
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

6:
15

:2
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis of a na
aFaculty of Dentistry, Suez Canal Universit

E-mail: merhan_elmansy@dent.suez.edu.eg
bFaculty of Biotechnology, October Universit

October, Giza, Egypt. E-mail: ziadhamdy100
cFaculty of Biology, Adam Mickiewicz

ibrahemm22@gmail.com
dInstitute of Nanoscience and Nanotechnolo

ElSheikh, Egypt. E-mail: olachem_elborad

edu.eg

Cite this: Nanoscale Adv., 2026, 8, 145

Received 3rd June 2025
Accepted 29th October 2025

DOI: 10.1039/d5na00546a

rsc.li/nanoscale-advances

© 2026 The Author(s). Published by
no-emulsion of quercetin
encapsulated vitamin E conjugated iron oxide
nanoparticles for the systemic phyto-preventive
effect: characterization and oral cancer application

Merhan N. El-Mansy,a Zeyad M. Hamdy,b Ahmed E. Abdelsamiebc and Ola M. El-
Borady *d

Background: Globally, one of the most pressing public health concerns is the prevention of oral cancerous

lesions. This study aimed to reverse the carcinogenic effect of DMBA in hamsters by using nano-emulsions

of quercetin encapsulated vitamin E and iron oxide. Methods: The studied iron oxide nanoparticles were

prepared by the co-precipitation method and then converted into nano-emulsions via the oil-in-water

technique and characterized. The study included five equal groups of 30 Syrian male hamsters aged

eight weeks. Group A constituted a negative control, and Group B received 25 mg kg−1 of nano-

emulsion orally three times per week for eight weeks. Group C (positive control) was painted with DMBA

on the left pouches three times per week for six weeks. Group D received 25 mg kg−1 of quercetin

thrice per week for two weeks orally, with a continued painting of DMBA per week for six weeks. Group

E received 25 mg kg−1 of nano-emulsion orally, three times per week, for two weeks, and then

continued using it with painting DMBA three times per week for six weeks. Results: The morphological

and chemical characterization of the synthesized emulsions revealed the formation of spherical particles

in the nanoscale emulsion. A significant improvement was noted in the nano-emulsion group compared

to the DMBA-painted group in multiple biochemical parameters, such as hemoglobin, RBCs, platelets,

WBCs, neutrophils, lymphocytes, monocytes, ALT, AST, creatinine, and urea. The histopathological and

immunohistochemical assessments revealed well-differentiated squamous cell carcinoma in the DMBA-

treated group, with intense expression of Ki-67 and Bcl-2. In the quercetin-treated group, superficial

invasion of carcinoma in situ was noted with a moderate decrease in the expression of Ki-67 and Bcl-2.

Marked improvement was observed in the quercetin nano-emulsion-treated group that showed

moderate to severe dysplasia with an obvious decrease in Ki-67 and Bcl-2 expression. Conclusion: The

study results confirmed that the prepared quercetin-vitamin E-Fe3O4 formulations are novel in

combining magnetic targeting and antioxidant co-protection nano-emulsions and significantly prevented

oral squamous cell carcinoma in hamsters.
1. Introduction

Premalignant lesions lead to changes in the epithelium with
higher potential for malignancy. They include hyperplasia and
atypia with a low risk of malignant transformation, whereas
dysplasia represents a higher malignant potential. Oral
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squamous cell carcinoma (OSCC) is the most debilitating
disease that negatively affects the quality of a patient's life. It is
considered the sixth most common disease globally, with 700
000 new cases diagnosed each year.1 Despite the advances in
different therapeutic modalities, the 5-year survival rate has not
changed and remains at about 50%.2 It is considered a multi-
focal disease through initiation, promotion, and progression
that is accompanied by multiple genetic alterations.3

The buccal pouch of the hamster (HBP) is a well-validated
model to recapitulate the multistage progression of oral carci-
nogenesis in humans which extends from hyperplasia and
dysplasia to invasive carcinoma histologically and gene
expression changes.4 It was rst suggested in 1954 andmodied
in 1961.1 The most accepted induction protocol involves topical
application of 0.5% of 7, 12 dimethyl-benz(a)anthracene
Nanoscale Adv., 2026, 8, 145–156 | 145
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(DMBA) in mineral oil, three times per week, for 8–14 weeks,
which produces premalignant and malignant lesions and has
been consistently used in chemoprevention and therapeutic
studies.5 DMBA can be metabolized into electrophilic diol-
epoxides and then form harmful compounds through binding
to adenine and guanine in DNA.6

Chemoprevention aims to prevent, delay, or suppress the
incidence of tumors using synthetic or natural bioactive agents.
These agents help in impeding DNA damage or blocking the
premalignant cell division. Most phytochemicals counteract
chemoresistance and cause minimal toxicity.7 Quercetin,
a penta-hydroxy avone, is present in several fruits, vegetables,
and grains. It can induce cell cycle arrest and apoptosis due to
its anti-inammatory, antioxidant, signal transduction pathway
and enzymatic activity. Its intake through food supplements
might allow a protective bioactive effect.8 Quercetin has also
been shown to stop the growth of several malignancies,
including lung, breast, pancreatic, colorectal, ovarian, and
prostate cancer.9

