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ermo-oxidative stability, and
biological activities of vitamin E-chitosan–TPP
nanoformulations

Hussein M. Ali, *a Mohamed H. Attia,a Wael Mamdouh, b Eman N. Rasheda

and Isra H. Alicd

Enhancing stability is a crucial factor in selecting bioactive compounds in most applications, while

encapsulation techniques have proven to be a promising solution. Despite the critical applications of a-

tocopherol (a-TQ) in the food and pharmaceutical industries, it is easily degraded by heat and oxidized

by various oxidants in cells and foods; therefore, its more stable but less active acetate form (a-TQA) is

commonly utilized. This study first optimized the preparation of the chitosan (CS) a-TQ nanoemulsion

(a-TQ/CS–TPP/NE) using response surface methodology (RSM), achieving a minimum particle size of

278.1 nm; nanoparticles were also prepared and characterized by IR, TEM, and thermal analysis. Second,

the chitosan nanoformulation exhibited greater thermal and oxidative stability against H2O2 and HOCl

(>99%) than the precursors, a-TQ (68.62% and 22.22%) and a-TQA (86.86% and 26.44%), after 4 days.

The nanoformulations also enhanced antioxidant activity against DPPH and hydroxyl radicals, as well as

the reducing power, whereas a-TQA and its nanoparticles did not demonstrate antioxidant activity. Third,

the kinetics of tocopherol release in different solvents were investigated and found to follow first-order

kinetics, with diffusion as the main mechanism. Fourth, the nanoemulsion demonstrated effective

applications in providing oxidative stability for edible oils at elevated temperatures, reducing oil oxidation

by more than 85% upon heating at 100 °C for 5 hours. Fifth, a-TQ/CS–TPP/NE could enhance its

anticancer activity against breast cancer (MCF-7). The increased thermo-oxidative stability, antioxidant

activity, oil stabilization, and anticancer activity make a-TQ/CS–TPP/NE a valuable option as a dietary

supplement or food additive.
1 Introduction

Among the four natural tocopherol isoforms (a, b, g, and d), a-
tocopherol (a-TQ) is the most common and active form found in
foods and, consequently, in human tissues; therefore, it is
regarded as the active vitamin E tocopherol isoform.1–3 Due to
its inherent phenolic structure and fully substituted aromatic
ring with electron-donating groups, it exhibits potent antioxi-
dant activity, providing protection against lipid peroxidation,
which serves as a primary function in plants.4,5 It also offers
valuable health benets for humans and is commonly used as
a pharmaceutical supplement to protect against various chronic
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diseases.1,2 However, a-TQ is highly susceptible to oxidation by
environmental factors and reactive oxygen species (ROS), e.g.,
hydrogen peroxide,6 singlet oxygen,7 and superoxide anion;8

hydroxyl radical, perhydroxyl radical,9 and peroxynitrite
(ONOO−) radical.10

Consequently, due to its low stability and sensitivity to
oxidation, the typical a-TQ form used in the food and phar-
maceutical industries is the acetate form (a-TQA); however, this
form lacks antioxidant activity and must be hydrolyzed rst to
become biologically active.3,11

Hydrogen peroxide is one of the major reactive oxygen
species (ROS) primarily formed in the mitochondria, followed
by the chloroplasts. Its main adverse effect is the production of
the hydroxyl radical, one of the most reactive ROS in cells,
through the abstraction of an electron from either a ferric ion
(Fenton reaction) or superoxide anion (Haber–Weiss reaction),
which explains the occurrence of vitamin E in the highest
concentration in the mitochondrial inner membrane.12,13

Hypochlorous acid is a potent oxidant formed in the neutro-
phils by the action of myeloperoxidase on hydrogen peroxide
and chloride ion. It is used to protect cells from invading
bacteria and pathogens, but its accumulation results in severe
© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
adverse effects, as it reacts rapidly with various biological
molecules; more importantly, no enzymatic mechanism is
known to remove this oxidant, as with hydrogen peroxide.14

Encapsulation is an effective method for protecting bioactive
compounds, especially sensitive antioxidants, from oxidative
stress in the food and pharmaceutical industries. Molecular
inclusion complexation involves trapping the bioactive guest
molecule within a host polymer through physicochemical
interactions, such as hydrogen bonding, hydrophobic interac-
tions, or van der Waals forces.15 Among the various polymers,
chitosan has unique properties. It is a nontoxic, biodegradable,
naturally derived polymer resulting from the partial deacetyla-
tion (>50%) of chitin, which consists of acetylated D-
glucosamine molecules linked by (b-1 / 4) glycosidic bonds.
Additionally, its free amino group has basic properties and gives
chitosan a cationic structure at acidic or physiological pH; the
amine and hydroxyl groups also enhance the solubility of
hydrophobic guests and enable interaction with various
materials.16–18

Although a-tocopherol was encapsulated by chitosan
previously,19–21 as far as we know, no report has optimized the
preparation using response surface methodology (RSM);
besides, no work has compared the oxidative stability against
ROS, antioxidant activity, oil stabilizing activity, and anticancer
activity of the encapsulating active a-TQ with the commercial
inactive a-TQA. Therefore, this work hypothesizes that encap-
sulating the unstable but active form of tocopherols, a-TQ, with
chitosan–TPP can improve its stability against ROS and heat;
additionally, encapsulation allows for the control of a-TQ
release in the media. The effects of encapsulation on enhancing
the antioxidant activity, anticancer activity, and thermal
stability of edible oil were explored and compared with the
inactive tocopherol form, a-TQA, and its complex; therefore, the
present research was designed as follows: rst, to optimize the
preparation of a-TQ/CS–TPP/NE for both the free (a-TQ) and
acetate (a-TQA/CS–TPP/NE) forms. Subsequently, characteriza-
tion was performed using IR, thermal analysis, ZetaSizer, and
transmission electron microscopy (TEM). Second, the study
examines the oxidative stability of the prepared nanochitosan
complexes and their precursors, a-TQ and a-TQA, against
reactive oxygen species (ROS), including hydrogen peroxide and
hypochlorous acid. Additionally, their antioxidant activity and
tocopherol release performance were evaluated. Finally, the
applications of the prepared nanoformulation in stabilizing
edible oil against oxidation at elevated temperatures, as well as
improving the anticancer activity of tocopherols, are
investigated.

