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GRAPHICAL ABSTRACT

Onion peel-mediated biosynthesis of TiO,-ZnO bimetallic nanoparticles: Antimicrobial, antibiofilm, and anticancer activities.

TiO,-ZnO BNPs: Antimicrobial, antibiofilm, and
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Available online 7 August 2025 Results: For the first time, bimetallic titanium dioxide-zinc oxide (TiO,-ZnO) BNPs were synthesized

using onion peel extract as a natural reducing and stabilizing agent. UV-Vis spectroscopy confirmed

ﬁeyy;c_)rzsl: nanoparticle formation with a peak corresponding to a size of approximately 320 nm. DLS showed an
ntibiofiim average hydrodynamic diameter of 145.1 nm, and TEM revealed monodispersed nanoparticles, ranging

Anticancer . L. . .. .

Antimicrobial from 80 to 150 nm. The BNPs exhibited broad-spectrum antimicrobial activity with MIC values of

Bimetallic nanoparticles 500 pg/mL against Bacillus subtilis, Pseudomonas aeruginosa, and Candida albicans; 1000 pg/mL against

Biomedical applications Staphylococcus aureus; and 250 pg/mL against Escherichia coli. They also demonstrated significant antibio-

Green biosynthesis film activity against B. subtilis-MRSA with a 63.1% inhibition rate at 125 pg/mL. Additionally, TiO,-ZnO
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BNPs showed potent cytotoxic effects on MCF-7 breast cancer cells, with an ICso 0of 5.97 + 0.37 pg/mL, and
anticancer activity was mediated by caspase-8 activation and VEGFR-2 downregulation.

Conclusions: This green-synthesized TiO,-ZnO BNPs offer a promising dual-function nanoplatform for
combating microbial infections and cancer, highlighting the potential of sustainable nanotechnology

by-nc-nd/4.0/).

1. Introduction

Nanotechnology is the manipulation of matter on an atomic or
molecular scale, typically below 100 nm. It holds the potential to
revolutionize various fields, including medicine, electronics, and
materials science, by enabling the development of new materials
and devices with enhanced properties [1]. Among the several cat-
egories of nanoparticles, metal-based nanoparticles, especially
those composed of noble metals, have unique benefits compared
to other varieties. These nanoparticles exhibit exceptional stability,
biocompatibility, and scalability, rendering them suitable for
biomedical and environmental applications [2]. Notwithstanding
these beneficial attributes, the use of metal-based nanoparticles
encounters obstacles, including concerns regarding toxicity,
dimensions, cellular absorption, and chemical stability [3,4]. To
mitigate these restrictions, a possible strategy involves the amalga-
mation of two metals to produce bimetallic nanoparticles. This
combination can generate distinctive synergy among the metals,
augmenting their structural and physical characteristics, and
expanding their overall usefulness and prospective uses [5]. Exper-
imental results have demonstrated that bimetallic nanoparticles
can significantly outperform monometallic ones, overcoming the
limitations associated with the latter.

In recent years, bimetallic nanoparticles have attracted consid-
erable attention owing to their distinctive physical features,
including quantum effects, elevated surface area, and improved
mobility. These nanoparticles have enhanced chemical, mechani-
cal, thermal, optical, catalyticc and magnetic characteristics
[6,7,8]. These characteristics differentiate bimetallic nanoparticles
from their monometallic counterparts, providing enhanced perfor-
mance that individual metals cannot offer [9].

The widespread misuse and overdependence on antibiotics
have driven the development of resistant bacterial strains, repre-
senting a significant threat to global public health. These resilient
microbes have developed advanced strategies to resist antimicro-
bial drugs, rendering formerly effective treatments ineffectual
[10,11]. As bacterial infections become increasingly harder to treat,
the risk of complications from routine medical procedures rises
considerably [12]. This disturbing trend jeopardizes our ability to
combat both common and severe illnesses, from skin infections
to pneumonia to sepsis. Without immediate and coordinated
action to reduce inappropriate antibiotic usage and to innovate
new antimicrobial therapies, we may face a future where even
minor injuries and infections become potentially fatal [13,14].
Tackling antibiotic resistance demands a unified global response
to preserve the effectiveness of essential medications and protect
the health of future generations.

Although various cancer therapies, such as chemotherapy and
surgical procedures, have been developed, they often result in sig-
nificant adverse effects [15,16]. Thus, the primary focus of research
in this discipline revolves around developing innovative tech-
niques or anticancer drugs that exhibit enhanced efficacy, low tox-
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icity, exceptional biocompatibility, and biodegradability.
Considering all these considerations, nanotechnology is emerging
as a crucial, promptly growing discipline that is making substantial
progress in medication delivery, bioavailability, imaging, and
chemotherapy. Moreover, it has proven effective in mitigating
the side effects typically associated with conventional treatment
methods [17].

The pursuit of eco-friendly and sustainable methods of
nanoparticle synthesis has led researchers toward the extraordi-
nary potential of plant-based materials [18]. Specifically, the hum-
ble peels of common fruits and vegetables have emerged as
versatile templates to serve the green production of metal and
metal oxide nanoparticles [19,20]. Through bioreduction and natu-
ral templating processes, the phytochemicals and biomolecules
present in these plant-derived wastes can mediate the assembly
of nanostructures with precisely controlled size, shape, and com-
position [21]. This bioinspired strategy offers significant advan-
tages over conventional chemical synthesis routes, eliminating
the need for hazardous reagents while leveraging renewable,
biodegradable resources. The resulting nanoparticles have shown
immense promise in diverse applications, from antimicrobial coat-
ings to drug delivery systems, catalysts to optoelectronics [22].
Utilizing nature’s inherent capabilities, scientists are pioneering a
new era of environmentally benign nanomaterial production, cre-
ating a pathway to a more sustainable technological landscape.