It's critical to comprehend how quercetin regulates apoptotic
and proliferative signaling pathways for successful medication.
Both intrinsic (mitochondria-mediated) and extrinsic (non-
mitochondria-mediated) processes can lead to apoptosis.
According to Chien et al.10 quercetin reduced the production of
the anti-apoptotic protein Bcl-2. Ki-67 protein expression
related to cell proliferation can be used as a biomarker for
different histological grades of dysplasia and cancer. The
expression of Ki 67 increased according to the severity of oral
epithelial dysplasia.11

Nanotechnology is the technology of manufacturing mate-
rials in the nanoscale range from 1 to 100 nm, which provides
new applications in various industries and revolutionizes our
lives.12 Nano-emulsions are colloidal particle systems that act as
carriers for particles and are used for several purposes.
Magnetic nanoparticles can be utilized to potentiate the effect
of the drug delivery system; therefore, the therapeutic efficacy
will increase while the side effects and toxic reactions will
decrease.13 Magnetite (Fe3O4) nanoparticles could play a vital
role in treating cancer. Fe3O4 NPs revealed biocompatibility and
chemical stability and showed effective photodynamic anti-
cancer activity on prostate cancer cell lines.14 Tween 80 is
a common hydrophilic nonionic surfactant used in the emul-
sication and dispersion of ingredients in pharmaceutical and
food products and could be used as a co-emulsifying agent to
decrease the size of globules in lipid emulsions and an emul-
sifying agent in single- and multi-emulsions.15

Therefore, this study aimed to evaluate the phyto-preventive
efficacy of systemic administration of quercetin and Fe3O4 NPs
as a nano-emulsion in DMBA-induced dysplasia in the hamster
buccal pouch through immunohistochemical detection of Bcl-2
and Ki-67 proteins.

2. Materials and methods
2.1. Preparation of the quercetin nano-emulsion

Firstly, the iron oxide nanoparticles (Fe3O4 NPs) were prepared
by the co-precipitation method.16 Quercetin-encapsulated
146 | Nanoscale Adv., 2026, 8, 145–156
vitamin E-conjugated iron oxide nanoparticles were prepared
using the oil-in-water (O/W) nano-emulsion technique, while
Tween 80 (MERCK, Germany) was used as an emulsier and
surfactant. Initially, the oil phase was constructed by dissolving
375 mg of quercetin powder (Sigma-Aldrich, Missouri, United
States) in 5 ml of absolute ethanol, followed by adding 0.75 g of
Tween 80 and 1.5 g of vitamin E; the components were mixed
thoroughly by shaking. Secondly, the aqueous phase was
prepared by dispersing 0.15 mg Fe3O4 NPs in 150 ml of distilled
water using a water bath sonicator for one hour.17 The nano-
emulsion was fabricated by slowly dropping the oil phase into
the aqueous phase, and the mixture was further pulse-sonicated
for 20 min in an ice bath (pulse on, 20.0 s; pulse off, 10.0 s)
using a Vibra cell™ ultrasonicator (Newton, Massachusetts,
USA) adjusted to 20 000 Hz at room temperature. Aer sonica-
tion, the organic solvent was evaporated by gentle stirring at
room temperature. The nal nano-emulsion was stored in
a refrigerator for further use.

2.2. Nano-emulsion characterization

The particle size and other morphological properties of the
nano-emulsion particles were studied using a high-resolution
transmission electron microscope (HR-TEM) model JOEL JEM-
2010 (Tokyo, Japan) operating at an accelerating voltage of
200 kV. The NPS solution was drop-cast onto TEM grids for the
analysis. The lyophilized powder of the nano-emulsion was
subjected to XRD examination using an X-ray diffractometer
(XRD-6000 Shimadzu) at 40 kV and current regulation at 30 mA
with Cu Ka1 radiation wavelength l = 1.54056 Å and an angle
range of 10° to 80°. Malvern Zeta-sizer model Nano ZS-90
(Malvern, United Kingdom) operating at 25 °C was used to
measure the nano-emulsion potential. To demonstrate the
structural compositions of the NPs, Fourier-transform infrared
(FTIR) spectra were obtained, and the analysis was attempted
using a JASCO spectrometer (Tokyo, Japan) in a scanning range
of 4000–400 cm−1 using KBr as a reference. The NP sample was
dried and mixed with KBr and then compressed into a disc. The
UV-vis absorption spectrum of the nano-emulsion in the wave-
length range of 200–800 nm was measured using a UV-visible
spectrophotometer (V-630 UV–Vis Jasco, Japan). The magneti-
zation M-H hysteresis loop of the powdered samples was
collected at room temperature, using a Vibrating Sample
Magnetometer (VSM, Lake Shore) from −20 000 to 20 000 Oe.