2 Experimental sections
2.1. Chemicals and instrumentation

a-Tocopherol (a-TQ, C29H50O2, MW 430.71) was obtained from
Sigma Co. a-Tocopheryl acetate tablets (a-TQA, C31H52O3, MW
472.74) were purchased from Pharco-Pharmaceuticals Co. Low
MW chitosan (CS, N-acetyl-b (1/4) D-glucosamine, 200–250
kDa) was extracted from Pandalus borealis with a deacetylation
degree of 89.9%, and was manufactured by Primex ehf,
© 2026 The Author(s). Published by the Royal Society of Chemistry
Oskarsgata, Sigluordur, Iceland. Tween 80 (Polysorbate 80,
hydroxyl value 65–80) was purchased from Pioneers for Chem-
icals (Piochem), Giza, Egypt. Glacial acetic acid (99.7%), abso-
lute ethanol (99%), phosphate-buffered saline (PBS, pH 7.4),
and cellulose dialysis membrane (cut-off 12 000 MW) were ob-
tained from Sigma-Aldrich, Tauirchen, Germany. DPPH (2,2-
Diphenyl-1-picrylhydrazyl, C18H12N5O6, MW 394.32) was
purchased from Sigma-Aldrich. Sodium tripolyphosphate (TPP,
Na5O10P3, MW 367.86), trichloroacetic acid (TCA, MW 163.39),
and sodium hypochlorite solution (NaOCl, 15.18 mM; available
chlorine 4.0–6.0%, MW 74.44) were purchased from Advent
Chembio Pvt. Ltd. Hydrogen peroxide (30%, 8.820 M) was
sourced from Research-Lab Fine Chem. Ferric chloride (FeCl3-
$6H2O, MW 270.30, 99%) and potassium ferric cyanide
(K3Fe(CN)6, MW 329.24, 99%) were from Alpha Chemika, India,
and Belami Fine Chemicals Pvt. Ltd, respectively. Thio-
barbituric acid (TBA) (C4H4N2O2S, MW 144.15) was obtained
from Advent Chembio PVT. Ltd, India.

The homogenizer used was Daihan, Korea. The probe soni-
cator employed was LC 60/H−1, Elma, Germany. UV-vis spectra
were recorded with a Thermo Fisher Evolution 300 spectrometer
over a scan range of 200–600 nm. IR spectra were measured
using an FT-ATR-IR model Bruker Vertex 80/80 V in the range of
4000–400 cm−1. The ZetaSizer used for analyzing particle size
and surface charge was Malvern, UK. The Transmission Elec-
tron Microscope used was a JEOL TEM-2100F.
2.2. Preparation and optimization of nanoemulsions and
nanoparticles of CS/a-TQ and CS/a-TQA

2.2.1. Screening for experimental design factors. Both (O/
W) a-TQ-in-water (a-TQ/NE) and a-TQ-chitosan–TPP-in-water
(a-TQ/CS–TPP/NE) nanoemulsions (NEs) were prepared
following a previously reported methodology with minor
modications.22,23 Screening and optimization were conducted
to encapsulate a-TQ in a chitosan–TPP nanoemulsion (a-TQ/
CS–TPP/NE), aer which the optimized conditions were applied
to the a-TQA nanoemulsion (a-TQA/CS–TPP/NE). Initially,
a coarse microemulsion was prepared by adding a-TQ dropwise
to an aqueous phase containing Tween 80, a nonionic surfac-
tant, while stirring at room temperature. The coarse emulsion
was further homogenized at 10 000 rpm for 10 minutes using
a homogenizer to reduce the size of the oil droplets forming the
microemulsion. This constitutes the primary stage of a-TQ
nanoemulsion (a-TQ/NE) preparation. Similarly, the initial
stage of preparing the chitosan-coated a-TQ microemulsion
followed the previously mentioned steps. The aqueous phase
contained chitosan dissolved in 1% glacial acetic acid, and
a sodium tripolyphosphate (TPP) solution was added dropwise
as a crosslinking agent during the homogenization step.

Aerward, both pre-formulated microemulsions were soni-
cated using a probe sonicator to minimize the oil droplets that
formed the corresponding NEs. The sonication cycle lasted 10
minutes (10 seconds on, followed by 5 seconds off) at 20 kHz
and 400 W. The sonication process was performed while
keeping the samples in an ice bath to prevent overheating,
thereby preserving sample stability.24 Finally, both a-TQ/NE and
RSC Adv., 2026, 16, 5410–5426 | 5411
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a-TQ/CS–TPP/NE were stored at 4 °C under refrigeration until
needed for further characterization.

Chitosan concentration (% w/v), the oil-to-aqueous phase
ratio, and the TPP : CS ratio were screened by preparing 12
different nanoformulations to identify reliable factors that can
be tailored, as described in the Experimental Design Section.
The twelve formulated nanoformulations were investigated for
their size (nm), polydispersity index (PDI), and surface charge
(mV), as presented in Table S1.

2.2.2. Experimental design. The Box-Behnken design (BBD)
with Design-Expert soware was used to predict the optimal
factor levels for preparing the desired a-TQ/CS–TPP/NE nano-
emulsions. The same steps outlined earlier in Section 2.2.1 were
used to prepare various formulations, with several independent
factors affecting the properties of the developed nano-
emulsions, including CS solution concentration (A), oil volume
(B), TPP : Chitosan ratio (C), and Tween-80 amount (D).

On the other hand, the nanoemulsion droplet size (nm),
polydispersity index (PDI), and surface charge (mV) were iden-
tied as the dependent variables (responses) in the experi-
mental design. The low and high values were established based
on preliminary screening. For example, the required amounts of
chitosan were dissolved in 1% acetic acid to prepare 0%, 1%,
and 2% w/v chitosan solutions. Additionally, the oil volumes
tested (mL) were 1, 2, and 3 mL. The TPP : chitosan ratios
examined were set at 0 : 1, 0.1 : 1, and 0.2 : 1. The amounts of
Tween 80 evaluated (mg) were 300, 400, and 500 mg. The Box–
Behnken design generated 27 formulations for preparation and
assessment, as indicated in Table 1. Subsequently, both
numerical and graphical optimizations were performed to
identify the formulation with the highest desirability based on
the value of each response. Finally, themodels were validated by
calculating the Bias % using the following equation.25

Biasð%Þ ¼
�ðPredicted value� Experimental valueÞ

Experimental value

�
� 100

The optimized method was as follows: a chitosan solution
(CS, 1.612%) in 1% acetic acid was prepared. In a beaker,
339.786 mg of Tween-80 and 8.772 mL of CS solution were
magnetically stirred for 3 minutes. Aerward, 1.228 mL of a-TQ
or a-TQA (density 0.95 g mL−1) was added dropwise to prepare
an a-TQ (270.9 mM) or a-TQA (246.9 mM) emulsion to a nal
volume of 10 mL. The mixture was homogenized with
a homogenizer (10 000 rpm) for 10 minutes, during which a TPP
solution (1.0 mL, 0.028 mg mL−1 in distilled water) was added;
the CS : TPP ratio was 1 : 0.199. The emulsion was then soni-
cated using a probe sonicator for 10 minutes.