Titanium dioxide (TiO;) nanoparticles are in fact widely desired
for a variety of applications due to their unique combination of
properties. As a semiconductor, TiO, exhibits remarkable chemical
stability and superior optoelectronic characteristics [23]. Different
preparation techniques may be used to synthesize TiO, nanoparti-
cles in different forms, including nanorods, nanowires, and nan-
otubes, which increases the versatility of their uses [24]. Their
photocatalytic capabilities are especially noteworthy, enabling
their use in disciplines such as environmental remediation, energy
conversion, and biomedicine [25]. Similarly, zinc oxide nanoparti-
cles are indeed distinctive, and scientists from a wide range of dis-
ciplines are interested in them. These include high electroactivity,
excellent optoelectronic performance, and a strong antimicrobial
potential. ZnO nanoparticles can be synthesized using methods
such as precipitation, laser ablation, and thermal decomposition
[26].

Several categories of metallic nanoparticles (MNPs) have been
synthesized via green methods, which exhibit improved
biomimetic properties. For example, gold (Au) nanoparticles have
been synthesized using flower extracts of Carthamus tinctorius L.
(safflower) and Helianthus annuus (sunflower), showing promising
biological activities [27,28]. Silver (Ag) nanoparticles have also
been reported with excellent antimicrobial properties [29]. More-
over, zinc oxide and copper (Cu) nanoparticles have demonstrated
significant catalytic and antimicrobial properties [30], while iron
(Fe) and palladium Pd nanoparticles have shown efficient catalytic
activity [31]. These studies underscore the potential of green syn-
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thesis in enhancing the functional properties of metallic NPs for
various biomedical and environmental applications.

Traditional chemical and physical methods for synthesizing
nanomaterials are often costly, energy-intensive, and environmen-
tally harmful [32,33]. In contrast, green synthesis offers a safer,
eco-friendly, and more economical alternative by using biological
sources like plants or microorganisms. Plants, in particular, serve
as both reducing and stabilizing agents, and their phytochemicals
(such as flavonoids, alkaloids, and polyphenols) aid in nanoparticle
formation [34]. Various plant parts (leaves, fruits, roots, and seeds)
have been successfully used to produce bimetallic nanoparticles
(e.g., Ag-Au, Cu-Ag, Ni/Fe304) with applications in antimicrobial,
catalytic, and sensing fields [6,35]. Additionally, bio-waste such
as fruit peels, leaves, and agro-waste has emerged as a valuable
resource for nanoparticle synthesis, offering a dual benefit of waste
reduction and nanoparticle production [36]. For instance, pome-
granate peels, orange peels, and silkworm cocoons have been used
to create nanoparticles with applications in dye degradation,
antibacterial treatments, and cancer therapy [37]. Despite some
limitations, green and waste-based synthesis remains a promising
approach in developing sustainable nanomaterials [38,39]. Global
onion output has increased by 25% in the last ten years, and it cur-
rently stands at 83 million tons. Because of this high level of out-
put, the European Union only disposes of over fifty thousand
tons of onion skin trash yearly [40]. Finding a suitable method of
recycling the substantial quantity of solid waste produced by onion
processing is a problem for the environment. Effective solid waste
management is recognized as a primary problem of the twenty-
first century as well as is seen as a crucial element of achieving sus-
tainable growth [41].

In the quest for sustainable biomedical solutions, this work
introduces a green synthesis strategy for producing TiO,-ZnO BNPs
using onion peel extract, an abundant agro-waste resource, as a
natural reductant and stabilizer. This environmentally conscious
method avoids hazardous chemicals and contributes to waste val-
orization. What sets this study apart is the dual functional evalua-
tion of the synthesized nanoparticles, combining antimicrobial and
antibiofilm testing with anticancer analysis an approach rarely
reported in previous literature using onion peel-based systems.
Furthermore, the study investigates underlying biological mecha-
nisms by examining caspase-8 activation and VEGFR-2 expression,
offering insight into their potential therapeutic pathways. The aim
of this study is to develop a sustainable and cost-effective method
for synthesizing TiO,-ZnO BNPs using onion peel extract. This
research seeks to evaluate the multifunctional therapeutic poten-
tial of these nanoparticles against antibiotic-resistant bacteria
and breast cancer cells.

2. Material and methods
2.1. Chemicals and reagents

In Giza, Egypt, onion peels were gathered from a nearby market
in 6th of October City. Zinc nitrate hexahydrate (Zn(NOs),-6H,0),
titanium nitrate tetrahydrate (Ti(NOs)s-4H,0), and NaOH were
acquired from Sigma-Aldrich, Cairo, and used as precursors and a
precipitating agent, respectively.

2.2. Preparation of onion peel extract

Fifty grams of red onion were washed twice with distilled water
(DW) to ensure dust-free surfaces, then finely chopped and manu-
ally ground using a pestle and mortar. Heating was carried out at
85°C for the solution for 30 min with the addition of 100 mL of
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double-DW. The generated solution underwent filtration with
Whatman No. 1 filter paper [42]. Afterward, the filtrate was diluted
to a final volume of 100 mL with sterilized DW and stored in an
amber-colored bottle at 4°C for future use.