2.3. Experimental design

Thirty male Syrian golden hamsters (Mesocricetus auratus)
weighing 90–100 grams were purchased from VACSERA, Giza,
Egypt. Animals were housed (six per cage) at a controlled
temperature and given water ad libitum and nutrients recom-
mended by the regulations of the ethics committee. The drugs
were administered through oral gavage, and they were divided
into ve groups, six per each group as follows: Group A (negative
control) did not receive any treatment. Group B (self-negative
control) received a quercetin nano-emulsion of 25 mg kg−1

orally thrice weekly for eight weeks. Group C (positive control)
was painted with DMBA three times weekly on the le pouches
© 2026 The Author(s). Published by the Royal Society of Chemistry
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using a paintbrush for six weeks. Group D received a quercetin
dose of 25 mg kg−1 orally three times per week for two weeks
and then continued using it with painting DMBA three times
weekly for six weeks. Group E (nanochemo-preventive group)
received a quercetin nano-emulsion of 25 mg kg−1 orally three
times per week for two weeks and then continued using it with
painting DMBA three times per week for six weeks.18

2.4. Blood sample collection

The animals were anesthetized with cotton-soaked diethyl
ether. Blood samples were collected into heparinized capillary
tubes to detect a complete blood picture using the kit (Bio-
Merieux, Marcy-l'Étoile, France). Blood samples were sent to
the Hyah Hematology Laboratory, Egypt. Counting procedures
were performed using a fully automatic cell counter (Heco Serc,
Italy).

Toxicity enzymes were measured to ensure the safety of the
drugs used. Another blood sample was withdrawn into sterile
tubes, le to clot at room temperature, and centrifuged at
3000 rpm for 15 min. Serum samples were collected into
Eppendorf tubes ready to use or stored at−20 °C. For liver tests,
aspartate aminotransferase (AST; catalog # 260001) and alanine
aminotransferase (ALT; catalog # 264001) were purchased from
the Egyptian Spectrum Diagnostics company for biotechnology
(Obour, Egypt). For kidney tests, creatinine (CREAT; catalog #
E4370-100) and urea (UR; catalog #K375-100) were purchased
from BioVision Company (Milpitas, United States). Every step of
the analysis was carried out in compliance with the manufac-
turer's instructions.

2.5. Histopathological assessment

Aer the euthanasia of animals with cotton soaked with a lethal
dose of diethyl ether, all pouches were xed in a 10% neutral
formalin solution, processed, embedded in so paraffin,
allowed to harden, sectioned into 5 mm using a rotary micro-
tome, mounted on glass slides, and stained with hematoxylin
and eosin (H & E) stain for light microscopic study. Two
pathologists diagnosed and photographed the slides with an E-
330 Olympus digital camera. Epithelial dysplasia (ED) was
graded according to Banoczy and Sciba (1976) intomild (limited
to the lower third), moderate (extended to the lower two thirds),
and severe (extended all over epithelial thickness). Signs of
dysplasia might include loss of polarity of basal cells, drop-
shaped rete ridges, an increased nuclear–cytoplasmic ratio,
hyperchromatism, nuclear pleomorphism, and abnormal
mitotic gures. Due to the thin nature of HBP, ED was modied
by El-Dakhakhny et al.19 according to the number of signs of
dysplasia into mild (two criteria), moderate (3 to 7 criteria),
severe (more than 7), and carcinoma in situ (top to bottom).

2.6. Immunohistochemical assessment (IHC)

Sections of 5 mm were cut and mounted on positively charged
slides to immunohistochemically detect protein expression.
Immunostaining was performed using rabbit polyclonal mouse
antibody against Ki-67 (Cat. No. RB-1510) with brown nuclear
expression as a proliferative marker that provided an indication
© 2026 The Author(s). Published by the Royal Society of Chemistry
of dysplastic activity. Another rabbit polyclonal mouse antibody
to Bcl-2 (antiapoptotic marker) was purchased from Gene Tex
International Corporation, Cat. No. GTX100064, with brown
cytoplasmic expression; its overexpression is considered an
indicator of resistance to apoptosis. IHC was performed
according to the manufacturer's instructions. The computer
system utilized was an image analyzer (ImageJ/Fiji 1.46). The
area of the screen was measured by digitizing the slides at 400×
objective magnication. The soware was used to calculate the
positive index to assess the area percentage of positive cells
through counting the number of immune-positive cells against
Ki-67 & Bcl-2 and the number of remaining unstained cells and
then calculating the fraction of positive cells for each marker.
2.7. Statistical analysis

All data were collected, calculated, tabulated, and statistically
analyzed using the following statistical tests: a normality test
(Kolmogorov–Smirnov) to check the normal distribution of the
samples, an unpaired sample T-test to compare the two groups,
and a one-way ANOVA to compare the two groups in each test.
Duncan's post hoc test was performed to evaluate statistical
signicance among the groups. Descriptive statistics were
calculated as the mean ± standard deviation (SD). Statistical
signicance was dened as a P value# 0.05 that allowed readers
to improve the strength of each comparison and enhanced the
reliability of the data. The statistical signicance is dened as
a P value# 0.05. All statistical analysis was performed using the
computer program SPSS soware for Windows version 26.0
(Statistical Package for Social Science, Armonk, NY: IBM Corp.).
3. Results and discussion