Nanoparticles of a-TQ (a-TQA/CS–TPP/NPs) and a-TQA (a-
TQA–CS–TPP/NPs) were produced by freeze-drying the nano-
emulsion. The loading capacity (LC) was assessed by extracting
tocopherol from the complex (20–35 mg) using ethanol extrac-
tion with ultrasonication. The resulting clear solution was
adjusted to a nal volume of 100 mL with ethanol, and the
absorbance was measured at 292 nm for a-TQ and 287 nm for a-
TQA; spectra are presented in Fig. S1. The results are the mean
of triplicate. Tocopherol concentration was determined from
5412 | RSC Adv., 2026, 16, 5410–5426
the prepared standard curves that yielded the following
equations:

A292nm (a-TQ) = 0.020 + 0.090 [a-TQ]mg/100mL (EtOH, R2 0.969)

A287nm (a-TQA) = −0.011 + 0.045 [a-TQA]mg/100mL

(EtOH, R2 0.999)

LC = (weight of recovered a-TQ or a-TQA/NPs’ weight) × 100
2.3. Thermal analysis

Thermogravimetric analysis was performed using the TA SDT
Q600 instrument under nitrogen. The operating conditions
were: initial temperature, 50 °C; nal temperature, 550 °C; and
heating rate, 10 °C min−1. Samples (10 mg) were placed in open
crucibles for thermogravimetry (TG) and differential thermog-
ravimetry (DTG) measurements. In Differential Scanning Calo-
rimetry (DSC), sealed pans with lids containing a hole pierced
with a thick pin were used. The degradation peaks were
observed in the DTG thermograph, and the onset temperatures
were measured at the intersection of the extrapolated baseline
before transition with a tangent to the defective peak.

2.4. Transmission Electron Microscope (TEM)

The prepared nanoemulsions were morphologically investi-
gated using a Transmission Electron Microscope (TEM-2100F,
JEOL, USA). A drop of each diluted nanoemulsion was placed
separately onto a copper TEM grid and then stained with
phosphotungstic acid for sample preparation. The prepared
samples were subsequently examined under TEM to assess the
shape and features of the nanodroplets.

2.5. Tocopherol oxidative stability

The oxidative stability of a-TQ and a-TQ/CS–TPP/NPs was exam-
ined against various reactive oxygen species (ROS). Aqueous
solutions containing 74.147 mM H2O2 and 147.07 mM a-TQ (di-
ssolved in ethanol) were incubated in closed tubes covered with
aluminum foil at 25 °C. Absorbance was measured at 292 nm at
each interval, and tocopherol concentration was derived from
a standard curve. In other tubes, each containing H2O2 (74.147
mM) and a-TQA/CS-TPP/NPs at the same a-TQ concentration
(147.07 mM), incubation was conducted similarly. At each interval,
three tubes were centrifuged, and each was extracted three times
with ethanol, resulting in a nal volume of 15 mL. The tocopherol
concentration was determined as previously described. Stability
against HOCl was assessed in the same manner, but at pH 6.2 (10
mL) with concentrations of 208.53 mM (a-TQ or a-TQA) and 1600
mM (HOCl). Results are expressed as the mean percentage of the
remaining tocopherol in triplicate (±SD).

2.6. Antioxidant activities

The scavenging activity of tocopherols (a-TQ, a-TQ/CS–TPP/NPs,
a-TQA, and a-TQA/CS-TPP/NPs) was assessed against DPPH and
hydroxyl radicals. The reducing potential towards ferricyanide
ions was also investigated. All experiments were conducted in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Preparation and optimization of CS/a-TQ NE experimental runs

Run

Independent factors Dependent variables

X1: chitosan conc
(w/v%)

X2: oil volume
(mL)

X3: TPP : chitosan
ratio

X4: Tween 80
(mg)

Y1: size
(nm) Y2: PDI

Y3: charge
(mV)

0 2 0.2 400 2983.67 0.308 −17.76
2 1 1 0.1 500 487.3 0.536 30.80
3 0 2 0 400 3718 0.181 −23.73
4 2 3 0.1 400 994.767 0.793 31.13
5 1 1 0.2 400 489.967 0.456 36.13
6 2 2 0 400 665.567 0.096 40.10
7 0 1 0.1 400 1551 0.478 −14.43
8 1 3 0.1 500 1522.33 0.334 32.46
9 1 2 0.1 400 548.733 0.124 30.60
10 1 2 0.1 400 844.367 0.199 29.73
11 0 2 0.1 500 4133.33 0.206 −9.17
12 1 2 0.1 400 996.967 0.233 30.23
13 2 1 0.1 400 1151.03 0.128 32.23
14 1 2 0 500 835.533 0.155 32.6
15 1 2 0.2 500 825.733 0.440 36.96
16 2 2 0.1 500 487.6 0.278 29.83
17 2 2 0.2 400 453.167 0.094 40.86
18 1 1 0.1 300 315.133 0.190 33.53
19 1 1 0 400 1837 0.262 27.96
20 0 2 0.1 300 3299 0.486 −19.73
21 0 3 0.1 400 3568.67 0.234 −10.5
22 1 2 0.2 300 799.1 0.117 29.53
23 2 2 0.1 300 1010.93 0.493 38.3
24 1 3 0 400 665.167 0.145 31.9
25 1 2 0 300 1149.63 0.346 36.03
26 1 3 0.2 400 2077 0.273 28.43
27 1 3 0.1 300 1205.33 0.279 31.3
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View Article Online
triplicate (±SD). The amounts of complexes containing the
required tocopherol were calculated based on the loading
capacity of each complex.

2.6.1. DPPH scavenging activity. The scavenging of DPPH
(2,2-diphenyl-1-picrylhydrazyl) was determined as described
previously.26,27 Briey, a 0.004% methanolic DPPH solution (0.1
mM) was freshly prepared. To a 2.0 mL DPPH solution in
a cuvette, various concentrations of a-TQ or a-TQA (1.0 mL)
dissolved in EtOH were added, resulting in nal concentrations
of 3.68, 14.71, 22.06, 36.77, 73.63, and 110.3 mM. In the control
experiment, EtOH was added instead of the tocopherols.
Nanoparticles with the same tocopherol concentration were
used. Absorbance was measured aer 5 minutes at 517 nm
against a blank containing no DPPH. The DPPH inhibition was
calculated using the following equation:

% DPPH inhibition = ((Acontrol − Aexp) /Acontrol) × 100

where Acontrol and Aexp are the absorbance of the control and
experiment, respectively.