2.3. Biosynthesis of TiO»-ZnO BNPs through the use of onion peel
extract

The production of TiO,-ZnO BNPs involved the use of distinct
salt concentrations compared to traditional bimetallic biosynthesis
protocols. Specifically, 10 ml of Zn (NO3),-6H,0 and 10 ml of Ti
(NO3)4-4H,0 (3.0 mM) were mixed and agitated for 25 min. Subse-
quently, 80 mL of the prepared onion peel extract was added to the
metal salt solution. The pH of the final mixture was measured to be
8.0. To optimize the synthesis of TiO,-ZnO BNPs for maximum
profitability, the reaction conditions were meticulously adjusted.
A shaking incubator set at 35°C was used to carry out the reaction
with continuous agitation at 250 rpm for approximately 24 h [43].
Once the incubation period concluded, a color change to light
reddish-brown was observed, suggesting the successful bioforma-
tion of TiO,-ZnO BNPs. The nanoparticles were then washed five
times with DW to eliminate any loosely bound organic compounds.
Centrifugation was performed at 10,000 rpm for 10 min to ensure
efficient purification of the synthesized BNPs.

2.4. TiO,-ZnO BNP characterization

A visible color change in the onion peel extract, from red to pale
reddish-brown, signified the onset of TiO,-ZnO BNP synthesis. UV-
visible spectroscopy was then used to measure the absorbance of
the synthesized solution at wavelengths from 200 to 700 nm to
determine the maximum surface plasmon resonance (SPR). FTIR
analysis was conducted using the KBr pellet method in the
wavenumber range of 400-4000 cm™' to identify the chemical
functional groups formed between the TiO,-ZnO BNPs. TEM with
a JEM-2100 Plus apparatus was deployed to determine the average
dimensions and morphologies of the TiO,-ZnO BNPs. DLS using a
Nano ZS instrument from Malvern was implemented to measure
the mean particle size distribution of the synthesized TiO,-ZnO
BNPs. XRD-6000, Shimadzu was harnessed to assess the crystal
size and crystallinity of the bimetallic TiO,-ZnO NPs. Together,
these advanced characterization techniques offered comprehen-
sive insights into the physicochemical and structural attributes of
the green-synthesized TiO,-ZnO BNPs.

2.5. Anti-microbial activity

2.5.1. Agar well method

A range of microbial strains were included as test specimens in
the investigation, including Bacillus subtilis (ATCC 6633), Staphylo-
coccus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 9027),
Escherichia coli (ATCC 25922), and Candida albicans (ATCC 10231).
Pure cultures of microorganisms were subcultured using nutrient
broth. The studied microorganisms were evenly distributed on
sterilized petri dishes spread using Muller-Hinton agar. A 6 mm
diameter well has been created in each plate employing a sterile
cork-borer. A 100-pL aliquot of titanium and zinc oxide mixture,
and TiO,-ZnO BNPs were introduced to the well in order to assess
the antimicrobial test. The plates were then incubated at 37°C and
30°C for 24 and 72 h, respectively, and the zones of inhibition were
assessed. Each test was run three times [44]. MIC of TiO,-ZnO BNPs
was examined for several microbial strains at dosages ranging
from 1000 ug mL™' to 15.75 pg, using the broth microdilution
method [45].
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2.6. Biofilm inhibition assay

Using S. aureus (MRSA), a clinical isolate that was known to be
an excellent biofilm producer, the MTP technique was utilized to
examine the potential of TiO,-ZnO BNPs to inhibit or diminish
the biofilm development of bacteria. The biofilm experiment was
conducted with slight modifications from the method described
by Wahman et al. [46].

2.7. Anticancer activity

2.7.1. Cell viability assay

The MCF-7 and HepG2cancer cell lines used in this study were
purchased from ATCC (Manassas, USA). To determine the cytotoxic
capacity, the MTT method was used [47]. After being sown in 96-
well plates at a density of 1.2 x 104 cells per well, the cells were
given 24 h to grow. The medium containing the various nanoparti-
cle concentrations was then refilled. After 48 h, 100 pL of a solution
containing 5 mg/mL of MTT in PBS was blended to perform the
MTT test. We next incubated the wells for 4 h at 37°C. Each well
received 100 pL of DMSO to solve the formazan crystals. The incu-
bation period for the plates was ten minutes at 37°C. Measure-
ments taken at 570 nm with a Microplate reader (Epoc-2 C
microplate reader, BioTek, USA) have been used to determine opti-
cal densities.

2.7.2. Assessment of caspase-8 activities
ELISA kits from DRG International Inc. (USA) investigated
caspase-8 (human, EIA-4863).

2.7.3. VEGFR-2 TK inhibition assay performed in vitro using cell-based
methods

Bimetallic titanium dioxide-zinc oxide (TiO,-ZnO BNPs) was
evaluated for the inhibition of VEGFR-2 using ten-fold dilutions
(1.0, 0.1, 0.01, 0.001 pM). We utilized the VEGFR-2 (KDR) Kinase
Assay Kit, Catalogue #40325, adhering to the manufacturer’s
guidelines. The master mix was uniformly distributed throughout
all wells with a 25 pl aliquot. Introduce 5 pl of the inhibitor solu-
tion into the 'Test Inhibitor’ well. In the ’Positive Control’ and
"Blank’ wells, 5 pl of solution devoid of inhibitors was introduced.
A 3 ml kinase buffer was prepared by combining 600 pl with
2400 pl of distilled water. Subsequently, 20 pl of the buffer was
dispensed into the 'Blank’ wells. The VEGFR-2 enzyme was diluted
to 1 ng/pl using kinase buffer to achieve the best working concen-
tration. The reaction commenced with the addition of 20 puL of
diluted enzyme to the 'Positive Control’ and 'Test Inhibitor’ wells.
The reaction mixtures were incubated for 45 min at 30°C. Follow-
ing the addition of 50 pl of Kinase-Glo Max reagent to each well,
the plate was incubated at ambient temperature for 15 min. The
light intensity was quantified using a microplate reader following
incubation.