A constant challenge for scientic research constitutes the
lower survival rate in the previous ve years. Researchers looked
for new techniques to treat OSCC due to the ineffectiveness of
traditional chemotherapy medications or the risk that may
occur from surgery, in addition to the expected side effects.20

Chemoprevention could be utilized to overcome the drawbacks
of conventional therapy and turned into a stand-alone therapy
or used to prevent the initiation and promotion of tumors.21

Phytochemicals such as avonoids have anti-cancer actions by
inhibiting cell proliferation, increasing cancer cell death, and
modulating key signaling pathways that are involved in the
progression of metastatic spread.22

Along with its immune-protective and anti-inammatory
effects, quercetin displayed its antimutagenic properties
against different mutagens such as benzo(a)pyrene and cyclo-
phosphamide, which might have an obvious role in chemo-
prevention.23 George et al.24 found that quercetin could be
metabolized easily through the action of tyrosinase enzyme to
different metabolites that enhanced the effect of its anticancer
activity. Also, it could prevent different types of malignant
tumors, such as breast and liver cancer.

Multiple nano-delivery platforms have beenmanufactured to
overcome quercetin's poor aqueous solubility, low oral
bioavailability, and rapid metabolism. The present nano-
Nanoscale Adv., 2026, 8, 145–156 | 147
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emulsion formulation offered a true oil-in-water submicron
dispersion that improved its solubility and lipophilic avonoid
dissolution rate.25 Moreover, its stability and cellular uptake
were optimized through the precise control of droplet size and
interfacial properties. It was suitable for potential clinical
translations and exible co-delivery strategies. Here the nano-
emulsion expressed a pragmatic and translationally attractive
alternative for several nano-carriers which are suitable for long-
term chemoprevention.26

3.1. Fe3O4 NPs and quercetin nano-emulsion
characterization

The transmission electron microscopy (TEM) image of the
synthesized Fe3O4 NPs (Fig. 1A) showed the formation of small-
sized NPs, which were mainly spherical in shape and uniformly
distributed. The average particle size is approximately 15 nm.
Additionally, the selected area electron diffraction (SAED)
patterns (inset Fig. 1A) prove the crystalline nature of NPs. In
contrast, the TEM image of the quercetin nano-emulsion
(Fig. 2A) showed spherical particles with a size of
Fig. 1 The characterization of the synthesized Fe3O4 NPs, (a) representa
patterns), (b) the FTIR spectrum, (c) the XRD pattern, (d) the UV-vis abso

148 | Nanoscale Adv., 2026, 8, 145–156
approximately 50 nm, and other semi-spherical shapes within
80–100 nm were detected. The bright areas in the TEM image
show quercetin particles, while the dark regions represent
Fe3O4 NPs. Moreover, the bright spots that appeared in the
SAED pattern of the quercetin nano-emulsion (inset Fig. 2A)
indicated the presence of iron crystals in the emulsion matrix.
Recently, according to TEM images, Chen et al.27 conrmed that
the quercetin nanocomposite had a spherical shape with
uniform particles, whose sizes ranged from 60 to 70 nm.

Fourier-transform infrared (FTIR) spectroscopy was per-
formed for quercetin, Fe3O4NPs, and quercetin nano-emulsion.
The FTIR spectrum of Fe3O4 NPs (Fig. 1B) showed four main
peaks at 3400 cm−1, 1626 cm−1, 885 cm−1, and 572 cm−1 cor-
responding to n-OH stretching vibrations and the adsorbed
water, d-OH, and Fe–O stretching mode of the tetrahedral and
octahedral sites.28 However, the FTIR spectrum of the pure
quercetin (Fig. 2 SI) showed peaks that appeared at around
3405 cm−1, 2923 cm−1, 1665 cm−1, and 1614 cm−1, corre-
sponding to OH groups, ]C–H stretch, conjugate C]O, and
aromatic C]C stretch, while the peaks in the range from 1451
tive TEM image (the inset shows their selected area electron diffraction
rption spectrum and (e) hysteresis loop (VSM graph) of Fe3O4.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The characterization of quercetin nano-emulsion encapsulated vitamin E conjugated Fe3O4 NPs, (a) representative TEM image (the inset
shows its selected area electron diffraction patterns), (b) the FTIR spectrum, (c) the XRD pattern and (d) the UV-vis absorption spectrum.
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to 821 cm−1 refer to the C–H bending, and C–O stretching
covers the region from 1011–1170 cm−1.