2.6.2. Hydroxyl radical scavenging activity. The hydroxyl
radical scavenging activity was determined using the method
of,28 with modications as described. In stoppered vials, 2.0 mL
of FeSO4 (4.5 mM), 1.0 mL of H2O2 (0.25%), and 1.0 mL of a-TQ
or a-TQA (or their nanoparticles) were mixed, resulting in nal
tocopherol concentrations of 0.53, 0.88, 1.23, 1.94, and
2.65 mM; EtOH served as a control. The mixtures were
© 2026 The Author(s). Published by the Royal Society of Chemistry
incubated for one hour at 25 °C, aer which 1.0 mL of salicylic
acid (4.51 mM) was added and incubated for an additional 10
minutes. The mixture was centrifuged at 2000 rpm for 10 min.
The absorbance was measured at 510 nm against a blank with
no H2O2. The inhibition percentage of hydroxyl radical was
calculated as follows:

% OH radical inhibition = (Aexp)/Acontrol) × 100

2.6.3. Reducing power. Reducing power was estimated
using a modied method of Oyaizu.29 Briey, 3.0 mL potassium
ferricyanide (1%) was added to 50 mL of various ethanolic a-TQ
or a-TQA concentrations (or equivalent NPs); the mixture was
incubated at 50 °C for 20 min. TCA (3.0 mL, 10%) was added
with shaking, followed by 1.5 mL of ferric chloride (0.1%). The
absorbance was recorded at 700 nm against a blank with EtOH
instead of tocopherols. The increase in the developed blue color
was used as an indicator of the tocopherol reduction potential.
2.7. Tocopherol release

The tocopherol release experiment was conducted by suspending
10.53 mg a-TQ/CS–TPP/NPs (containing 19.261 mmol a-TQ) or
13.10 mg a-TQA/CS-TPP/NPs (containing 22.70 mmol a-TQ) in
2 mL of solvent (EtOH or CH2Cl2) in an Eppendorf vial covered
with dialysis tubing, which was then placed in a Falcon tube
containing 13 mL of solvent. At each interval, 3 mL was removed
RSC Adv., 2026, 16, 5410–5426 | 5413
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for absorbance measurement and replaced with fresh solvent.
Absorbance was measured for a-TQ and a-TQA in ethanolic
solutions at 292 and 287 nm, and inmethylene chloride solutions
at 295 and 285 nm, respectively, as exhibited in their spectra
(Fig. S1). Each experiment was performed in triplicate (±SD).

Various kinetic release models were applied, including the
rst order, Higuchi, and Hixson-Crowell models30–32 using the
below linear regressions, respectively:

Ln [retained a-TQ (a-TQA), mmol]= ln[initial amount, mmol]− kt

Ln [released a-TQ (a-TQA), mmol] = ln kH +1/2 ln t

Ln [retained a-TQ (a-TQA), mmol] = ln[initial amount, mmol]

− 3kH–C × t

where t is the interval time (min), k is the rst-order rate
constant, kH is the Higuchi correlation constant, and kH–C is the
Hixson–Crowell constant.

The concentrations of a-TQ and a-TQA in methylene chlo-
ride were determined using equations derived from standard
curves prepared in this solvent. Their spectra in different
solvents are shown in Fig. S1.

A295nm (a-TQ) = - 0.0065 + 0.0673 [a-TQ]mg/100mL

(CH2Cl2, R
2 0.999)

A285nm (a-TQA) = 0.0178 + 0.0424 [a-TQA]mg/100mL

+ (CH2Cl2, R
2 0.999)
2.8. Oil thermo-oxidative stability by tocopherol
nanoformulations

In a Petri dish, oil (25 mL) and a sample (a-TQ, a-TQA, a-TQ/CS–
TPP/NE, or a-TQA/CS–TPP/NE) containing 110.29 mmol (0.19%w/v)
tocopherol were added, and the mixture was shaken until well
mixed in a dark room. Each sample was prepared in triplicate.
Dishes were incubated at 100 °C, and 1 mL was drawn from each
dish at each interval forMDA determination.33 An oil sample (1mL)
and TBA (3.0 mL, 0.5% in 20% TCA) were mixed by vortexing in
a screw test tube with a screw cap. Tubes were heated in a water
bath for 30 minutes and then cooled in the refrigerator for 10
minutes. Absorbance was recorded at 532 nm for each sample. The
percentage of MDA production was expressed as the mean of
triplicate (±SD) and calculated according to the following equation:

% MDA production = ((As − Ao)/(Ac − Ao)) × 100

As: absorbance of oil + tocopherol at 100 °C aer a particular
period. Ac: absorbance of oil at 100 °C aer the same period. Ao:
absorbance of oil without heating.
2.9. Anticancer activity of a-tocopherols and their
nanoemulsions

MCF-7: Breast Adenocarcinoma was obtained from Nawah
Scientic Inc. (Mokatam, Cairo, Egypt). Cells were maintained
in DMEM media supplemented with 100 mg mL−1 of
5414 | RSC Adv., 2026, 16, 5410–5426
streptomycin, 100 units/mL of penicillin, and 10% heat-
inactivated fetal bovine serum in a humidied atmosphere
with 5% (v/v) CO2 at 37 °C.

Cell viability was assessed using the SRB assay.34 Aliquots of
100 mL of cell suspension (5 × 103 cells) were placed in 96-well
plates and incubated in complete media for 24 hours. Cells were
treated with another 100 mL aliquot of media containing the
tocopherol sample at various concentrations. Aerward, cells
were xed by replacing the media with 150 mL of 10% TCA and
incubated at 4 °C for 1 hour. The TCA solution was removed,
and the cells were washed ve times with distilled water.
Aliquots of 70 mL of SRB solution (0.4%w/v) were added, and the
mixture was incubated in the dark at room temperature for 10
minutes. The plates were washed three times with 1% acetic
acid and allowed to air-dry overnight. Next, 150 mL of TRIS (10
mM) was added to dissolve the protein-bound SRB stain; the
absorbance was measured at 540 nm using an Innite F50
Microplate Reader (TECAN, Switzerland). Absorbance was used
to quantify cell cytotoxicity; results are the mean of triplicate
measurements.

3 Results and discussion
3.1. Preparations of tocopherol–chitosan–TPP
nanoformulations

The preparation of a-TQ/CS–TPP/NE was optimized for mini-
mizing the emulsion particle size (nm) and polydispersity index
(PDI) while maximizing the particle surface charge (mV). Twelve
preliminary experiments were conducted to determine the
coarse range for each preparation-dependent variable, speci-
cally CS concentration (w/v%), oil volume (mL), aqueous phase
volume (mL), and TPP : CS ratio. Aerwards, a design of 27
experimental runs was executed to reach the optimal prepara-
tion conditions.

