ZrO, vibrational
contribution, while the higher-frequency bands reflect the presence of phytochemical residues from the plant
extract. This is an important feature of green-synthesized nanoparticles because surface-bound biomolecules can
influence particle stability, aggregation behavior, surface charge, and interaction with biological systems. In addition,
surface defects, oxygen vacancies, and hydroxylated sites in ZrO, nanoparticles may contribute to reactive oxygen
species generation and may therefore influence antimicrobial, antioxidant, and anticancer activities.
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Figure 4: Raman Shift Analysis of Piper longum-mediated ZrO: nanoparticles

Table 1: Raman peak assignment of ZrOz-PL nanoparticles

Raman band, cm™ Probable assignment Interpretation
123.84 Zr—0 lattice-related vibration / low- Supports formation of zirconium oxide
) frequency phonon mode nanostructure
. . . Surface-bound phytochemical
993.68 C-0 / C-C / C—N stretching vibration . .
residues from Piper longum
C-0-C / C-N / organic stretching Indicates plant-derived capping
1025.79 ) .
vibration molecules
1063.72 C-O stretching / organic functional Confirms surface functionalization by
) group vibration extract-derived biomolecules
FTIR Analysis:

Fourier-transform infrared spectroscopy was performed to identify the functional groups involved in the formation
and surface stabilization of the Piper longum extract-mediated zirconium oxide nanoparticles (ZrO, NPs/Zr-PL). The
FTIR spectrum of Zr-PL showed absorption bands at 3833.79, 3745.08, 3428.81, 2487.72,2140.60, 1770.33, 1673.91,
1646.91, 1461.78, 1153.22, 1049.09, 987.38, 871.67, 686.53, 605.54, and 478.26 cm™ (Figure 5). These peaks
indicate the presence of hydroxyl, carbonyl, C—O/C—N-containing phytochemical groups, and characteristic Zr-O
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lattice vibrations, confirming the formation of phytochemically capped ZrOZ\ri'anopa'r‘{'i'éles: The absorption bands

observed at 3833.79 and 3745.08 cm™ may be assigned to free or weakly hy‘lﬁ-rQ.gen-bonded O-H stretching
vibrations, while the broad and intense band at 3428.81 cm™ corresponds to O-H stFetg\hing of surface hydroxyl
groups, adsorbed water molecules, and phenolic or alcoholic compounds derived from Piper longum extract. The
presence of hydroxyl groups suggests that plant-derived biomolecules participated in the nucleation and stabilization
of the nanoparticles. The weak bands at 2487.72 and 2140.60 cm™ may be associated with adsorbed atmospheric
species, weak organic residues, or surface-bound phytochemical components. The bands appearing at 1770.33,
1673.91, and 1646.91 cm™ can be attributed to C=0 stretching vibrations of carbonyl-containing compounds, C=C
stretching vibrations, and/or H-O—H bending vibrations of adsorbed water. These peaks indicate the possible
involvement of oxygen-containing phytoconstituents such as phenolics, alkaloids, flavonoid-like compounds, esters,
or carboxyl-containing molecules in the green synthesis process. The strong absorption band at 1461.78 cm™ may be
assigned to C-H bending, C—N stretching, or carbonate-related vibrations. This band further supports the presence
of organic residues from the Piper longum extract on the nanoparticle surface. The bands in the fingerprint region
at 1153.22, 1049.09, and 987.38 cm™ are mainly associated with C—O, C-N, and C—O—C stretching vibrations of plant-
derived biomolecules. These functional groups may coordinate with zirconium ions during synthesis and act as
natural stabilizing or capping agents. The absorption band at 871.67 cm™ may be related to out-of-plane C—H bending
or Zr—O—C type surface interactions, suggesting bonding or adsorption between phytochemical residues and the
zirconium oxide surface. The low-wavenumber bands at 686.53, 605.54, and 478.26 cm™ are the most important
indicators for zirconium oxide formation. These bands are attributed to Zr-O and Zr—O—Zr stretching vibrations,
confirming the development of the zirconium oxide framework. The appearance of these metal-oxygen bands,
together with organic functional group signals, demonstrates that the synthesized nanoparticles consist of an
inorganic ZrO, core capped or stabilized by bioactive compounds from Piper longum extract.