In contrast, the FTIR spectrum of the quercetin nano-
emulsion (Fig. 2B) showed characteristic bands, demon-
strating the effective conjugation of quercetin to iron oxides.
Some of these peaks have a broad peak at 3420 cm−1 due to the –
OH stretching vibration and the Fe–O vibration frequency of the
magnetite spinel structure, conrmed by the presence of an
absorption band at 473 cm−1, the peak centered at 1652 cm−1

assigned to the C]O absorption, and the peaks in the region
1168–1009 cm−1 corresponding to C–O stretching. The presence
of a peak at 473 cm−1 in the FTIR spectrum of the nano-
emulsion, which refers to the Fe–O vibration frequency,
conrms the existence of Fe3O4 NPs in the matrix of quercetin.
Moreover, the change in the peak position of some functional
groups (OH and C–O groups) in the nano-emulsion compared to
pure quercetin indicated its change from pure to nano-form.

X-ray diffraction (XRD) was used to evaluate the crystallinity
and structure of Fe3O4 NPs, pure quercetin, and quercetin nano-
emulsion loaded Fe3O4 NPs. The XRD pattern of Fe3O4 NPs
(Fig. 1C) revealed the appearance of signicant peaks at 2q =

29.82°, 35.12°, 42.46°, 53.34°, 62.3°, 66.12°, and 71.66°, which
were previously identied as the crystalline cubic spinel-
© 2026 The Author(s). Published by the Royal Society of Chemistry
structured lattice of Fe3O4 NPs. Furthermore, the XRD pattern
of pure quercetin (Fig. 2, SI) has several strong, distinct peaks
that are characteristic of quercetin at 10.8°, 12.5°, 24.1°, 27.3°,
and 38.6°. On the other hand, the XRD pattern of the nano-
emulsion (Fig. 2C) showed peaks signicant for both the
Fe3O4 NPs and quercetin (2q = 6.3°, 12.5°, 21.4°, 23.8°, 27.3°,
and 42.6°), which conrms the presence of the Fe3O4 NPs that
emerged with the emulsion, and additional Fe3O4 NPs' peaks in
the XRD pattern of the nano-emulsion disappeared, which is
attributed to breaking the crystallinity of NPs caused by
involving the organic structure of quercetin.29 The X-ray
diffraction (XRD) results are consistent with those previously
reported by Amanzadeh et al.30

The electric charges produced at the nanoparticle surface
that maintain the stability of NPs were measured using the zeta
potential. The zeta potential of the quercetin nano-emulsion
prepared in this study is −54.6 mV (Fig. 3, SI). This high
value, which represents the great stability of the produced nano-
emulsion, may be explained by the surfactant's inclusion of
several functional groups into Fe3O4 NPs, such as the OH-
functional group derived from the quercetin molecule.

The zeta potential offered crucial information on the
stability of the quercetin emulsion. According to Tran and his
Nanoscale Adv., 2026, 8, 145–156 | 149
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Fig. 3 Gross appearance of self-control & negative control groups (A), DMBA group (B), quercetin group (C) and nano-emulsion group (D).
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colleagues31 quercetin-containing nano-emulsions had a zeta
potential of 26.3 mV, which was probably caused by the pres-
ence of castor oil in them. Higher zeta potential values
promoted stability by preventing the aggregation of similarly
charged particles by repulsive forces between them. In addition
to the presence of quercetin, the stabilizer used for fabricating
the current nano-emulsions, Tween 80, created a barrier of
protection around nanoparticles that persisted on their surface
producing high zeta potential (−54.6 mV).

The absorption spectrum of the presented Fe3O4 NPs
(Fig. 1D) showed a hump-like peak at 360 nm that is charac-
teristic for Fe3O4 NPs. Moreover, the absorption spectrum of the
nano-emulsion showed two weak absorption bands at 290 nm
and 378 nm (Fig. 2D). In UV-vis spectroscopy, the resulting
bands were very close to those in other studies about quercetin
32 that validated the effective conjugation of quercetin on the
superparamagnetic Fe3O4 NPs.30

The magnetic behavior of the prepared Fe3O4 NPs was
examined using vibrating sample magnetometry (VSM). The
obtained prole of the Fe3O4 NPs (Fig. 2E) exhibits a typical S-
shaped hysteresis loop, which is characteristic of super-
paramagnetic materials. The curve shows negligible coercivity
and remanence, indicating that the magnetic nanoparticles do
not retain magnetization aer the external magnetic eld is
removed, making the prepared Fe3O4 NPs suitable for targeted
drug delivery in some biomedical applications. Nevertheless, it
was previously observed33 that when the particle size is
Table 1 Statistical analysis of biochemical results in different groupsa

Group A Group B Gro

HB 16.3 � 3.2a 15.3 � 2.1a

RBCs × 103 8090.0 � 88.1a 8066.0 � 69.5a 362
Platelets × 103 540.0 � 43.8a 522.0 � 35.9a 31
WBCs × 103 10.3 � 2.8c 10.1 � 3.1c 2
Neutrophils 2.0 � 0.9d 1.6 � 1.1d

