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Anticancer and Multi-Biological Activities of Titanium
Dioxide Nanoparticles Synthesized Using Lemon Peel
Extract via Microwave Irradiation
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Titanium dioxide nanoparticles (TiO, NPs) were synthesized using a
microwave-assisted green synthesis approach using lemon peel extract
as a reducing and stabilizing agent. The synthesized nanoparticles were
characterized using UV-Vis spectroscopy, FTIR, TEM, SEM-EDX, and
DLS analyses, which confirmed the formation of predominantly spherical
nanoparticles with average particle sizes ranging from 25.6 to 38.7 nm.
The biological activities of the synthesized TiO, nanoparticles were
evaluated through different in vitro assays. The nanoparticles exhibited
promising anticancer activity against HepG2 and MCF-7 cancer cell lines,
with 1C5, values of 85.8 and 104.7 ug/mL, respectively, while showing
lower cytotoxicity toward normal Vero cells with an ICs, value of 262.5
pg/mL. In antioxidant assays, the TiO, nanoparticles demonstrated DPPH
and ABTS radical scavenging activities with IC5, values of 319 and 211
pag/mL, respectively. The nanoparticles also showed significant antibiofilm
activity against Escherichia coli and Klebsiella pneumoniae, achieving
maximum inhibition rates of 76.4% and 57.5%, respectively. Furthermore,
the synthesized TiO, nanoparticles displayed antidiabetic potential
through inhibition of a-amylase and a-glucosidase enzymes, with inhibition
percentages reaching 63.9% and 79.1%, respectively. Overall, the study
showed that green-synthesized TiO, nanoparticles had multifunctional
biological activites and may serve as promising eco-friendly
nanomaterials for biomedical and therapeutic applications.
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INTRODUCTION

Nanoparticles have emerged as essential components in nanotechnology because
of their remarkable physicochemical characteristics and broad range of applications across
optical, structural, electronic, and biomedical fields (Soliman et al. 2023, 2024a). Their
nanoscale dimensions and unique structural features impart enhanced physical, chemical,
electrical, and optical properties, enabling their use in sensors, catalytic systems,
antibacterial agents, and antioxidant applications (Soliman et al. 2024b). In recent years,

Almutairi et al. (2026). “Anticancer & lemon TiO2 NPs,” BioResources 21(3), 6608-6623. 6608


mailto:Mohamed.k.yousef@azhar.edu.eg
mailto:Halmutairi@kfu.edu.sa
https://orcid.org/0000-0003-4284-2436
https://orcid.org/0000-0001-9224-8844
https://orcid.org/0009-0008-8716-2606
https://orcid.org/0000-0002-2294-9837

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

semiconductor metal oxide nanoparticles—such as TiO., CuO, ZnO, SnO:, ZnS, and
CdS—have attracted considerable attention owing to their significant roles in
environmental remediation and biomedical applications (Karthikeyan et al. 2020). Among
these, titanium dioxide (TiO:) has gained prominence as a transition metal oxide
semiconductor because of its advantageous properties, including chemical stability, low
cost, non-toxicity, ease of preparation, and strong resistance to chemical corrosion. These
attributes make TiO: highly suitable for applications in chemical sensors, solar energy
devices, and environmental purification technologies (Suwarnkar et al. 2017).
Furthermore, titania is widely recognized for its safety to humans and the environment,
excellent biocompatibility, and high chemical durability (Nabi et al. 2022). Due to its low
toxicity, biodegradability, and biocompatibility, TiO- has also been extensively explored
in biomedical fields such as drug delivery, cancer therapy, and antimicrobial treatments
Ma et al. 2017).

The synthesis of nanomaterials using plant resources, commonly referred to as
phytosynthesis or green synthesis, has gained increasing interest as a sustainable alternative
to conventional methods. In this approach, plant extracts act as natural reducing, capping,
and stabilizing agents, where the inherent biomolecules impart unique functional properties
to the synthesized nanomaterials (Soliman et al. 2025a). Green synthesis represents an
environmentally friendly and economically viable strategy for producing various
nanomaterials, including metals, metal oxides, sulfides, nitrides, and carbides. In response
to the growing need to reduce reliance on costly and environmentally hazardous synthetic
routes, green technologies offer biologically safe, ecologically benign, and cost-effective
solutions (Lithi et al. 2025).