3.1.1. Screening the preparation factors. The results of the
twelve preliminary experiments (Table S1) highlight the signif-
icant impact of these factors on the measured responses of the
nanoemulsion, including particle size, PDI, and surface charge.
A comparison of each of the three consecutive runs revealed
that increasing the oil volume led to the formation of nano-
emulsions with larger particle sizes. However, raising the
concentration of chitosan decreased particle sizes. Further-
more, comparing runs 1–6 with their corresponding runs 7–12
indicates that the addition of TPP resulted in a noticeable
reduction in particle size, underscoring the role of TPP in
crosslinking and compacting the polymeric network of
chitosan.

Lower PDI values below 0.3 indicate good size uniformity.
The lowest PDI values observed were 0.119 (run 10) and 0.128
(run 4), which were found in a nanoemulsion with high chito-
san and low oil concentrations. Additionally, the incorporation
of TPP consistently reduced the PDI, resulting in a more
monodisperse system, as shown by comparing runs 1–6 with
runs 7–12.

3.1.2. Optimization of the nanoformulation preparation.
The preliminary study suggests extending the CS level (0–3%),
the oil volume (1–3 mL), and the TPP : CS ratio (0–0.2) in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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optimization experiment. Additionally, the factor of the added
amount of Tween-80 (300–500 mg) was examined. The Box-
Behnken design, with four factors each having three levels,
recommended 27 experiments with different combinations of
the factor levels, as detailed in Table 1. The results demon-
strated that all dependent variables adhered to a quadratic
model with good predictive capability, as all adequate precision
values exceeded 4. Furthermore, the adjusted R2 and predicted
R2 values for both size and surface charge were high and closely
similar (Table S2).

Designing nanoformulations with minimal size is crucial
because increased surface area enhances loading capacity.25,35

The response surface methodology (RSM) curve (Fig. 1) showed
Fig. 1 RSM of the effect of CS concentration (A) and oil volume (B) on pa
tween 80 (D).

© 2026 The Author(s). Published by the Royal Society of Chemistry
that the TPP : CS ratio (C) signicantly inuences the particle
size, with the particle size decreasing noticeably due to
improved crosslinking efficiency. This conrms the essential
role of electrostatic interactions between the polyanionic TPP
and the polycationic chitosan chains during nanoparticle
formation, consistent with previous studies.36 For instance,
minimal crosslinking at a low TPP : CS ratio (C = 0) resulted in
the formation of a loose polymeric network, leading to larger
droplets with greater size variability due to water and oil
penetration. However, as the ratio increases, crosslinking
begins to compact the polymer matrix, reducing oil droplet
expansion and enhancing the stability of the developed
nanoemulsions.
rticle size (Y1) under different conditions of TPP : chitosan ratio (C) and
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Although the surfactant Tween-80 (D) aids proper emulsi-
cation and reduces particle size, excessive amounts can inter-
fere with TPP-chitosan interactions, leading to the opposite
effect and destabilizing the system.

RSM plots (Fig. S2), Tables 1 and S1 indicate that increasing
the TPP : CS ratio (C) decreased the PDI by enhancing particle
uniformity through increased crosslinking. Conversely, higher
Tween-80 concentrations led to a dramatic increase in PDI
values, particularly at elevated C levels, conrming that excess
surfactant can destabilize the system. The middle Tween-80
concentration (D = 400 mg) yielded the most stable nano-
emulsions. Additionally, low CS concentrations (A z 0.5%) led
to high PDI values due to insufficient polymer stabilization.
Moreover, increasing oil volume (B) led to higher PDI values due
to the formation of larger, less stable droplets.

The surface charge (zeta potential) RSM plots (Fig. S2),
Tables 1 and S1 demonstrate that increasing the CS concen-
tration (A) remarkably enhances the intensity of positive surface
charge, underscoring the role of CS as a cationic stabilizer.
Increasing oil volume (B) also led to a slight increase in charge.
A higher charge intensity is deemed essential for maintaining
the stability of the prepared nanoformulations.25,37 Additionally,
a higher TPP : CS ratio (C = 0.2) strengthened electrostatic
interactions between positively charged amino groups on chi-
tosan chains and negatively charged phosphate groups on TPP
molecules, leading to greater system stability. Conversely,
increasing the amount of Tween-80 caused a slight decrease in
surface charge intensity. This may be due to the non-ionic
nature of Tween-80, which can partially shield the chitosan
positive charge, thereby weakening electrostatic repulsion and
leading to aggregation. Therefore, optimizing the TPP : CS ratio,
Tween-80 content, and CS concentration is crucial for main-
taining stabilized, homogeneously dispersed nanoemulsions
and preventing aggregation.
Fig. 2 (a) Desirability plot and (b) overlay plot demonstrating the numer

5416 | RSC Adv., 2026, 16, 5410–5426
The numerical and graphical optimization results are
respectively illustrated in Fig. 2a as a desirability plot and
Fig. 2b as an overlay plot. The former plot shows the highest
desirability value of 1.0 in the red zone, conrming that the
optimized independent factors yield the best multiple response
variables (smallest particle size, lowest PDI, and highest surface
charge). This optimal zone indicates that the optimal formula
has been achieved with a chitosan concentration of 1.612% w/v
and an oil volume of 1.22 mL. On the other hand, the contour
lines show that moving away toward either lower chitosan
concentrations or higher oil volumes has led to a noticeable
reduction in the desirability score. Moreover, the overlay plot
conrms the graphical and numerical optimization results, in
which the yellow region meets all specied constraints,
including the desired ranges for size, PDI, and zeta potential.
However, the grey area represents the regions where one or
more constraints have not been satised.