3. Statistical analysis

The collected data were subjected to statistical analysis using
SPSS version 21 (SPSS Inc., Chicago, IL, USA). To compare multiple
samples, an analysis of variance (ANOVA) was initially performed,
followed by Tukey’s post-hoc test. A p-value of less than 0.05 was
considered statistically significant.

4. Results and discussion
4.1. Role of onion peel phytochemicals in BNP synthesis

The use of onion peel extract in the current study offers a novel
and eco-friendly route for synthesizing TiO,-ZnO BNPs [48]. Onion
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peels, often discarded as waste, are in fact rich in a variety of phy-
tochemicals (including flavonoids, terpenoids, aldehydes, and car-
boxylic acids) which act as natural reducing and capping agents.
These compounds facilitate the bioreduction of metal ions and sta-
bilize the nanoparticles, preventing agglomeration and enhancing
colloidal stability [49,50]. The color change to a pale reddish-
brown observed during synthesis served as an initial visual indica-
tor of nanoparticle formation, confirming the involvement of phy-
tochemicals in the redox process. Flavonoids, in particular, play a
key role through tautomeric transformations between enol and
keto forms, releasing reactive hydrogen atoms that reduce the
metal precursors to nanoscale particles [51,52]. Eco-friendly TiO,
nanoparticles were synthesized and characterized by Ali et al.
[53] incorporating both onion and garlic peel extracts.

Several studies have highlighted the effectiveness of biological
sources in synthesizing metal and bimetallic nanoparticles for
diverse applications. For instance, Khamis et al. [54] successfully
synthesized ZnO using red onion extract, which demonstrated
potential in antibacterial activity and dye degradation. In a sepa-
rate study, the fungal strain Aspergillus niger AH1 facilitated the
biosynthesis of ZnO-CuO nanocomposites supported on carbon
scaffolds (ZnO-CuONPs/CSC) through its metabolic products [55].
Hashem and El-Sayyad [19] prepared synthesized bimetallic Ag-
ZnO nanoparticles using pomegranate peel extract (PPE). Zinc
and silver nitrates decreased, causing the solution color to change
from translucent to light brown. PPE acted as both a reducing and
stabilizing agent, resulting in the formation of stable colloidal
nanoparticles. Furthermore, Fouda et al. [56] used Ulva fasciata
Delile, a marine macroalga, to phyco-synthesize ZnO nanoparticles
with demonstrated applications in antimicrobial activity, photo-
catalysis, and treatment of tanning industry wastewater. Khalil
et al. [57] utilized Pluchea indica leaf extract to produce
selenium-gold bimetallic nanoparticles and explored their poten-
tial biological effects. Similarly, Hashem et al. [58] used water-
melon rind as a reducing agent in the biosynthesis of selenium-
silver bimetallic nanoparticles. In another related work, Hashem
et al. [59] synthesized ZnO@SeO bimetallic nanoparticles using
PPE, revealing promising antibacterial, antifungal, and anticancer
activities. This represents a clear advancement, as bimetallic sys-
tems often exhibit enhanced biological activity due to synergistic
effects between the two metal oxides. Moreover, the successful
synthesis using onion peel highlights the valorization of agro-
waste, turning an abundant and low-cost byproduct into a power-
ful nanomaterial precursor [37]. This approach not only aligns with
sustainable nanotechnology goals but also provides a scalable and
green alternative to chemical synthesis methods.

4.2. Characterization of the biosynthesized TiO,-ZnO BNPs

The potential of onion peel extract to biosynthesize TiO,-ZnO
BNPs was clearly demonstrated through the color change observed
during the synthesis process. Initially, the onion peel extract exhib-
ited a red hue, which transitioned to a pale red-brown color upon
reaction with zinc nitrate and titanium nitrate. This color shift is
indicative of the activation of SPR, a phenomenon that occurs
due to the collective oscillation of conduction electrons on the
nanoparticle surface [49]. The UV-Vis spectroscopy results con-
firmed the formation of the TiO,-ZnO BNPs, with a peak observed
at approximately 320.0 nm (Fig. 1). The optical density of 1.044,
observed after a twofold dilution, further supports the presence
of nanoparticles in the solution, consistent with prior studies in
the literature [53,60]. The peak in the UV-Vis spectrum of the syn-
thesized nanoparticles aligns with typical SPR peaks observed for
TiO,-ZnO BNPs, confirming their successful biogenesis.

The UV-Vis spectrum of the synthesized TiO,-ZnO BNPs closely
resembles those of previous studies, such as the biosynthesis of
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Fig. 1. (a) UV-Vis spectrum of TiO,-ZnO BNPs synthesized using onion peel extract.
(b) UV-Vis spectrum of onion peel extract.