Although microwave-assisted synthesis was first introduced in synthetic chemistry
during the 1980s, it has since evolved into a powerful and environmentally benign
technique for producing metal oxide nanoparticles with controlled sizes and morphologies
(Krishnakumar et al. 2009). Microwave irradiation offers several advantages, including
rapid reaction rates, uniform volumetric heating, enhanced selectivity, and improved
product yields (Zhu et al. 2008). Previous reports have demonstrated that metal oxide
nanoparticles synthesized via microwave irradiation exhibit enhanced photocatalytic and
antimicrobial activities, as exemplified by ZnO nanoparticles produced using this method
(Mallikarjunaswamy et al. 2020). In green TiO- synthesis, the plant extract mainly acts as
a stabilizing and capping agent, while TiO. formation proceeds through hydrolysis and
condensation rather than direct reduction of Ti*' ions, since titanium retains the same
oxidation state in both the precursor and the final oxide product (Ansari et al. 2022)

Accordingly, the present study was undertaken to synthesize TiO: nanoparticles
using lemon peel extract via a microwave-assisted green synthesis approach. The prepared
sample were systematically characterized using TEM, DLS, FT-IR, UV-—Visible
spectroscopy, and SEM-EDX. Furthermore, the biomedical potential of the TiO:
nanoparticles was evaluated through comprehensive in vitro assessments, including
anticancer, antioxidant, antibiofilm, and antidiabetic activities.

MATERIALS AND METHODS

Preparation of Lemon Peel Extract
Lemon peels were collected from the Aman market, thoroughly washed with tap
and double-distilled water, air-dried, and cut into small pieces. Fifty grams of the dried
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peels were boiled in 200 mL of distilled water at 75 to 80 °C for 4 h. The mixture was
cooled, filtered using Whatman No. 1 filter paper, and the resulting lemon peel extract
(LPE) was stored at 4 °C for further use (Anigol et al. 2023).

Microwave-Assisted Green Synthesis of TiO, NPs

TiO2> NPs were synthesized by mixing 100 mL of lemon peel extract (LPE) with
900 mL of a 25 mM aqueous solution of titanium tetrachloride (TiCls) under continuous
stirring at 60 °C. After 2 h, the reaction mixture was subjected to microwave irradiation at
800 W and 2450 MHz for 10 min. The temperature during microwave irradiation was
monitored and maintained at approximately 60 °C. The synthesis procedure was repeated
under identical experimental conditions to ensure reproducibility of the results. The formed
nanoparticles were collected by centrifugation at 12,000 rpm for 20 min, washed repeatedly
with distilled water and ethanol (1:1, v/v), and dried at 95 °C for 12 h. Finally, the dried
product was calcined at 550 °C for 6 h to obtain crystalline TiO2 NPs, which were stored
for further characterization and biological assays (Anigol et al. 2023; Al Masoudi ef al.
2023).

Characterization Studies of TiO, Nanoparticles

The formation of TiO. NPs was initially indicated by a visible color change in the
reaction mixture during incubation. UV—-Vis spectroscopy (Jenway 6305) was used to
monitor nanoparticle synthesis over a wavelength range of 200 to 800 nm. Surface
functional groups of the synthesized TiO: NPs were identified using FTIR spectroscopy
(PerkinElmer Spectrum Two) within the range of 400 to 4000 cm™. The morphology and
particle size were analyzed by transmission electron microscopy (TEM, JEOL-2010),
while surface structure and particle distribution were examined using scanning electron
microscopy (SEM, Zeiss EVO-MA 10). The composition of elements and purity were
determined by SEM-coupled energy-dispersive X-ray analysis (EDX, Bruker). In addition,
dynamic light scattering (DLS) was employed to evaluate particle size distribution in
aqueous suspension (Selim et al. 2025; Soliman and Salem 2025).