Accordingly, this analysis revealed that the optimal condi-
tions are a chitosan concentration of 1.612% w/v and an oil
volume of 1.228 mL, with the TPP : CS ratio maintained at
0.199 and Tween-80 at 339.80 mg (Fig. 2 and Table 2). At the
same time, the predicted responses are particle size of
202.532 nm, PDI of 0.085, and surface charge of 43.068 mV
(Fig. 2 and Table 2); the factor coefficients and their signi-
cances for the predicted values are listed in Table S3. a-TQ/CS–
TPP/NE was then freshly prepared using the optimized
parameters, and the obtained response values were compared
with the predicted values (Table 2). The close agreement
between the experimental and predicted values, especially for
size and charge, indicates the accuracy and reliability of the
proposed model. The loading capacity of a-TQ/CS–TPP/NPs
and a-TQA/CS-TPP/NE was also found to be as high as
78.77% and 81.89%, respectively.
ical and graphical optimization results, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The observed (actual) and predicted values of the examined
responses for the optimized a-TQ/CS–TPP/NE formulations

Response Y1: size (nm) Y2:PDI Y3: charge (mV)

Observed values 287.1 0.231 44.0
Predicted values 202.532 0.085 43.068
Bias % 29.45 63.20 2.11
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3.2. Identication by FT-IR

The IR spectra of TQ and TQA (Fig. 3) show the prominent
characteristic peaks at 2907 and 2922 (C–Hstr), 1452 and 1460
(CH2 wagging), 1375 and 1376 (CH3 wagging), and 1253 and
1218 (C–Ostr) cm−1, respectively. In addition, a-TQA shows
Fig. 3 IR and thermal characterization of a-TQ and a-TQA, and their co

© 2026 The Author(s). Published by the Royal Society of Chemistry
a strong C]Ostr at 1757 cm−1. The complexes of both
tocopherols retained these peaks with slight shis. However,
the main difference in IR features between tocopherols and
their respective NPs is broadening the peaks in the range 961–
1177 cm−1 centered at 1080 cm−1 because of the additional
peaks of the P]O absorbance of the TPP and the C–Ostr of the
chitosan; besides, weak peaks appeared at 935–939 cm−1 for
the P–Ostr. Similar chitosan spectra were previously ob-
tained.38,39 In addition, the formation of hydrogen bonds
between the chitosan and each of the two forms of tocopherols
is manifested by lowering the wavenumber of the a-TQ
hydroxyl group upon complexation from 3461 to 3436 cm−1

and slightly reducing the wavenumber of the a-TQA carbonyl
group from 1757 to 1755 cm−1 (Fig. 3).
mplexes.
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3.3. Thermal stability

Thermal analysis is another technique that indicates the
success of the encapsulation process and reveals the thermal
stability of tocopherols and their nanoformulation. The thermal
stability (TG and DSC) of a-TQ and its nanoparticles (a-TQ/CS–
TPP/NPs) was examined and is shown in Fig. 6. The DSC of a-TQ
displayed an endothermic peak at 414 °C, while the DTG ther-
mograph indicated that the process involved thermode-
gradation, leading to a substantial loss of most of the a-TQ
weight. a-TQ-NPs showed similar behavior, suggesting that the
inclusion of a-TQ provided greater stability, with a degradation
peak shied to 436 °C. Interestingly, chitosan provided greater
thermal stability to the active form of a-TQ than our previously
studied cyclodextrin and starch complexes.6,40 The enhanced
thermal stability of a-TQ/CS–TPP/NPs is due to the tailored CS-
TPP crosslinking framework that surrounds and interacts with
a-TQ,16 thereby providing greater stability than the rigid struc-
tures of cyclodextrin and starch.

Similarly, a-TQA showed a previously reported degradation
peak at 399 °C,6,37 whereas the present work revealed greater
thermal stability of a-TQA/CS-TPP/NPs, with a degradation peak
at 422 °C (Fig. 3). Consequently, nanoformulations demon-
strated enhanced thermal stability compared to their precur-
sors, a-TQ and a-TQA. Tocopherol is known for its critical role
in stabilizing oils at high temperatures,41,42 making the a-
tocopherol nanoformulation suitable for these applications;
thermal analysis was conducted under nitrogen condition.
Fig. 4 TEM imaging of (a) a-TQ/NE, (b) a-TQ/CS–TPP/NE, (c) a-TQA/N

5418 | RSC Adv., 2026, 16, 5410–5426
Notably, a-TQ and its nano form displayed greater thermal
stability than a-TQA and its nano form, respectively.
3.4. Transmission electron microscopy

TEM micrographs, illustrated in Fig. 4a–d, show non-
aggregated spherical nanodroplets, consistent with the size
and surface charge results obtained from DLS measurements
(Section 3.1). Chitosan (CS) is adsorbed at the oil–water inter-
face, forming an entire and compact positively charged shell
aer being ionically crosslinked with TPP through the iono-
tropic gelation technique. Hence, this positively charged shell
induces electrostatic repulsion between the nanodroplets,
thereby hindering their coalescence and consequently
improving PDI uniformity. This, in turn, helps increase kinetic
stability and facilitates cellular uptake compared to other
anisotropic shapes. Our obtained non-aggregated spherical
nanodroplets are found to agree with previously reported
chitosan-coated nanoemulsions that demonstrate enhanced
stability.43–45 Overall, TEM results align with the zetasizer
measurements, conrming the successful formulation of well-
dispersed, spherical NE droplets at the nanoscale, character-
ized by a narrow PDI and high uniformity.
3.5. Antioxidant activity of tocopherols and their complexes

The antioxidant activities of a-TQ, a-TQA, and their nanoparticle
complexes were assessed to compare their effectiveness and to
determine whether the nanoformulations inuence tocopherol
E, and (d) a-TQA/CS–TPP/NE.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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activity. The antioxidant effects were tested against DPPH and
hydroxyl radicals. The molar amounts of a-TQ and a-TQA in both
free and nanoparticle forms were standardized for each concen-
tration. Results (Fig. 5 and Tables S4–S6) clearly showed that both a-
TQA and its nanoparticles lack antioxidant activity against both
radicals due to the absence of the phenolic hydroxyl group. The
potent antioxidant activity mainly results from the stability of the
phenoxyl radical formed by antioxidants and the delocalization of
conjugated systems.46,47 In contrast, a-TQ showed potent activity
against both DPPH and hydroxyl radicals. It also appears that a-TQ/
CS–TPP/NPs had slightly higher scavenging activity of both radicals
compared to a-TQ, which could be linked to the increased surface
Fig. 5 Antioxidant activities (A and B), the reducing power (C), and th
Reducing power tubes (control B and 1–5) in ascending order of concen
the standard deviations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
area and better interaction with free radicals. Besides, it was
previously observed that chitosan showed 10.69% scavenging
activity against DPPH radicals due to the presence of amine groups,
while incorporating 0.1% a-TQ resulted in 97.71% activity;48 we
have also shown that the anilinic group possessesDPPH scavenging
activity.49 This aligns with the present ndings, where at 110.3 mM
a-TQ (0.05% w/v), and a-TQ/CS–TPP/NPs showed DPPH scavenging
activities of 87.06% and 90.82%, respectively (Table S4). Further-
more, some hosts other than chitosan, e.g., niosomes, did not
enhance a-TQ activity against the DPPH radical.50

Additionally, the reducing power against ferric ions followed
a similar trend, with a-TQA and its nanoformulation expressing
e release from nanoparticles in different solvents (D) of tocopherols.
trations (E). Results are means of triplicate, with error bars representing

RSC Adv., 2026, 16, 5410–5426 | 5419
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Fig. 6 Oxidative stability of nanoformulae (a-TQ/CS–TPP/NPs & a-TQA/CS-TPP/NPs) and their precursors (a-TQ & a-TQA) against H2O2 and
HOCl. Results are means of triplicate, with error bars representing the standard deviations.
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no reducing activity. This suggests that both hydrogen-atom
and electron-donations require a free phenolic hydroxyl
group. a-TQ/CS–TPP/NPs still displayed higher activity than a-
TQ, particularly at elevated a-TQ concentrations.