3833.79 cm-1
3745.08 cm-1

21406 cm-1
478.26 cm-1—

2487.72 cm-1—

el Hh ER =

1770.33 cm-1—

686.534 crm-1—
605,538 cm-1—

T
342881 cm-1

Figure 5: FTIR Analysis of Piper longum-mediated ZrO, nanoparticles

EDS Analysis:

818

Adolescencia e Saude, vol. 21, No.6s, p. 810-828




The elemental composition of the synthesized nanoparticles of zirconium oxide ined by the Energy
Dispersive X-ray Spectroscopy (EDS) and the result is presented in the spectrum and quantitative result (shown in
figure 6 & Table 2). The EDS was taken at 15-kV accelerating voltage and a total acquisition time of 55 s. A total of
213,499 counts were obtained and the average count rate was 3,899 cps ensuring a good level of reliability for
elemental identification and quantitative analysis. Only two peaks associated with oxygen (O) and zirconium (Zr) can
be seen in the EDS spectrum. The oxygen peak is due to the O-K emission line, and the zirconium peak is due to the
Zr-L emission line. No other metal or metal oxide peaks could be observed within the detection limits of the
instrument, which confirms the high elemental purity of the synthesized nanoparticles, and suggests that there was
no significant contamination of the nanoparticles during the synthesis steps [1,2]. The results of quantitative
elemental analysis showed that oxygen is 70.2 at% and 29.2 wt% while zirconium is 29.8 at% and 70.8 wt%. The net
counts are 13,449 for oxygen and 68,288 for zirconium, with very strong characteristic X-ray signals from both the
constituent elements. There was high confidence in the quantitative measurements as the corresponding analytical
uncertainties were relatively low, with atomic percentage errors for oxygen (0.7%) and zirconium (0.2%) and weight
percentage errors for oxygen (0.3%) and zirconium (0.5%). The composition of the obtained atoms is in close
agreement with the theoretical composition of zirconium oxide, ZrO,, that is, the ratio of oxygen atoms to zirconium
atoms is two to one [3]. Minor deviations from the ideal stoichiometry are generally found in EDS measurements
arising from surface morphology, particle agglomeration, detector sensitivity and the relatively low X-ray generation
efficiency of light elements like oxygen; however, the measured composition exhibits consistency with the formation
of zirconia nanoparticles [4]. In addition, the high peaks of zirconium and oxygen and the lack of other elemental
peaks indicate that the material produced may be largely zirconium oxide. The results of the EDS thus confirm the
successful synthesis of ZrO, nanoparticles and indicate the chemical purity of the sample. The elemental distribution
and the typical EDS spectra of ZrO2 have been reported for hydrothermal and precipitation-based synthesis of pure
Zr0O2 nanoparticles [4,5].
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Figure 6: EDS Analysis of Piper longum-mediated ZrO nanoparticles S

Table 2: Major FTIR Band details of Piper longum-mediated ZrO2 nanoparticles

Sample Major FTIR bands, cm™! Probable assignment

Zr-PI 3833.79, 3745.08, 3428.81 O-H stretching of hydroxyl groups and adsorbed water

Zr-PI 1770.33,1673.91, 1646.91 C=0 stretching / H-O-H bending / organic phytochemical residues
Zr-Pl 1461.78 C—H bending, C—N stretching, or carbonate-related vibration

Zr-Pl 1153.22, 1049.09 C-0 / C—N stretching of biomolecules

Antimicrobial Activity:

The newly synthesized Zr-PL nanoparticles (Piper longum-mediated ZrO2 NPs) were screened for antimicrobial
activities by the agar well diffusion method against four bacteria (S. aureus, E. coli, B. subtilis and P. aeruginosa) and
fungal strain (C. albicans). Three concentrations (5, 10 and 25 mg mL-1) were tested for their antibacterial activity
and the results were compared with standard antibiotic streptomycin (1 mg mL-1) and the standard antifungal agent
fluconazole (1 mg mL-1). The results showed that the antimicrobial effect of Zr-PL nanoparticles was concentration-
dependent, as their concentration increased, the inhibitory effect against the tested microorganisms increased. The
zone of inhibition for Staphylococcus aureus was 1 mm at 5 mg mL-1, 2 mm at 10 mg mL-1 and 3 mm at 25 mg mL-
1. A similar pattern was seen for Escherichia coli with inhibition zones of Imm, 2mm and 3mm at 5mg mL-1, 10mg
mL-1 and 25mg mL-1 respectively. The inhibition zones obtained were 1 mm, 2 mm and 4 mm at concentration of 5
mg mL-1, 10 mg mL-1 and 25 mg mL-1 respectively against Bacillus subtilis. The zone of inhibition was maximum with
Zr-PL nanoparticles against Pseudomonas aeruginosa among the tested bacterial strains with the zone size increasing
from 1mm at 5mg/mL to 2mm at 10mg/mL up to 5mm at 25mg/mL. Though these values were quite lower than that
of the standard antibiotics streptomycin which has produced inhibition zones of 35, 32, 30 and 33 mm against S.
aureus, E. coli, B. subtilis and P. aeruginosa, respectively, the result has proved the intrinsic antibacterial activity of
synthesized Zr-PL nanoparticles [1,2]. Concentration-dependent responses also observed in the antifungal activity
against Candida albicans. The diameters of inhibition zones were observed to be 1 mm, 2 mm and 3 mm at
concentrations of 5 mg mL-1, 10 mg mL-1 and 25 mg mL-1, respectively. The antifungal activity was significantly high,
with the standard antifungal drug fluconazole showing a larger inhibition zone of 35 mm in comparison. However,
the inhibition effect shown by the Zr-PL nanoparticles indicates that the nanoparticles can inhibit the growth of fungi
to some extent [3]. The antimicrobial activity of Zr nanoparticles might be due to the large surface area, direct attack
on the microbial cell wall, production of reactive oxygen species (ROS), and damage to critical cellular functions. All
these processes can result in damage of the membranes, membrane permeability, oxidative stress and ultimately
loss of microbial life [2,4]. The increased inhibition at higher concentrations may be supported by the greater number
of active nanoparticles to interact with microbial cells. In general, the synthesized Zr-PL nanoparticles appeared to
have measurable antibacterial and antifungal activities with the highest activity noted at 25 mg mL-1.
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Pseudomonas
aeruginosa

Candida albicans

Figure 7: Antimicrobial Activity of Piper longum-mediated ZrO: nanoparticles

Table 3: Zone of Inhibition of Piper longum-mediated ZrOz NPs for various concentrations

Sr. Samole Concentration Zone of Inhibition (mm)
No. P (mg/ml) S.aureus | E. coli B. subtilis | P. aeruginosa | C. albicans
1 Control - - - - - -
, | Standard 1 35 32 30 33 35
Streptomycin
Sample Piper 5 01 01 01 01 01
3 longum-ZrO, 10 02 02 02 02 02
NPs 25 03 03 04 05 03
Antioxidant Activity:

The antioxidant activity of the synthesized Zr-PL nanoparticles was evaluated using the DPPH free radical scavenging
assay at concentrations ranging from 200 to 1000 pg/mL (Figure 8 & Table 4). The results showed a gradual increase
in DPPH radical scavenging activity with increasing nanoparticle concentration, indicating a concentration-dependent
antioxidant response. At200 ug/mL, Zr-PL nanoparticles exhibited 36.77% inhibition, which increased
to 37.91% at 400 pg/mL. Further enhancement in antioxidant activity was observed at 600 pug/mL and 800 pg/mL,
with inhibition values of 41.06% and 41.93%, respectively. The highest scavenging activity was recorded at 1000
pg/mL, where Zr-PL nanoparticles showed 43.64% inhibition. The mean absorbance decreased from 0.776 at 200
pg/mL to 0.692 at 1000 pg/mL, confirming the ability of Zr-PL nanoparticles to reduce DPPH radicals. This reduction
in absorbance reflects the conversion of the purple DPPH radical into its reduced form, indicating free radical
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scavenging potential. The antioxidant behavior of Zr-PL nanoparticles may be é%’so_ciateciWith the.combined effect of
zirconium oxide surface activity and phytochemical residues derived from Pipé?‘--lqngum extract. Dl]ring_gree_n
synthesis, plant-derived functional groups can remain adsorbed on the nanoparticlé“‘suvrface and act as natural
capping agents. These surface-bound biomolecules may contribute to radical neutralization through electron transfer
or hydrogen donation.

Although the antioxidant activity increased with concentration, the maximum inhibition observed
was 43.64% at 1000 pg/mL. Since the scavenging activity did not reach 50% within the tested concentration range,
the I1Cso value may be considered greater than 1000 pug/mL under the present experimental conditions. This suggests
that Zr-PL nanoparticles possess moderate antioxidant activity, with improved radical scavenging efficiency at higher
concentrations. The antioxidant potential of green-synthesized zirconium oxide nanoparticles has been reported in
previous studies, where plant-mediated ZrO, nanoparticles demonstrated DPPH radical scavenging activity due to
surface-bound phytochemicals and oxide nanoparticle surface interactions. Therefore, the observed antioxidant
activity of Zr-PL nanoparticles may be attributed to the phytochemical capping effect of Piper longum extract along
with the surface properties of zirconium oxide nanoparticles.

44
43
42
41
40
39
38
37

36
200 400 600 800 1000

Concentration (pg/mL)

Figure 8: Antioxidant Activity of Piper longum-mediated ZrO: nanoparticles

Table 4: DPPH radical scavenging activity of Zr-PL nanoparticles

Sample Concentration /mL | Abs 1 Abs 2 Abs 3 Mean Abs Inhibition %
200 0.776 0.778 0.774 0.776 36.77
400 0.754 0.768 0.764 0.762 37.91
Zr-PL 600 0.725 0.724 0.721 0.723 41.06
800 0.712 0.714 0.712 0.713 41.93
1000 0.698 0.699 0.678 0.692 43.64
Anticancer Activity:

The in vitro anticancer activity of the synthesized Zr-PL nano-particles was evaluated against human lung
adenocarcinoma (A549) and cervical adenocarcinoma (Hela) cell lines and the results obtained showed that the
synthesized Zr-PL nano-particles showed significant concentration-dependent, anticancer activity. In the A549 cell
line, untreated control cells exhibited an average absorbance value of 2.110 + 0.002, indicating maximum cell
viability, whereas treatment with Zr-PL nanoparticles progressively reduced the absorbance values to 1.403 + 0.0015,
1.304 £ 0.0021, 1.223 + 0.0020, 0.944 + 0.0028, and 0.834 + 0.0021 at concentrations of 6.25, 12.5, 25, 50, and 100
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ug mL™", respectively. The percentage cell viability was therefore reduced with the increasing-concentration of the
nanoparticles, that is, from 66.50% at 6.25 ug mL™, 61.81%, 57.95%, 44.75% and 39‘.54_%, respectively, showing the
good inhibition of cell proliferation. The ICso of the Zr-PL nanoparticles at A549 cell line'was measured as 53.18 pg
mL-1 that revealed the potent cytotoxic effect of the nanoparticles against lung cancer cells. A comparable trend was
observed in the Hela cell line, where the untreated control exhibited an average absorbance value of 2.324 + 0.0032,
while exposure to Zr-PL nanoparticles reduced the absorbance values to 1.454 + 0.0038, 1.356 + 0.0036, 1.346 *
0.1585, 1.114 + 0.0021, and 0.944 + 0.0021 at concentrations of 6.25, 12.5, 25, 50, and 100 pug mL™", respectively.
The five cell viability measurable values were 62.58%, 58.33%, 57.90%, 47.94%, and 40.62%, which indicated a strong
inhibitory effect on the growth of cervical cancer cells. The calculated IC50 value for Hela cell was 53.93 pg mL-1 that
was very close to that of A549 cell which indicates that the Zr-PL nanoparticles display almost similar cytotoxic activity
towards both the cancer cell types. ICso values were calculated by comparing with the standard chemotherapeutic
agent 5-fluorouracil (5-FU), with values of 14.55 and 34.71 pg mL™ for the HelLa and A549 cells respectively, showing
that the synthesized Zr-PL nanoparticles had respectable cytotoxic activity for the cells tested while the standard
drug was more potent against the cancer cells. Interestingly, the highest tested concentration of Zr-PL nanoparticles
(100 pug mL™") caused only about 60% growth inhibition in A549 cells and 40.62% growth inhibition in Hela cells,
respectively. Observed decrease in cell viability as a function of increasing concentration indicates the efficient
interaction of the nanoparticles with cancer cells and suppression of metabolic activity and cancer cell proliferation.
It has been suggested that the anticancer activity of zirconia-based nanomaterials is related to their small size, high
surface-to-volume ratio, increased cellular uptake, production of reactive oxygen species (ROS), induction of
oxidative stress, disruption of mitochondrial membranes, binding to and/or damage of DNA, and triggering of
apoptotic-related signaling pathways [1,2]. In general, the MTT assay result showed that Zr-PL nanoparticles showed
strong anticancer activity toward both cancer cell lines (A549 and Hela), with slightly higher activity towards A549
cell, as presented by the lower IC50 value. The results show that Zr-PL nanoparticles could be considered as a
potential nanomaterial for the treatment of cancer, and additional studies will be needed to better understand their
mechanism of action and to test their efficacy in vivo.

. Absorbance (OD) Cell
Sr. Cell Line | Sample Concentration Viability 1Cso
No. (ng/ml) 1 2 3 Average (%) (ng/ml)
1 Control - 2321 | 2326 | 2327 | 2.324+0.003215 - -
6.25 1325 | 1.326 | 1.329 | 1.326+0.002082 57.08
125 0.811 | 0.815 | 0.816 | 0.814+0.002646 35.02
2 SFU—-Hela |25 0741 | 0.745 | 0.743 | 0.7430.002 31.97 14.55
50 0514 | 0515 | 0.516 | 0.515:0.001 22.16
100 0412 | 0415 | 0.416 | 0.414+0.0902082 17.82
6.25 1625 | 1.623 | 1.629 | 1.625+0.003055 77.04
125 1524 | 1523 | 1.526 | 1.524+0.001528 72.24
3 SFU-A549 | 25 1421 | 142 | 1.423 | 1.421%0.001528 67.36 34.71
50 0.954 | 0952 | 0.956 | 0.954+0.002 42.51
100 0.841 | 0.842 | 0.846 | 0.843+0.002646 39.95
6.25 1402 | 1.405 | 1.403 | 1.403%0.001528 66.50
125 1302 | 1.305 | 1.306 | 1.304+0.002082 61.81
3 A549 25 1221 | 1225 |1.223 | 1.223%0.002 57.95 53.18
, 50 0.942 | 0.945 | 0.946 | 0.944+0.002082 57.49
Isjrg';_':\'ﬂpner 100 0.835 | 0.832 | 0.836 | 0.834+0.002082 39.54
Npe 6.25 1452 | 1.453 | 1.459 | 1.454+0.003786 62.58
125 1352 | 1.359 | 1.357 | 1.356+0.003606 58.33
4 Hela 25 1256 | 1.253 | 1.529 | 1.346%0.15849 57.90 53.92
50 1115 | 1.112 | 1.116 | 1.114+0.002082 47.94
100 0.942 | 0.945 | 0.946 | 0.944+0.002082 40.62231
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Figure 9: Anticancer activity of Piper longum-mediated ZrO2 NPs against (a) 5-FU (A549), (b) 5-FU (HelLa), A549,
and (c) Hela