Anticancer Activity

The anticancer potential of the synthesized nanoparticles was evaluated against
hepatocellular carcinoma (HepG2) and breast cancer (MCF-7) cell lines, with normal Vero
cells used as a control. Cells were seeded in 96-well plates at a density of 1 x 10° cells/mL
(100 pL per well) and incubated at 37 °C for 24 h to allow monolayer formation. The
culture medium was then removed, and cells were gently washed twice to eliminate non-
adherent cells. Nanoparticle samples, prepared as serial dilutions in RPMI medium
supplemented with 2% serum (15.7 to 1000 ug/mL), were added to the wells (100 uL/well),
while control wells received medium only. After incubation, morphological alterations
indicative of cytotoxicity including cell rounding, detachment, granulation, and monolayer
disruption were examined microscopically. Cell viability was quantitatively determined
using the MTT assay, in which metabolically active cells reduced MTT (5 mg/mL in PBS)
to formazan crystals. The crystals were solubilized with 200 pL of DMSO under shaking,
and absorbance was measured at 560 nm using a microplate reader to calculate cell viability
(Soliman et al. 2025b; Soliman and Salem 2025b).
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Biofilm Inhibition Assay

The microtiter plate (MTP) assay was employed to evaluate the antibiofilm activity
of TiO: NPs against biofilm-forming bacterial strains, Escherichia coli and Klebsiella
pneumoniae, with minor modifications from previously described methods (Almuhayawi
et al. 2024; Soliman et al. 2024c). Briefly, TiO2 NPs at different concentrations were added
to flat-bottom 96-well microtiter plates containing tryptic soy broth (TSB) supplemented
with 1% glucose. Overnight bacterial cultures were diluted at a ratio of 1:100 in TSB to
achieve a final cell density of approximately 1.5 x 10¢ CFU/mL. The prepared suspensions
were aliquoted into the wells of microtiter plates and incubated at 37 °C for 48 h to promote
biofilm development. After incubation, planktonic cells were carefully removed, and the
wells were gently washed several times with PBS at pH 7.4 to eliminate non-adherent cells.
The adhered biofilms were fixed with 200 puL of 95% methanol for 10 min, stained with
0.3% (w/v) crystal violet for 15 min at room temperature, and excess stain was removed
by washing with sterile distilled water. For quantitative analysis, the bound crystal violet
was solubilized using 30% acetic acid, and absorbance was measured at 540 nm using a
microplate reader. Biofilm inhibition was calculated by comparing treated wells with
untreated controls.

Antioxidant Activity
DPPH radical scavenging assay

The antioxidant activity of the synthesized nanoparticles was evaluated using the
DPPH radical scavenging method. Different concentrations of the samples (15.7 to 1000
pg/mL) were prepared in methanol. Each concentration was mixed with a 1.0 mM
methanolic solution of DPPH, while quercetin at corresponding concentrations served as a
positive control. The reaction mixtures were incubated at 37 °C for 30 min in the dark, and
the absorbance was measured at 515 nm using a UV—Vis spectrophotometer. A mixture of
methanol and DPPH solution without sample was used as the blank. The percentage of
DPPH radical scavenging activity was calculated using the following equation (Gulcin
and Alwasel 2023):

DPPH scavenging (%) =

control ~ Asample

X 100 (1)
Acontrol

ABTS radical scavenging assay

The ABTS assay was performed using the ABTS<" radical cation generated by
reacting 7 mM ABTS with 140 mM potassium persulfate, followed by incubation in the
dark at room temperature for 12 to 16 h. The resulting solution was diluted with distilled
water (1:3, v/v) to obtain an absorbance of approximately 0.7 at 734 nm. Sample solutions
(15.7 to 1000 pg/mL) were mixed with the ABTS reagent in a 1:1 ratio and incubated at
37 °C for 6 min in the dark. Absorbance was then recorded at 734 nm using a UV—Vis
spectrophotometer (Hanafy et al. 2021; Sahin et al. 2025). The percentage of ABTS radical
scavenging activity and ICso values were calculated using the equation:
x 100 (2)

Acontrol - Asample

Scavenging activity (%) =

Antidiabetic Activity
o-Glucosidase inhibition assay

The a-glucosidase inhibitory activity of TiO. NPs was evaluated using yeast a-
glucosidase with p-nitrophenyl-o-D-glucopyranoside (pNPG) as the substrate. Test
samples and reference inhibitors were prepared in PBS (phosphate-buffered saline) at doses