3.6. Oxidative stability of a-tocopherols and their chitosan–
TPP complex

Despite the crucial role of a-TQ in stabilizing fatty foods, it can
be easily oxidized by various oxidants, making it essential to
protect it in foods during storage and processing.51 Conse-
quently, the oxidative stability of a-TQ, a-TQA, and their nano-
particles was examined at H2O2/a-TQ concentrations of 74.15
mM/147.07 mM and HOCl/a-TQ concentrations of 1600/208.53
mM. The results (Fig. 6, Tables S7 and S8) indicated, as ex-
pected, that a-TQ exhibited lower stability (68.61%) compared
to a-TQA (86.86%) under H2O2 conditions; stability was even
lower under HOCl conditions (22.22% and 26.43%, respectively)
aer four days. Recently, we have identied the a-TQ oxidation
products and proposed the oxidation mechanism.52 Remark-
ably, however, the a-TQ nanoparticles maintained over 99.7%
stability for four days, surpassing a-TQA and being similar to a-
TQA–CS–TPP/NPs under both ROS conditions, highlighting the
effectiveness of the CS/TPP encapsulation and nanoformulation
Table 3 The a-TQ and a-TQA release parameters from their complexe

Complex Solvent

Model

1st order

k t0.5 (min)

a-TQ EtOH 2.58 × 10−3 268.60
CH2Cl2 6.68 × 10−4 1036.91

a-TQA EtOH 2.90 × 10−3 238.97
CH2Cl2 8.23 × 10−4 841.73

5420 | RSC Adv., 2026, 16, 5410–5426
in protecting a-TQ. Besides, nanoparticles of both a-TQ and a-
TQA were preserved at 4 °C for 30 days without being affected
(stability > 99%). Nanoemulsions of both tocopherol forms were
also stored at 4 °C for 30 days, where they maintained their
integrity without any visible aggregation.

3.7. Tocopherol release mechanism

The release of a-TQ and a-TQA from their chitosan–TPP
complexes was examined using various models in two solvents,
ethanol and methylene chloride, as presented in Fig. 5D. The
gure shows that tocopherol release from both complexes was
more complete in EtOH, reaching a maximum of 85.25% and
98.72% aer 4320 min in EtOH than in CH2Cl2, 41.34% (420
min) and 34.85% (480 min), respectively. The release ts the
rst-order, Higuchi, and Hixson-Crowell models, with high R2

values (R2 > 0.979). The only exception is the release of both
tocopherol forms in the non-polar solvent, methylene chloride,
which gave relatively lower correlations with the rst-order and
Hixson-Crowell models (R2 0.927–0.941) but still shows high
Higuchi correlations (R2 > 0.979).

Following rst-order kinetics indicates that both a-TQ and a-
TQA are dependent on the initial contents of their complexes;
besides, they are released much faster in EtOH, with rate
s in different solvents

Higuchi Hixson–Crowell

R2 kH R2 kH–C R2

0.996 0.1806 0.999 8.60 × 10−4 0.996
0.927 0.2731 0.979 2.23 × 10−4 0.927
0.992 0.3938 0.984 9.67 × 10−4 0.992
0.983 0.5875 0.983 2.74 × 10−4 0.983

© 2026 The Author(s). Published by the Royal Society of Chemistry
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constants 3.86 and 3.52 times higher, and with shorter half-life
periods in EtOH than in CH2Cl2, as presented in Table 3. This
could be attributed to the potential formation of hydrogen
bonds between EtOH as a solvent and both forms of tocopherol.
The formation of hydrogen bonds between the tocopherols and
the solvent (EtOH) is crucial for compensating for the loss of
hydrogen bonds between the tocopherols and the chitosan–TPP
in the complexes, thereby making the release of tocopherols
more thermodynamically favorable. The release of the less polar
acetate form, a-TQA, was slightly faster than that of a-TQ in
both solvents, as expressed by a higher rate constant and
shorter half-life period, which could be due to weaker binding
to the chitosan–TPP host.

In addition, the high Higuchi correlations obtained in both
solvents indicate that tocopherol release is diffusion-controlled,
with higher Higuchi constants in EtOH. Correlation with the
Fig. 7 (A) % of MDA formation of heated oils (5 h), relative to the unheate
tubes of (1) oil without heating, (2) heated oil, (3) heated oil + 0.2% a-TQ
and (6) heated oil + 0.2% a-TQA/CS–TPP/NE. Oil was heated at 100 °
tocopherol formulations and DOX (in a small window) on breast cancer (M
the standard deviations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Hixson-Crowell model suggests that tocopherol release is
accompanied by a decrease in particle size, possibly due to the
high molecular size of tocopherols. Accordingly, the results
indicate that tocopherols are released and diffuse more slowly
in non-polar media, such as oils, than in more polar matrices,
such as milk and certain cosmetics.

3.8. Oil thermo-oxidative stability by a-TQ and a-TQA
nanoformulations

Lipid oxidation is the primary cause of food deterioration and
represents a complex process that remains unresolved or
unprevented. Therefore, controlling or suppressing it is essen-
tial for maintaining food quality, shelf-life, customer appeal,
and economic value. Lipid oxidation is more pronounced in
foods than in living organisms due to prolonged storage periods
and exposure to high temperatures during cooking and
d sample, with different tocopherol formulations. (B) MDA experiment
, (4) heated oil + 0.2% a-TQA, (5) heated oil + 0.2% a-TQ/CS–TPP/NE,
C for five hours before MDA determination. (C) Anticancer effects of
CF-7) cells. Results aremeans of triplicate, with error bars representing

RSC Adv., 2026, 16, 5410–5426 | 5421
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frying.53,54 Consequently, this study examined the control of
lipid oxidation in maize oil at high temperature (100 °C)
provided by the prepared tocopherol nanoemulsions (a-TQ/CS–
TPP/NE and a-TQA/CS-TPP/NE).