Conclusion & Future Perspectives:

Utilization of Piper longum catkin extract in the green synthesis of zirconium oxide (ZrO,) nanoparticles was
successfully achieved and highlighted as a sustainable and eco-friendly biogenic approach. As per structural
characterization by XRD highly crystalline and phase pure Zro2 nanoparticles were observed and FESEM analysis
showed predominantly spherical nature of the nanoparticles with an average particle size of 56.54 nm. The elemental
purity from EDS analysis of the synthesized material was done by the presence of only the elements zirconium and
oxygen. Raman and FTIR studies also confirmed the formation of the ZrO, framework and illustrated the involvement
of various natural phyto-chemicals of Piper longum as natural reducing, capping and stabilizing agents. The utilization
of the biomolecules of plants on the surface of the nanoparticle demonstrates the effectiveness of green synthesis
technique in preparing stable and functionalized nanomaterials.

Biological evaluation showed that the prepared Zr-PL nanoparticles had concentration-dependent antimicrobial,
antioxidant and anticancer properties. The nanoparticles exhibited antimicrobial activity against Gram-negative (G-)
bacteria, Gram-positive (G+) bacteria and Candida albicans with the highest activity against Pseudomonas aeruginosa
at 25 mg mL-1. The DPPH radical scavenging assay showed moderate antioxidant activity with the maximum
inhibition of 43.64% at 1000 ug mL™". Moreover, MTT assay showed that this polymer has a significant cytotoxic effect
against A549 and Hela cancer cells with 1Cso values 53.18 and 53.93 pg mL™, respectively. The biological activity of
Zr-PL nanoparticles is hypothesized to be a synergistic effect of the nanoscale size of nanoparticles, their high surface
area, reactivity of zirconia surface, and bioactive phytochemicals functionalized on the surface of nanoparticles.
Although remarkable achievements have been accomplished in the eco-friendly synthesis of metal oxide
nanoparticles, the use of Piper longum catkin extract for the synthesis of ZrO, nanoparticles has been limited to few
studies and systematic correlation of its physico-chemical properties with its multifunctional bioactivities has not
been investigated. In the present work, it aims to explore this area and offer a thorough investigation into the
structural, morphological, compositional, antimicrobial, antioxidant and anticancer properties of the Piper longum
mediated Zirconia nanoparticles. Unfortunately, the exact mechanisms underlying their biological activity are not
well understood. In particular, the involvement of surface phytochemicals, the generation of reactive oxygen species,
transport mechanisms by cells, and the signaling pathways involved in apoptosis remain further to be elucidated.
More detailed mechanistic investigations, including ROS generation, mitochondrial dysfunction, gene expression
profiling, and cell-cycle arrest analysis, as well as studying the changes of apoptosis pathways should be encouraged
in future studies to elucidate the anti-cancer actions of Zr-PL nanoparticles. Furthermore, in vivo toxicity,
pharmacokinetic, biodistribution and therapeutic efficacy studies are required prior to any clinical or biomedical
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applications. Their therapeutic potential may be further enhanced by surface modification; drug-loading capacity,
targeted delivery approaches, and optimization of formulation of nanoparticles. Furthermore, the idea of extending

to other microbial pathogens and cancer cell lines could yield a greater understanding.of their wide biomedical
applications. In summary, the results of this study make ZrO, nanoparticles synthesized using Piper longum SEED
powder as the reducing agent as prospective multi-functional nanomaterials and give a solid ground to the creation

of sustainable nanotechnology based therapeutic and biomedical applications with environmental years.
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