Acontrol
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ranging from 1.95 to 1000 pg/mL. The enzyme solution (I U/mL in 0.1 M PBS) was
incubated with the test samples at 37 °C for 20 min. Subsequently, pNPG (10 mM) was
added to initiate the reaction, followed by incubation at 37 °C for 30 min. The reaction was
terminated by the addition of 1 M sodium carbonate, and absorbance was measured at 405
nm using a microplate reader. The percentage inhibition of a-glucosidase activity was
calculated based on absorbance values as previously described (Kim et al. 2004).

o-Amylase inhibition assay

The inhibitory effect of TiO2 NPs on a-amylase activity was determined using the
dinitrosalicylic acid (DNSA) method. The TiO: NPs suspensions and standard inhibitors
were prepared in PBS at concentrations of 1.95 to 1000 pug/mL. The reaction mixture,
consisting of a-amylase (2 U/mL) and test samples, was incubated at 37 °C for 20 min. A
1% (w/v) potato starch solution prepared in PBS was then added as the substrate, followed
by further incubation at 37 °C for 30 min. The enzymatic reaction was stopped by adding
DNSA reagent, and the mixture was heated at 90 °C for 10 min. After cooling, the
absorbance was recorded at 540 nm. The percentage inhibition of a-amylase activity was
calculated according to the method reported by Wickramaratne ef al. (2016).

Statistical Analysis

All experimental data were processed using GraphPad Prism software (version 8.0;
GraphPad Software Inc., San Diego, CA, USA). Comparisons among multiple groups were
conducted using one-way or two-way analysis of variance (ANOVA), followed by Tukey's
HSD post hoc test for pairwise multiple comparisons. Statistical significance was defined
as a probability level of P <0.05. All experiments were performed in triplicate (n = 3), and
the data are expressed as mean + standard deviation (SD).

RESULTS AND DISCUSSION

Characterization of TiO, Nanoparticles

The UV—Vis absorption spectrum of the biosynthesized TiO: NPs is presented in
Fig. 1a. A distinct absorbance peak was observed at 297 nm within the wavelength range
of 200 to 800 nm, confirming the successful formation of TiO. NPs using LPE. This
absorbance band is characteristic of TiO2 NPs and is consistent with previously reported
green-synthesized TiO: systems (Maheswari et al. 2020). Comparable absorption features
have been reported for TiO: NPs biosynthesized using Juniperus phoenicea leaf extract,
which exhibited a characteristic peak at 205 nm (Al Masoudi et al. 2023). Figure 1b
illustrates the FT-IR spectra of TiO: NPs obtained through microwave-assisted green
synthesis, recorded over the range of 400 to 4000 cm™'. The spectra exhibit characteristic
absorbance bands at 2916, 2849, 1732, 1615, 1417, 1003, 786, 541, and 444 cm™!,
confirming the successful formation of TiO: NPs and the effective involvement of LPE as
a capping and stabilizing agent.

The presence of multiple bands in the high-frequency region indicates surface
functionalization of the nanoparticles by phytochemicals, a hallmark advantage of green
synthesis routes that enhances nanoparticle stability (Darwich et al. 2025; (Aljohani et al.
2026). Specifically, the absorbance bands at 2916 and 2849 cm™ correspond to asymmetric
and symmetric C—H stretching vibrations of methylene (—CH:) groups, commonly
associated with fatty acids, lipids, or long-chain alcohols present in plant extracts (Kumar
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et al.2017). The prominent band at 1732 cm™ is attributed to C=0O stretching vibrations of
carbonyl groups, such as esters, aldehydes, or ketones derived from plant metabolites
(Fowsiya et al. 2016). In addition, the bands observed at 1615 and 1417 cm™ are assigned
to asymmetric and symmetric stretching vibrations of carboxylate (COO~) groups,
respectively. The separation between these bands (~198 cm™) suggests bidentate or
bridging coordination of carboxylate groups to surface titanium ions, indicating strong
interaction between phytochemicals and the TiO: NPs surface (Marslin et al. 2018). The
band at 1003 cm™ is associated with C-O stretching vibrations of alcohols or
polysaccharides, further supporting phytochemical capping (Rajan et al. 2015). The
fingerprint region below 800 cm™ provides definitive evidence for TiO: formation. The
absorbance bands at 786, 541, and 444 cm™ are characteristic of Ti—O-Ti stretching
vibrations within the TiO: lattice (Srujana et al. 2022). Notably, the peaks at 541 and 444
cm™! are indicative of the TiO., which is widely recognized for its superior photocatalytic
and biomedical performance (Ahmad et al. 2022).
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Fig. 1. Characterization of synthesized TiO, NPs: (a) UV-Vis spectrum, (b) FTIR analysis,
(c) TEM image, and (d) particle size distribution