a-TQA is commonly used as an oil stabilizer against oxida-
tion in low concentrations (0.038–0.38%), typically at 0.2% but
acts as a pro-oxidant at high concentrations (3.8%);1,4 therefore,
in this study, a-tocopherol forms were used in a concentration
of 0.19% (w/v) either as free forms or in complexes. Fig. 7A and
Table S9 show the MDA percentage formed in oils with different
tocopherol formulas heated at various intervals (1–5 h) relative
to the respective oil without additives. Results showed that a-TQ
and its chitosan complex (a-TQ/CS–TPP/NE) are much more
effective in reducing the oil oxidation than a-TQA and its
complex (a-TQA/CS-TPP/NE). Furthermore, both complexes are
better oil stabilizers than their precursors, a-TQ and a-TQA.
These trends can be readily rationalized, as they match the
trends in antioxidant activity (Section 3.5) and thermal stability
(Section 3.3) of these formulas. For example, a-TQ/CS–TPP/NE
expressed the highest antioxidant activity and thermal
stability, where it exhibited superiority in preserving the oil
oxidation state compared to other additives, as the %MDA did
not exceed 14.7%, whereas the levels for other formulas ranged
from 47.9% to 91.6% of the formed MDA in oil without addi-
tives at 100 °C for ve hours (Table S9). Moreover, Fig. 7B also
shows that a-TQ/CS–TPP/NEmaintains the oil's appearance and
color (tube 5) aer ve hours of heating at 100 °C, closely
resembling the unheated oil (tube 1) in the MDA experiment.
Encapsulation of antioxidants by various materials has been
reviewed and found to modify oil stabilization.55 It is worth
noting that stabilizing oils against oxidation and preventing the
formation of harmful products at high temperatures is crucial
for preparing high-quality fried foods and reducing adverse
effects on human health.
3.9. Anticancer activity of a-tocopherols and their
nanoemulsions

Breast cancer is the most common cancer affecting women,
accounting for 15.5% of cancer deaths among women world-
wide.56 The levels of a-TQ and a-TQQ in plasma were found to
decrease in women who had cervical cancer.57 The effects of
tocopherol on breast cancer prevention are somewhat conict-
ing and not well documented,58,59 and vary depending on the
type of experiment, the animal used, the cell line, and the form
of tocopherol. a-TQA and g-TQ, but not a-TQ, showed a signi-
cant reduction in tumor volume inmice; a-TQ even exhibited an
antagonistic effect, blocking the breast anticancer action of g-
TQ.60 a-TQ reduced tumor volume by 19% in vivo in mice but
had an insignicant effect on tumor weight or in the in vitro
study.61 a-TQA effectively reduced the survival of the murine
breast cancer cell line 4T1.62 Additionally, a-TQA reduced
oxidative damage and enhanced breast tumor cell apoptosis in
both in vitro and in vivo studies.63 The inhibition of cancer cell
proliferation by tocopherol is attributed to its potent antioxi-
dant activity, which alleviates cellular oxidative stress and
exhibits synergistic potential.59
5422 | RSC Adv., 2026, 16, 5410–5426
The present work examined the anticancer effects of a-TQ
and a-TQA, along with their nanoemulsions, on the breast MCF-
7 cells. The results (Fig. 7C) showed that a-TQA had slightly
greater cytotoxicity (14.1%) than a-TQ (11.9%) at 100 mg mL−1,
consistent with the ndings of the in vivo experiment.59 The
potent anticancer drug Doxorubicin (DOX) showed much
higher activity (97.5%). The nanoformulations of either a-TQ or
a-TQA enhanced inhibition of breast cancer growth (19.5% and
18.2% cytotoxicity, respectively). Although the impact is not yet
effective as a curing agent, the protective effect is improved by
encapsulation and could be utilized as a dietary supplement or
food additive for protective purposes. In addition, we have
recently demonstrated that the a-TQ cytotoxicity against MCF-7
cells markedly increased at concentrations >200 mg mL−1,
reaching 77.7%,52 suggesting that increasing the use of a-TQ
could effectively reduce cancer risk.

4 Conclusion

Chitosan–TPP complexes of a-TQ and a-TQA were prepared and
characterized. The former was optimized for minimum particle
size, PDI, andmaximum surface charge. Interestingly, the a-TQ/
CS–TPP/NPs expressed higher thermal stability (436 °C) not
only than that of a-TQ but also than a-TQA and its nano-
particles. Additionally, in contrast to both unencapsulated
tocopherols, a-TQ/CS–TPP/NPs demonstrated much higher
resistance (>99%) to hydrogen peroxide and hypochlorous acid.
More importantly, a-TQ/CS–TPP/NPs exhibited even higher
antioxidant activities than the original a-TQ against both DPPH
and hydroxyl radicals, as well as higher reducing power. The
kinetic release study revealed that the release of both a-TQ and
a-TQA occurs more rapidly in a polar solvent and follows rst-
order, Higuchi, and Hixson-Crowell models, indicating that
release is inuenced by the initial tocopherol content and is
primarily controlled by diffusion.

Applications of the developed nanoformulations as oil
thermooxidative stabilizers and anticancer agents were exam-
ined. a-TQ/CS–TPP/NE exhibited signicantly greater stability
than both a-TQA and a-TQA/CS-TPP/NE, with only 14.7% MDA
formed at 100 °C aer ve hours. Finally, a-TQA and a-TQA
nanoemulsions improved their anticancer activity against the
breast cancer cell line (MCF-7). Accordingly, the current results
indicate that the prepared a-TQ/CS–TPP/NE offers better stabi-
lization and activity than both a-TQ and a-TQA, making it
a valuable option as a potent antioxidant, high-temperature oil
stabilizer, and dietary supplement or food additive for anti-
cancer protection.

The IC50 s of the tocopherols and their complexes for anti-
cancer activity were not calculated because the used concen-
trations did not yield >20% activity. Future work could also
examine the complex stability and antioxidant activity in vivo or
in biological systems.
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 Trichloroacetic acid
Data availability

All data used in this work are included in the manuscript.
Supplementary information (SI) is available. See DOI: https://

doi.org/10.1039/d5ra06012e.

Acknowledgements

Open access funding provided by The Science, Technology &
Innovation. Funding Authority (STDF) in cooperation with The
Egyptian Knowledge Bank (EKB).

References

1 C. C. Chu, S. C. Chew, W. C. Liew and K. L. Nyam, Review
article vitamin E: a multi-functional ingredient for health
enhancement and food preservation, J. Food Meas.
Charact., 2023, 17, 6144–6156, DOI: 10.1007/s11694-023-
02042-z.

2 A. M. Rychter, S. Hryhorowicz, R. Słomski, A. Dobrowolska
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