Lymphocytes 87.0 � 23.1b 87.0 � 26.8b 9
Monocytes 2.2 � 0.4d 2.0 � 0.8d

ALT 62.6 � 24.3a 69.0 � 12.6a 3
AST 67.1 � 12.9a 72.1 � 13.9a 4
Creatinine 18.9 � 3.8a 23.3 � 4.5a

Urea 13.6 � 1.1a 14.1 � 3.1a

a a–d: different letters in the same row mean signicant differences betw
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sufficiently small for thermal uctuations to overcome
magnetic anisotropy, superparamagnetism is produced. The
saturation magnetization (Ms) of the prepared Fe3O4 NPs
reached approximately 48.563 emu per g, which is consistent
with previously reported values for Fe3O4 NPs prepared via
chemical routes.33–35 This high Ms value suggests that the
nanoparticles possess a well-dened crystalline structure and
efficient magnetic response.
3.2. Biochemical analysis

As shown from the statistical signicance in Table 1, there was
no discernible difference between groups (A and B) for the
variable examined utilizing the unpaired sample T-test at P <
0.05. There was a noticeable difference between the four groups
(A, C, D and E) for all the examined variables using a one-way
ANOVA (F-test) at P < 0.05. There was a marked decrease in
group C, which was treated with DMBA, in hemoglobin (8.9 ±

1.2), RBCs (3622.0 ± 98.9), platelets (318.0 ± 85.3), WBCs (23.8
± 1.8), neutrophils (5.2 ± 1.5), lymphocytes (93.2 ± 11.6),
monocytes (8.2 ± 1.2), ALT (32.1 ± 15.9), AST (46.7 ± 9.4),
creatinine (5.1 ± 1.9), and urea (2.5 ± 1.0) in comparison with
group A. A slight improvement was noticed in group D treated
with quercetin only in comparison with group A as listed in
Table 1: 11.1± 0.3, 4480.8± 78.4, 370.5± 70.4, 19.1± 3.4, 4.4±
1.9, 88.8 ± 32.7, 6.1 ± 1.1, 35.1 ± 17.2, 45.9 ± 11.2, 5.2 ± 1.2,
and 3.4 ± 1.8 respectively. Aer treatment with the nano-
emulsion in group E, there was an obvious improvement near
up C Group D Group E F test

8.9 � 1.2c 11.1 � 0.3b 12.2 � 0.9b 29.3
2.0 � 98.9d 4480.8 � 78.4c 6584.0 � 78.4b 19.5
8.0 � 85.3d 370.5 � 70.4c 450.0 � 64.2b 9.3
3.8 � 1.8a 19.1 � 3.4b 7.8 � 1.9d 19.1
5.2 � 1.5a 4.4 � 1.9b 2.8 � 0.4c 5.9
3.2 � 11.6a 88.8 � 32.7b 85.2 � 13.7c 11.4
8.2 � 1.2a 6.1 � 1.1b 3.0 � 0.7c 45.1
2.1 � 15.9c 35.1 � 17.2c 43.7 � 11.2b 40.1
6.7 � 9.4c 45.9 � 11.2c 54.1 � 6.8b 33.8
5.1 � 1.9c 5.2 � 1.2c 14.7 � 2.3b 16.9
2.5 � 1.0d 3.4 � 1.8c 9.4 � 0.9b 23.2

een groups (at P < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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normal compared to group A in all biochemical parameters:
12.2 ± 0.9, 6584.0 ± 78.4, 450.0 ± 64.2, 7.8 ± 1.9, 2.8 ± 0.4, 85.2
± 13.7, 3.0 ± 0.7, 43.7 ± 11.2, 54.1 ± 6.8, 14.7 ± 2.3, and 9.4 ±

0.9, respectively.
Consistent with our clinical results, Elmansy et al.36 reported

that while using nano-thymoquinone in DMBA-induced carci-
nogenesis in HBP, there was marked improvement compared to
the DMBA-treated group. Moreover, a more immune-enhancing
effect was pronounced, through a signicant improvement in
different biochemical markers. Hao et al.37 demonstrated that
in cancer patients, there was a marked thrombocytopenia that
led to severe bleeding, the presence of anemia, and a high
number of WBCs, including lymphocytes and neutrophils,
which indicated an inammatory response.

In line with our results, Pandya et al.38 documented that urea
and creatinine levels indicated impaired renal function due to
exposure to toxic materials. Rapid increases in AST and ALT
values are a common sign of hepatic toxicity and liver damage,
as found in the group painted with DMBA only. As suggested by
Jagatheesh et al.39 it may be caused by altered membrane
permeability and enzyme leakage from the tissue. Using the
quercetin nano-emulsion resulted in a noticeable improvement
in liver functions. This conclusion was in line with the ndings
of Abou Zaid et al.40 who discovered that N-acetyl nano-
composite therapy signicantly improved DMBA-induced
breast carcinomas' high levels of liver enzymes.