Transmission electron microscopy (TEM) was employed to examine the
morphology and size distribution of the synthesized nanoparticles. The TEM images (Fig.
Ic) reveal predominantly spherical TiO. NPs with a relatively uniform morphology.
Particle size distribution analysis (Fig. 1d) showed an average particle size of
approximately 25.6 nm.

The narrow size distribution and limited polydispersity suggest that microwave-
assisted synthesis provided rapid and homogeneous energy transfer, promoting uniform
nucleation and controlled particle growth (Jalawkhan et al. 2020). This uniform heating is
a key advantage of microwave irradiation, enabling the simultaneous formation of
nanoparticles with consistent sizes throughout the reaction medium (Bilecka and
Niederberger 2010).
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Fig. 2. (a) SEM image, (b) particle size distribution histogram, (c) EDX spectrum, and (d) DLS
size distribution profile of the synthesized TiO2 NPs

The SEM images revealed predominantly spherical nanoparticles with a relatively
uniform distribution (Fig. 2a). The average particle size estimated from SEM analysis was
approximately 38.7 nm (Fig. 2b). The slightly larger particle size observed in SEM
compared to TEM can be attributed to the interaction volume of the electron beam and the
presence of an organic capping layer on the nanoparticle surface, whereas TEM provides
a direct visualization of the particle core (Goldstein et al. 2017). The relatively small
particle size and limited aggregation indicates that LPE acted effectively as a capping and
stabilizing agent, thereby reducing nanoparticle agglomeration during synthesis. Elemental
composition analysis using EDX (Fig. 2¢) confirmed the presence of titanium (Ti) and
oxygen (O), validating the formation of TiO> NPs. In addition, a distinct carbon (C) signal
was detected, supporting the FTIR results and providing direct evidence for the organic
capping layer derived from LPE surrounding the TiO: core (Marslin ef al. 2018). The EDX
spectrum further provided the weight and atomic percentages of the constituent elements,
indicating the purity and elemental composition of the synthesized TiO> NPs. Dynamic
light scattering analysis was employed to evaluate the particle size distribution of the green-
synthesized TiO. NPs. The DLS histogram (Fig. 2d) shows a relatively near to size
distribution and the average hydrodynamic diameter of approximately 39.0 nm. This result
indicates good colloidal stability and supports the effectiveness of the green synthesis
approach in producing uniformly dispersed nanoparticles. The observed hydrodynamic
size, which includes the solvated layer and surface-bound phytochemicals, is consistent
with the SEM-estimated particle size. Comparable findings have been reported in previous
studies, where green-synthesized TiO2 NPs exhibited mean diameters in the range of 50 to
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60 nm, while chemically synthesized TiO> NPs showed larger sizes (60 to 70 nm), further
confirming the advantage of green synthesis routes in controlling particle growth and
aggregation (Ramya ef al. 2024). The smaller particle size observed by TEM (25.6 nm)
represents the actual core size of TiO2 nanoparticles. In contrast, the relatively larger sizes
obtained by SEM (38.7 nm) and DLS (~39 nm) can be attributed to surface capping by
phytochemicals from lemon peel extract, possible slight aggregation, and the
hydrodynamic diameter measured in suspension.