Zn0-CuO NPs, where peaks at 326, 365, and 410 nm were indica-
tive of metal oxide heterojunctions [55]. In contrast, the absence
of multiple peaks in our spectrum suggests a more uniform
nanoparticle formation without significant heterojunction fea-
tures. This uniformity is likely due to the plant extract’s bioactive
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phytochemicals, which play a dual role as reducing agents and cap-
ping agents to prevent nanoparticle agglomeration [50]. Addition-
ally, the phytochemicals found in onion peel, such as flavonoids
and terpenoids, are known to facilitate the reduction of metal ions
and stabilize nanoparticles by preventing their aggregation [51,52].
These compounds interact with metal ions, undergoing tautomeric
reactions that release reactive hydrogen atoms, which in turn
reduce the metal ions into nanoparticles [51]. This process is par-
ticularly efficient for the production of bimetallic nanoparticles,
as demonstrated by the successful synthesis of TiO,-ZnO BNPs in
this study. In a different investigation, the bimetallic B,03-ZnO
NP solution was transformed into a deep off-white color. The pro-
duced B,0s-ZnO NPs were small and detectable at 370.0 nm,
according to the UV-Vis studies [61]. Due to the O.D. 0.295,
Hashem et al. [58] noticed the UV-visible spectrum, which was
located at 380 nm. The color change observed during the synthesis,
coupled with the SPR peak at 320 nm, indicates a strong interaction
between the TiO, and ZnO domains in the bimetallic nanoparticles.
These interactions may enhance their photocatalytic, antimicro-
bial, and anticancer activities, as has been shown in other studies
involving similar biosynthesized nanoparticles [55,58].

4.2.1. Morphology and size by TEM

The TEM revealed that the biosynthesized TiO,-ZnO BNPs
exhibited a monodisperse distribution with well-defined pentago-
nal morphologies. The particle sizes ranged between 80 and
170 nm (Fig. 2a), indicating a relatively uniform shape and size,
which reflects the effectiveness of the onion peel extract in

Size distribution by intensity

Intensity
ey
o

Size (d.nm)

Fig. 2. TEM (a) and DLS (b) images of TiO,-ZnO BNPs showing pentagonal morphology and size distribution.
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controlling nanoparticle growth and stability. The presence of pen-
tagonal structures is particularly notable, as it reflects a level of
structural regularity that may be associated with enhanced surface
energy minimization during the nucleation process. This pentago-
nal geometry is relatively uncommon but has been reported in cer-
tain biosynthesized nanostructures where plant extracts play a
templating role. Previous findings by Hashem et al. [58] demon-
strated biosynthesized Se-Ag nanoparticles within a smaller size
range (18.3-49.6 nm), exhibiting different morphological charac-
teristics. Similarly, Elkady et al. [62] observed spherical and oval
morphologies in St/Ag-Se nanocomposites, with a mean size of
67.87 nm. Lee et al. [63] successfully synthesized Au-Ag BNPs with
an average size of 80.4 + 11.9 nm by using Korean red ginseng
(Panax ginseng Meyer) root extract. Elsayed et al. [64] fabricated
Zn0O-Ag bimetallic nanoparticles with a size distribution between
30 and 130 nm. Their study further confirmed the successful for-
mation of the bimetallic nanocomposite using multiple character-
ization techniques. These differences in size and shape can largely
be attributed to the nature of the biological reducing agents and
synthesis conditions employed [49]. Additionally, the formation
of pentagonal-shaped nanoparticles suggests a unique nucleation
and growth pathway, possibly influenced by specific flavonoids,
phenolics, or sulfur-containing compounds abundant in the
extract.

4.2.2. Hydrodynamic size by DLS and PDI implications

The dynamic light scattering technique further characterized
the hydrodynamic diameter of the TiO,-ZnO BNPs, revealing a
broader size distribution between 60 and 190 nm, with predomi-
nant average sizes at 70 and 142 nm (Fig. 2b). These values were
slightly larger than those obtained through TEM, which is expected
due to the presence of a hydration shell surrounding the particles
in colloidal suspension a factor that DLS captures, unlike TEM
which observes dry particles [65]. The measured polydispersity
index (PDI) was 0.332, falling within the accepted range (<0.7),
indicative of a moderate but acceptable level of monodispersity
[66]. A lower PDI signifies that the synthesized nanoparticles have
consistent sizes and exhibit stable colloidal behavior, which is crit-
ical for applications where uniformity affects functionality such as
catalysis, drug delivery, or photocatalysis. The typical particle size
distribution of the bimetallic AgZnO NPs biosynthesized by the

—— (A)FTIR of TiO,-ZnO BNPs
—— (B) FTIR of the onion peel extract
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Fig. 3. A) FTIR of TiO,-ZnO BNPs; and B) FTIR of the onion peel extract.
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generated PPE was found to be 21.20 nm by the DLS technique,
according to the work of Hashem and El-Sayyad [19]. Hashem
et al. [61] determined that the particle size distribution of bimetal-
lic B,03-ZnO NPs, synthesized utilizing Gum Arabic and gamma
rays, averaged 70.54 nm.

4.2.3. FTIR characterization of onion peel extract and TiO,-ZnO BNPs

This study used FTIR spectroscopy to analyze the functional
groups in onion peel extract (B: FTIR spectrum of the onion peel
extract) and to verify the production of TiO,-ZnO BNPs (A: FTIR
spectrum of TiO2-ZnO BNPs).