3.3. Clinical analysis

Researchers have relied on the HBP model due to its similarity
with human OSCC through stepwise clinical, biological, and
histological progression. There were matching results between
the negative control and self-control groups that showed any
alterations in their appearance. The animals appeared healthy
throughout the investigation, with regular hair and no skin
outbreaks. Also, the length and color of the buccal pouches were
normal which revealed enhanced therapeutic effects (Fig. 3A).
In contrast, the positive control group displayed observable hair
loss, skin ulcers, or abscesses around the oral cavity. All animals
were debilitated. The le pouch was shortened. Nodular lesions
of various sizes were seen with pronounced blood capillaries
(Fig. 3B). These results indicated robust inammatory reactions
which were parallel to the ndings in models of chemically
induced oral carcinogenesis and necrotic damage.1 The quer-
cetin group showed smaller multiple lesions compared to group
C, with fewer inammatory signs (Fig. 3C) which are consistent
with the ndings of Darwish et al.41 who deduced that quercetin
reduced tumor incidence. Zhang et al.18 supported our ndings
which revealed enhanced therapeutic effects with the nano-
emulsion group that showed marked recovery with less
inammation. Some animals had tiny lesions, and only a few
others had blood capillaries (Fig. 3D).

3.4. Histopathological and immunohistochemical analysis

The mucous membrane in groups A and B showed normal thin
keratinized epithelium with no rete ridges, non-inamed loose
connective tissue, and a layer of longitudinally striated muscle,
© 2026 The Author(s). Published by the Royal Society of Chemistry
creating deeper C.T. layers (Fig. 4A and B). The immunohisto-
chemical results showed brown nuclear expression of Ki-67
(8.33 ± 0.04) & (10.03 ± 1.04) (Fig. 4C) limited to the basal
layer and mild cytoplasmic expression of Bcl-2 (17.49 ± 2.21) &
(19.01 ± 3.14) (Fig. 4D).

The le pouches of hamsters painted with DMBA in group C
showed well-differentiated squamous cell carcinoma with
invading islands of the epithelium into the underlying
connective tissue. The dysplastic epithelial cells showed severe
alterations, such as drop-shaped rete ridges, an abnormal
nuclear/cytoplasmic ratio, cellular and nuclear pleomorphism,
basilar hyperplasia, hyperchromatism, and prominent nucleoli
(Fig. 4E and F). The basal and supra-basal epithelial layers had
widespread, strong nuclear expression of Ki-67, a consequence
of the immunohistochemical analysis until the surface of the
lesion had statistically signicant differences (60.99 ± 8.91)
compared with the negative group (8.33 ± 0.04) (Fig. 4G). Also,
a signicant increase in cytoplasmic expression of Bcl-2 (146.15
± 24.56) was observed extending all over epithelial thickness
(Fig. 4H).

In group D, quercetin was administered orally for two weeks,
followed by painting with DMBA for six weeks in conjunction
with the administration of quercetin. The results ranged from
supercial invasion to carcinoma in situ, which had multiple
signs of dysplasia (Fig. 5A & B). The IHC data revealed
a noticeable decrease in the nuclear expression of Ki-67 (45.22±
6.13) compared to the positive control group (60.99 + 8.91),
which extended only to most of the epithelial thickness
(Fig. 5C). The immunohistochemical analysis demonstrated
a reduction in Bcl-2 cytoplasmic expression (112.72 ± 9.11)
compared to the (146.15 ± 24.56) positive control group
(Fig. 5D).

Endogenous antioxidants could be able to eradicate the free
radicals. The performance of the phyto-preventive groups
showed marked improvement in the antioxidant system and
a signicant decrease in the serum malondialdehyde (MDA)
level compared to the phyto-therapeutic groups.42 Following the
results of the current study, Zhang et al.18 suggested that quer-
cetin acted as a candidate for oral cancer chemoprevention.
Modulation of NF-kB, Bcl-2, and Bax genes in DMBA-induced
carcinogenesis declined the severity of dysplasia, reduced the
tumor incidence, inhibited cellular proliferation, and induced
apoptosis. Consistent with our results, Cheng et al.43 indicated
that the anti-inammatory effect of quercetin was demarcated
through the downregulation of intercellular adhesion molecule
1 and matrix metallopeptidase 9. Son and Kim44 demonstrated
that quercetin had different anti-cancer responses against
OSCC which repressed cell proliferation with G1 cell cycle arrest
and apoptosis by activating the p38 signaling pathway. These
ndings might provide a new strategy for OSCC therapy using
quercetin. In a study by El-Mansy et al.,45 similar histological
results were obtained in different groups when using
thymoquinone-gold nanoparticles in hamsters to treat OSCC.
Alqalshy et al.46 found that hamsters painted with DMBA alone
had a high proliferative index by proliferating cell nuclear
antigen (PCNA) and Bcl-2 overexpression. Their expression
declined aer oral administration of docosahexaenoic acid due
Nanoscale Adv., 2026, 8, 145–156 | 151
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Fig. 4 Photomicrographs showing histological and immunohistochemical expression in control groups. In groups A and B, (A and B) normal
histological structure, (C) mild nuclear expression of Ki-67 and (D) mild cytoplasmic expression of Bcl-2. In group C painted with DMBA only, (E
and F) well-differentiated squamous cell carcinoma with invading islands of dysplastic epithelium, (G) intense nuclear expression of Ki-67 and (H)
intense cytoplasmic expression of Bcl-2.
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to its ability to block the initiation or promotion stages of
experimentally induced carcinogenesis.