Anticancer Activity

The cytotoxicity of the biosynthesized TiO:> NPs was initially tested upon Vero
cells to evaluate their biocompatibility. As shown in Fig. 3a, TiO2 NPs exhibited little toxic
effect toward normal cells, with a relatively high ICso value of 262.5 ng/mL over the tested
concentration range (15.7 to 1000 pg/mL), indicating good biocompatibility.
Subsequently, the anticancer efficacy of TiO. NPs was assessed against hepatocellular
carcinoma (HepG2) and breast cancer (MCF-7) cell lines. The nanoparticles displayed
significant, dose-dependent cytotoxic effects against both cancer cell types. The calculated
ICso values were 85.8 pg/mL for HepG2 cells and 104.7 pg/mL for MCF-7 cells,
demonstrating pronounced and favorable anticancer materials relative to their minimal
toxicity toward normal Vero cells. The selective cytotoxicity observed for cancer cells is a
key feature of promising nanotherapeutic agents. This enhanced sensitivity may be
attributed to the higher metabolic rate and more negatively charged membrane potential of
cancer cells, which facilitate increased nanoparticle uptake via endocytosis. Following
internalization, TiO> NPs are known to induce cytotoxicity through the generation of
reactive oxygen species (ROS), even under low-light or dark conditions, leading to
oxidative stress, mitochondrial dysfunction, and subsequent apoptotic or necrotic cell death
(Ramesh et al. 2023). Differences in ICso values between HepG2 and MCF-7 cells may
reflect variations in cellular metabolism, genetic background, antioxidant defense
mechanisms, and nanoparticle internalization efficiency (Ibrahim et al. 2024). To support
the quantitative MTT assay findings, cellular morphology was examined using an inverted
microscope. Excessive ROS production leads to mitochondrial membrane depolarization,
cytochrome c release, and subsequent activation of caspase cascades, ultimately triggering
apoptotic cell death (Khan et al. 2022).

Anti Biofilm Capability of TiO2 NPs

The antibiofilm activity of the biosynthesized TiO, NPs was evaluated against two
clinically relevant biofilm-forming bacterial strains, Escherichia coli and Klebsiella
pneumoniae. Bacterial biofilms consist of highly organized microbial communities
embedded within an extracellular polymeric substance (EPS) matrix, which provides
substantial protection against antibiotics and host immune defenses, making biofilm
disruption a major therapeutic challenge (Vestby et al. 2020). The results demonstrated that
TiO: NPs exerted a marked, concentration-dependent inhibitory effect on biofilm
formation in both tested strains (Fig. 3b). In the case of E. coli, the nanoparticles showed
strong antibiofilm efficacy, with inhibition reaching 76.4% at 1000 ng mL ™" and decreasing
to 20.9% at the lowest tested concentration (15.7 pug mL™). Notably, this substantial
reduction in biofilm biomass occurred without a pronounced effect on planktonic bacterial
growth, indicating a targeted antibiofilm action rather than bactericidal activity. In contrast,
TiO2 NPs displayed comparatively lower antibiofilm efficiency against K. pneumoniae,
achieving a maximum inhibition of 57.5% at 1000 pg mL". This reduced susceptibility is
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consistent with the known biological characteristics of K. pneumoniae, which produces a
thick polysaccharide capsule and forms highly resilient biofilms that are less permeable to
antimicrobial agents and nanomaterials (Li ef al. 2024). Variations in EPS composition,
surface charge, and the regulation of biofilm-associated virulence factors between the two
bacterial species likely contribute to the observed differences in nanoparticle effectiveness
(Khatoon et al. 2018). Although the precise mechanism underlying TiO. NP-mediated
biofilm inhibition remains to be fully elucidated, the observed activity may result from a
combination of factors, including nanoparticle interaction with the EPS matrix,
interference with cell-surface adhesion, disruption of biofilm architecture, and charge-
mediated interactions that hinder biofilm maturation (Wang et al. 2017). Further studies
employing microscopic and molecular approaches are warranted to clarify the direct effects
of TiO2 NPs on biofilm structure and integrity.
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Fig. 3. (a) Cytotoxic activity against Vero, HepG2, and MCF-7 cell lines, and (b) Antibiofilm
activity against E. coli and K. pneumoniae at different concentrations