The functional groups of TiO,-ZnO BNPs were characterized
using FT-IR research within the 400-4000 cm™' spectrum. Fig. 3
displays the extracted spectra with peaks at 2163, 2037, 1977,
1606, and 1407 cm™!, signifying stretching vibrations for alkyne
(C=C), carbonyl (C=0), and aromatic (C=C) molecules. Common
phytochemicals in plant extracts are flavonoids, phenolic acids,
and polyphenolic compounds [67,68]. In the spectra of TiO,-ZnO
BNPs, additional bands were seen at 3397 and 3047 cm™!, corre-
sponding to O—H and C—H stretching vibrations, respectively.
The lack of these peaks in the pure extract signifies that certain
bioactive compounds from the extract were adsorbed onto the
nanoparticles’ surface during production, aiding in capping and
stability [69]. This observation is consistent with previous studies
reporting the interaction of hydroxyl and aliphatic groups with
the surface of metal and metal oxide nanoparticles synthesized
using plant extracts [70,71]. Furthermore, characteristic absorption
bands at 533 and 476 cm™! in the BNP spectrum indicate the for-
mation of Zn—0O and Ti—O bonds, confirming the successful syn-
thesis of bimetallic oxide nanoparticles [49,72]. These bands are
generally considered fingerprints for metal-oxygen bonds in
nanostructured materials. Overall, these results confirm that the
onion peel extract served as both a reducing and stabilizing agent
in the green synthesis of TiO,-ZnO BNPs.

4.2.4. XRD analysis of TiO»-ZnO BNPs

Fig. 4 displays the XRD patterns of biosynthesized TiO,-ZnO
BNPs, revealing both crystalline and partially amorphous charac-
teristics. The observed diffraction peaks corresponding to TiO,
are located at 26 values of approximately 25.2°, 37.7°, 48.0°,
53.8°, 55.0° and 62.6°, which are indexed to the (101), (004),

—— XRD of biosynesthized TiO,-ZnO BNPs
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Fig. 4. XRD of biosynesthized TiO,-ZnO BNPs synthesized using onion peel extract.
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(200),(105),(211), and (204) planes of the anatase phase of TiO,
(JCPDS card no. 21-1272) [73]. The corresponding D-spacing (hkl)
values for TiO, are 3.53 A, 2.37 A, 1.89 A, 1.68 A, 1.66 A, and
1.48 A, respectively. Some additional minor peaks at 68.7°, 70.2°,
75°, and 76° may be attributed to minor phases, lattice strain, or
instrumental factors [74]. Similar finding reported by Shekhar
et al. [75] indicates that the (101), (004), (200), (105), and
(204) planes are responsible for the reflection peaks found at
25°, 38°, 47°, 56° and 61°, respectively. In addition, diffraction
peaks attributed to ZnO NPs were observed at 20 values of 31.7°,
34.4°, 36.2°, 47.5°, 56.6°, 62.8°, and 66.3°, corresponding to the
(100),(002),(101),(102),(110),(103), and (200) planes, respec-
tively, which are characteristic of the wurtzite hexagonal phase of
ZnO (JCPDS card no. 36-1451) [76]. The corresponding D-spacing
(hkl) values for ZnO are 2.81 A, 2.59 A, 2.47 A, 1.91 A 1.63 A
1.47 A, and 1.40 A, respectively. Additional weak peaks at 68.1°,
69.2°, and 72.7° could be associated with interfacial effects,
bimetallic interactions, or low-intensity crystalline reflections.
Similar XRD profiles were also reported by Modi and Fulekar [77]
and Masud et al. [78], who synthesized ZnO nanoparticles using
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garlic and Allium cepa peel extracts, respectively. These findings
confirm the successful formation of highly crystalline TiO,-ZnO
BNPs with good phase purity. The average crystallite size was esti-
mated using the Scherrer equation yielding a value of approxi-
mately 76 nm [79].

4.3. Antibacterial activity

The antimicrobial performance of the biosynthesized TiO,-ZnO
BNPs was evaluated against E. coli, P. aeruginosa, B. subtilis, S. aur-
eus, and C. albicans. The inhibition zones for these pathogens were
measured after treatment with TiO,-ZnO BNPs at a concentration
of 1000 pg/ml. The results revealed a significant antibacterial
effect, with inhibition zones ranging from 11.4 to 13.8 mm, as dis-
played in Fig. 5. Reactive oxygen species-mediated as well as non-
reactive species-mediated antimicrobial action have been the two
likely ways that the TiO,-ZnO NP composite demonstrates antibac-
terial properties [80]. According to Rashid et al. [81], whenever
bacteria were exposed to biosynthesized ZnO NPs, they developed
a heightened sensitivity to the antibacterial ciprofloxacin, whereas

B. subtilis S. aureus

E. coli

P. auroginosa C. albicans

Microbial pathogens

C. albicans
e

A

Fig. 5. Antimicrobial assay via Inhibition zones of TiO,-ZnO BNPs using agar well method.
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the antibiotic meropenem showed enhanced behavior. Addition-
ally, it was noted that ZnO and TiO, NPs’ antibacterial capability
was dependent on time and developed gradually. The outcomes
demonstrated that ZnO NPs outperformed TiO, in terms of effi-
ciency [81]. Likewise, Rajashekara et al. [82] produced ZnO NPs
by using leaf extract from Calotropis gigantea while discovering
that it had potent antibacterial action towards each Gram-
positive as well as negative bacteria. ZnO NPs produced impressive
mean inhibition zone diameters (IZDs) for P. aeruginosa, Klebsiella
pneumoniae, E. coli, Salmonella enteritidis and Proteus mirabilis,
respectively, of 18 + 1.02, 20 + 1.04, 16 + 0.08, 08 + 0.82 and
22 + 1.08 mm [83]. Nachimuthu et al. [84] reported that ZnO/
Y,03 NCs exhibited promising antibacterial activity toward B. sub-
tilis and S. aureus. Elkady et al. [85] synthesized CuO-Se core-shell
nanoparticles (50 nm) showing notable antibacterial activity
against P. aeruginosa, with inhibition zones of 10-21 mm and
38-95 % growth reduction. MIC and MBC values ranged from
7.8-250 pg/mL to 31.2-500 pg/mL, with tolerance levels between
2 and 16.