In group E, the same protocol of administration as that for
group D was followed using the nano-emulsion instead of quer-
cetin. There was moderate to severe dysplasia, such as basilar
152 | Nanoscale Adv., 2026, 8, 145–156
hyperplasia, in addition to the observed changes in the nuclear-
cytoplasmic ratio, loss of cell polarity of basal cells, and a large
nucleolus without invasion of underlying connective tissue
(Fig. 5E and F). In contrast to the positive control group (60.99 +
8.91), the IHC results revealed a signicantly lower level of nuclear
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photomicrographs showing histological and immunohistochemical expression in treated groups. In group D which received quercetin
orally (A and B) superficial invasion to carcinoma in situ, (C) a decrease in the nuclear expression of Ki-67 and (D) a reduction in Bcl-2 cytoplasmic
expression. In group E which received the nano-emulsion orally, (E and F) moderate to severe dysplasia (G), a significant decrease in the nuclear
expression of Ki-67 (H) and a significant reduction in cytoplasmic expression of Bcl-2.
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expression of Ki-67 (21.41 + 3.67), which was limited to basal and
parabasal layers only (Fig. 5G). Also, it demonstrated a signicant
reduction in Bcl-2 cytoplasmic expression (65.22 ± 13.24)
compared to the (146.15 ± 24.56) positive control group (Fig. 5H).

In the present formulation, vitamin E has a dual functionality
where it improved the stability, pharmaceutical properties and
© 2026 The Author(s). Published by the Royal Society of Chemistry
mucosal delivery of quercetin. Moreover, its own formula has
a chemo-preventive activity. Previous study has demonstrated that
it exerted synergistic antioxidant and anti-proliferative effects that
suppressed key biomarkers of carcinogenesis including Ki-67 and
Bcl-2.47 Per our results, iron oxide nanoparticles could be effective
in tumor treatment. Elmasry et al.48 concluded that quercetin-
Nanoscale Adv., 2026, 8, 145–156 | 153
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conjugated Fe3O4 nanoparticles could inhibit cell proliferation
with negligible toxicity to normal cells by promoting ROS gener-
ation to show their potential therapeutic effect. Another study
assumed that quercetin induced programmed cell death in oral
cancer cell lines by decreasing the expression of Bcl-2 to induce
antineoplastic activity. Mitochondrial de-functionalization
increased the leakage of cytochrome c release that activated cas-
pase 3.49 On the other hand, reactive oxygen species (ROS) could
be produced from Fe3O4 NPs, which led to the formation of the
superhydroxide hydrogen and hydroxyl radicals that could induce
apoptosis50 and used in oncology.51

Overall, the incorporation of quercetin into vitamin E–Fe3O4

to form a hybrid nanoemulsion provides advantages over other
polymeric carriers using conventional methods. The current
novel nanoemulsion contains vitamin E, which may improve
membrane compatibility and offer antioxidant activity, that can
shield quercetin from oxidative degradation and facilitate its
integration into lipid environments or cell membranes. Addi-
tionally, the presence of Fe3O4, which provides a magnetic
response, may improve targeting to diseased tissues and decrease
the systemic side effects. Therefore, the prepared hybrid nano-
emulsion possesses a dual function (antioxidant and magnetic
targeting) that many polymeric systems lack or only partially
deliver, leading to an increase in bioavailability and cellular
uptake compared to other natural polymeric nanocomposites.

4. Limitations and future work

In future work, the authors plan to investigate the molecular
mechanisms underlying the observed chemopreventive effects
by examining the involvement of oxidative stress, apoptotic, and
signaling pathways (such as PI3K/Akt and NF-kB). Moreover, we
intend to explore the potential modulation of immune check-
point molecules (PDL-1 and CTLA-4) to better understand the
immunoregulatory aspects contributing to the nano-emulsion's
anticancer activity.

5. Conclusion

The current study offered successful fabrication of a quercetin-
loaded Fe3O4 NP nano-emulsion as conrmed by its morpho-
logical and spectral characterization. The quercetin nano-
emulsion played an obvious role in the retardation of the tran-
sition of oral epithelial dysplasia to oral squamous cell carci-
noma, as conrmed by our clinical, biochemical, histological,
and immunohistochemical results. It induced apoptosis by
minimizing the expression of Bcl-2 and Ki-67 proteins in hamster
buccal pouches. Therefore, the quercetin nano-emulsion could
be utilized as a good strategy for cancer chemoprevention to
minimize the mortality associated with cancerous lesions.
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