Antioxidant Activity

In the DPPH assay, the antioxidant activity was monitored through the
discoloration of the purple DPPH solution, which reflects radical neutralization. The TiO:
NPs exhibited a clear concentration-dependent scavenging effect over the tested range of
15.7 to 1000 pg/mL (Fig. 4a). The observed antioxidant activity may also be partially
attributed to phytochemical residues from LBE adsorbed on the nanoparticle surface,
which are known to possess radical scavenging properties. The calculated ICso value for
DPPH radical inhibition was 319.4 pg mL™, whereas the standard antioxidant ascorbic acid
showed a significantly lower ICso of 59.2 pg mL™, indicating stronger activity of the
reference compound. The ABTS radical scavenging capacity of the TiO. NPs was also
evaluated across the same concentration range. As presented in Fig. 4b, the nanoparticles
demonstrated a pronounced dose-dependent ability to quench ABTS radicals. At the lowest
tested concentration (15.7 pg mL™"), the scavenging efficiency was approximately 10.4%,
which increased progressively to over 60.7% at 1000 pg mL~'. Based on the dose-response
curves, the ICso value for ABTS scavenging by TiO2 NPs was calculated to be 211 ug mL™,
compared with 104 ng mL™" for the reference antioxidant. Notably, the relatively stronger
performance observed in the ABTS assay suggests that the biosynthesized TiO> NPs may
act as efficient electron donors. This behavior can be attributed to surface defect states of
TiO: as well as the synergistic contribution of phytochemical capping agents derived from
the lemon peel extract, which enhance electron transfer and radical stabilization (Fu et al.
2024).

Almutairi et al. (2026). “Anticancer & lemon TiO2 NPs,” BioResources 21(3), 6608-6623. 6616



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Anti-diabetic Activity of TiO2 NPs

The antidiabetic efficacy of the biosynthesized TiO. NPs was assessed by
examining their inhibitory effects on the carbohydrate-hydrolyzing enzymes a-amylase
and o-glucosidase, which play a central role in postprandial glucose regulation.
Suppression of these enzymes is a well-established therapeutic approach for controlling
hyperglycemia, as it slows the conversion of complex carbohydrates into absorbable
monosaccharides, thereby moderating glucose uptake into the bloodstream (Debele and
Park 2022). The results revealed that TiO: nanoparticles exerted a pronounced, dose-
dependent inhibitory effect on both enzymes (Figs. 4c, 4d). At the highest tested
concentration (1000 pg mL™), inhibition levels of 63.9% for a-amylase and 79.1% for a-
glucosidase were achieved. In comparison, the standard antidiabetic drug acarbose
exhibited stronger inhibition, reaching 95.6% and 95.8% against o-amylase and o-
glucosidase, respectively, at the same concentration.
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Fig. 4. (a) DPPH radical scavenging activity, (b) ABTS radical scavenging activity, (c) a-amylase
inhibitory activity, and (d) a-glucosidase inhibitory activity compared with standard compounds of
the synthesized TiO, nanoparticles

The observed enzyme inhibition by TiO> NPs may be attributed to a synergistic
mechanism involving both the inorganic nanoparticle core and the phytochemical capping
layer derived from the lemon peel extract. Bioactive compounds such as flavonoids and
phenolic constituents are known to possess intrinsic inhibitory activity against digestive
enzymes and may enhance the overall antidiabetic performance of the nanomaterial
(Tundis et al. 2010). Additionally, the high surface-to-volume ratio and unique electronic
properties of TiO2 nanoparticles may promote strong interactions with enzyme surfaces,
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leading to conformational alterations that reduce catalytic efficiency (Kumaravelu et al.
2025).

CONCLUSIONS

1. TiO:2 nanoparticles (NPs) were successfully synthesized via an efficient microwave-
assisted green method using lemon peel extract.

2. The nanoparticles showed spherical morphology with particle sizes ranging from 25 to
38 nm, which was confirmed by UV-Vis, Fourier transform infrared (FTIR),
transmission electron microscope (TEM), and scanning electron microscope-energy-
dispersive X-ray (SEM—EDX) analyses.

3. The TiO2 NPs exhibited notable anticancer activity against HepG2 and MCF-7 cell
lines.

4. The nanoparticles demonstrated antioxidant, antidiabetic, and antibiofilm activities,
including effective inhibition of a-amylase, a-glucosidase, and biofilm formation in K.
pneumoniae and E. coli.

5. Overall, the biosynthesized TiO> NPs show promising multifunctional biological
activities under in vitro conditions. However, further in vivo and clinical studies are
required to confirm their safety, efficacy, and potential for practical biomedical

applications.
6.
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