4.3.1. Determination of MIC

The results showed that MIC of TiO,-ZnO BNPs was 500 pg/mL
for B. subtilis, P. aeruginosa, and C. albicans. For S. aureus and E. coli,
the MIC values were 1000 pg/mL and 250 pg/mlL, respectively
(Fig. 6). TiO, NPs exhibited superior antibacterial efficacy com-
pared to tetracycline, a commercially available antibiotic. This sig-
nificantly reduces the probability of microorganisms acquiring
resistance to these medications [86]. TiO, NPs at 100 pg/mL sup-
pressed the growth of a variety of pathogenic bacteria and fungi
[87]. Considering a wide range of species, ZnO-NPs may be proven
to be an incredibly selective antibacterial agent that inhibits the
growth of bacteria [88]. The remarkable antibacterial effectiveness
of the green-synthesized Tb-ZnO-TiO,NPs composite versus K.
pneumoniae, E. coli, Streptococcus mutans, and S. aureus at dosages
was shown by Shivalingam et al. [89], which the Tb-ZnO-TiO,
NPs combination showed a wider zone of suppression in compar-
ison to the antibiotic standard, suggesting a notably greater degree
of activity against bacteria. As demonstrated in a previous study,
TiO,-Zno NPs had a MIC of about 10 pg/mL versus S. aureus
(MRSA), and Streptococcus pneumoniae [90]. Agreeing with Pauzi
et al. [91], ZnO nanoparticles ensured MIC of 31.25 pg mL™!' for S.
aureus and 62.5 pg mL™! for E. coli. Selim et al. [60] reported
antimicrobial activity against K. pneumoniae, E. coli, B. cereus,
S. aureus, and C. albicans, with MIC values between 31.25 and

1200 r

Concentrations (pg/mL)
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250 pg/mL. Khalil et al. [57] demonstrated that Se-Au bimetallic
nanoparticles exhibited antibacterial activity against E. coli,
P. aeruginosa, S. aureus, and B. subtilis, with MICs of 31.25, 15.62,
31.25, and 3.9 pg/mL, respectively. Hasanin et al. [55] reported that
the synthesized nanocomposite exhibited antibacterial effects
against B. subtilis, E. coli, and S. aureus with MICs of 7.81, 31.25,
and 62.5 pg/mL, respectively. It also showed antifungal activity
against Aspergillus brasiliensis (MIC: 7.81 pg/mL), but limited effi-
cacy against Cryptococcus neoformans and C. albicans (MIC:
250 pg/mL).

4.4. Antibiofilm activity

The formation of biofilms poses a significant challenge to
antibacterial treatments as they provide bacteria with a greater
resistance to traditional medicines [92]. TiO,-ZnO BNP antibiofilm
activity observed in this study exhibited a range of effects against
MRSA. The TiO,-ZnO BNP was therefore significantly inhibited
action, with inhibition reaching 63.1% at 125 pg/mL and 24.7% at
7.8 ng/mL which was noticed to be the strongest inhibition of
MRSA biofilm formation without hindering bacterial growth
(Fig. 7). Earlier studies clarified the anti-biofilm action based on
SEM pictures that revealed the presence of bacterial cell cracking,
exterior cell hardness, and shrinking of the cell’s inner wall. Addi-
tionally, less cellular viability and biofilm development were
observed [93]. Considering this, Dogan and Kocabas [94] created
ZnO NPs using Veronica multifida leaf extracts under varied physi-
cal situations. The produced NPs’ antibiofilm activity was assessed
versus P. aeruginosa as well as S. aureus. The findings showed that
50 pg/ml ZnO NPs at pH 12 reduced 87% of the biofilm formation in
S. aureus, whereas 10 pg/ml ZnO NPs at pH 7 suppressed 88% of the
biofilm formation. In P. aeruginosa, the highest dose of 50 pg/ml
was shown to have the greatest biofilm inhibitory action at both
pH 7 and pH 12 [94]. ZnO NPs, on the contrary hand, demonstrated
100 % better antibiofilm action towards E. coli [95]. TiO,NPs pro-
duced from plants were evaluated and shown to exhibit antibacte-
rial as well as antibiofilm properties on skin and intestinal
infections, though at elevated levels in a relatively recently pub-
lished study [96]. Additionally, it was shown that biofilm-
forming microorganisms resistant to several drugs lost viability
and that TiO, inhibited the production of biofilm depending on
the concentration mode [97]. Moreover, Jin et al. [96] produced
titanium dioxide nanoparticles using Rosa davurica leaf extract
(RDL-TiO,NPs) and assessed their antibiofilm efficacy against vari-

1000 |
800 |
600 |
400 }
200 |
0

B. subtilis S. aureus
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Fig. 6. MICs of TiO,-ZnO BNPs toward tested bacterial and fungal strains.
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Fig. 7. Antibiofilm activity of TiO,-ZnO BNPs.

ous bacteria that produce biofilms. Additionally, S. aureus and S.
enterica had ICsg values of 76.84 and 158.75 pg/ml, correspond-
ingly. RDL-TiONPs also inhibited bacterial biofilm by rupturing cell
walls and membranes, according to the results of the TEM and CV
assays [96]. Remarkably, Dan and Khan [98] investigated the anti-
biofilm properties of green produced titanium oxide towards P.
aeruginosa, E. coli, S. aureus, and C. albicans by employing an extract
from the leaves of Ocimum sanctum. According to their findings,
these nanoparticles had an effective range of 250-650 pg/ml, with
a lowest effective dosage of 450 pg/ml versus E. coli. For the other
microorganisms, 250 pg/ml was enough [98]. Additionally, Elkady
et al. [85] evaluated the antibiofilm activity of bimetallic copper
oxide-selenium nanoparticles toward P. aeruginosa isolated where
results illustrated that the maximum antibiofilm activity was
60.41% toward P. aeruginosa no. 5. Selim et al. [60] found that the
MgO-ZnO nanocomposite exhibited antioxidant activity, with an
ICsp of 175 pg/mL based on the DPPH assay.

4.5. Cytotoxic effect of TiO>-ZnO BNPs

The cytotoxic activities of TiO,-ZnO BNPs were assessed on
HepG2 and MCF-7, respectively. The MCF-7 cells exhibited the
most significant cytotoxic impact, as evidenced by their minimal

ICso values (Fig. 8).
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Fig. 8. In vitro cytotoxic activities of TiO,-ZnO BNPs against MCF-7 and HepG2 cell
lines.
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TiO,-ZnO BNPs resulted in a minimal ICsg value of 5.97 + 0.37
pg/mL, while the ICsq for taxol was 8.96 + 0.98 pg/mL. The MCF-
7 cells are more vulnerable to the cytotoxic impacts of TiO,-ZnO
BNPs due to their increased expression of receptors and cell surface
markers in breast cancer cells, which increases susceptibility. Con-
versely, HepG2 cells exhibit a greater antioxidant capacity than
MCF-7 cells. This antioxidant defense can potentially reduce the
cytotoxic activity of TiO,-ZnO BNPs toward HepG2 cells, thereby
mitigating their cytotoxic effects [99,100]. Hashem et al. [58] eval-
uated the cytotoxicity of Se-Ag BNP on the normal Wi38 cell line,
reporting an ICso value of 168.42 pg/mL, indicating acceptable
biocompatibility.

4.5.1. Effect of TiO»,-ZnO BNPs on caspase-8 activity

TiO,-ZnO BNP influences the apoptotic marker caspase-8
(Table 1). Exposure of MCF-7 cells to TiO,-ZnO BNPs significantly
increased caspase-8 activity (2.044 + 0.06 ng/mL) in comparison
to the control (0.341 £ 0.02 ng/mL). Furthermore, when exposed
to TiO»-ZnO BNPs, caspase-8 activity was markedly greater than
with Taxol treatments (0.986 + 0.03 ng/mL). Apoptosis triggers
the activation of DNA fragmentation enzymes by activating
caspase-8 [101]. These compounds induced apoptosis in MCF-7
cells by activating caspase-8.

4.6. Effect of TiO,-ZnO BNPs on VEGFR-2 activity

The inhibition concentration-response curve was utilized to
determine the 50 % inhibition concentration value (ICso) (Fig. 9).
Sorafenib served as the positive control in this test. The TiO,-ZnO
BNPs exhibited significant inhibitory activity, with an ICsq value
of 0.241 + 0.009 pg/ml. VEGF expression is elevated in breast can-
cer cells relative to normal tissues. The reduced expression of the

Table 1
Effect of TiO,-ZnO BNPs on caspase-8 (ng/mL) in MCF-7 cells.

Comp. ID Caspase-8 (ng/mL)
MCF-7

Control 0.341 £ 0.02

Taxol 0.986 + 0.03

TiO,-ZnO BNPs 2.044 £ 0.06
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Fig. 9. Effects of TiO,-ZnO BNPs on VEGFR-2 in MCF-7 cells.

VEGF receptor (VEGFR-2) indicates an anti-angiogenic impact.
VEGF is a powerful angiogenic factor that stimulates tumor devel-
opment and angiogenesis in breast cancer. However, a reduction in
VEGFR-2 expression hampers the capacity of VEGF to promote
angiogenesis. The simultaneous decrease in VEGFR expression
might result in a decline in the formation of new blood vessels,
which can be advantageous in cancer therapy, where excessive
blood vessel formation can promote tumor development and
spread [102,103].

5. Conclusions

In conclusion, the innovative approach of synthesizing bimetal-
lic titanium dioxide-zinc oxide (TiO,-ZnO) nanoparticles using
onion peel extract not only addresses the pressing issues of antibi-
otic resistance and cancer treatment but also exemplifies the
power of sustainable methods in nanotechnology. The successful
characterization of these nanoparticles, alongside their effective
antimicrobial and anticancer properties, underscores their poten-
tial as multifunctional therapeutic agents. This research paves
the way for further exploration of plant-based materials in the
development of nanomaterials, showcasing a promising avenue
for future biomedical applications.

Moreover, the significant antimicrobial and cytotoxic effects
demonstrated by the TiO,-ZnO BNPs suggest their applicability in
clinical settings, particularly for patients suffering from resistant
infections and cancer. The dual functionality of these nanoparticles
may lead to more effective treatment strategies, potentially reduc-
ing the reliance on traditional antibiotics and enhancing cancer
therapies. As the demand for eco-friendly and efficient solutions
in medicine grows, this study highlights the importance of har-
nessing natural resources in the synthesis of nanomaterials, offer-
ing hope for innovative treatments in the fight against major
health challenges.
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