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Docosahexaenoic acid (DHA) is an essential -3 polyunsaturated fatty acid with demonstrated health benefits, including neuroprotection,
anti-inflammatory effects and anticancer activity. However, its poor water solubility, susceptibility to oxidative degradation and low
bioavailability limit therapeutic applications. This study aimed to improve the stability and therapeutic efficacy of DHA through nano-
encapsulation within chitosan nanoparticles (DHA@CSNPs), synthesised through ionic gelation method using sodium tripolyphosphate
as a crosslinking agent. The synthesised nanoparticles were characterised by SEM, FE-SEM with EDX, FTIR, XRD, DLS and zeta
potential analysis. DHA@CSNPs exhibited nanoscale morphology (average particle size 76.53 + 3.41 nm), semi-crystalline structure and
a positive surface charge of 21.63 mV, confirming colloidal stability and successful encapsulation. Encapsulation efficiency was 83.38 +
1.48% and in vitro release studies demonstrated pH-dependent sustained release, with higher release at acidic pH, mimicking tumor
microenvironments. Antioxidant potential was evaluated using ABTS, DPPH, hydroxyl, superoxide, nitric oxide and reducing power
assays, showing enhanced radical-scavenging activity and lower 1Cso values for DHA@CSNPs than for free DHA. Cytotoxicity against
MDA-MB-231 triple-negative breast cancer cells revealed a dose-dependent decrease in cell viability with an 1Cso of 59.30 pg/mL and
pronounced morphological changes indicative of apoptosis. These results highlight that chitosan-based nanocarriers effectively improve
DHA'’s stability, bioavailability and therapeutic potential.
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INTRODUCTION Although DHA can be synthesised in the human body

from o-linolenic acid (ALA), which is abundant in certain

Docosahexaenoic acid (DHA) is a long-chain omega-3
polyunsaturated fatty acid (w-3 PUFA) containing 22 carbon
atoms and is mainly obtained from marine fish, such as salmon,
tuna and fish oils [1,2]. DHA is an important component of
cell membranes and plays a key role in lipid metabolism,
neural development, vision, and the regulation of inflamma-
tory responses [3,4]. DHA deficiency has been associated
with several disorders, including cancer, atherosclerosis,
fatty liver disease and inflammatory gastrointestinal diseases
[5-8]. Adequate DHA intake has been reported to reduce the
risk or severity of cardiovascular disease, asthma, depression,
attention deficit hyperactivity disorder, rheumatoid arthritis,
and other autoimmune conditions [9]. As a major constituent
of the brain and retina, DHA is essential for normal cognitive
function, nerve development, and visual health, making it
important for maintaining overall human health [10].

plant oils such as flaxseed and perilla oil, through the action of
fatty acid elongates and desaturases, the conversion effici-
ency is extremely low. The bioconversion rate in humans
generally ranges from 2% to 10% and in some cases has been
reported as low as 0.01% [11,12]. Therefore, DHA-rich or
fortified foods and DHA supplements are the two main exogen-
ous sources to obtain additional DHA needed for the biological
functions of the human body. However, DHA cannot be synth-
esised de novo in sufficient quantities in the human body and
must therefore be obtained from dietary sources or through
limited conversion of a-linolenic acid (ALA) [13]. Owing to
its highly unsaturated structure, DHA is susceptible to the
oxidative degradation and exhibits poor aqueous solubility,
which can reduce its stability and bioavailability and restrict
its pharmaceutical application [13-15].
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Nano-encapsulation offers a promising strategy to over-
come these limitations by protecting DHA from degradation
and improving its delivery to target sites [16,17]. Among
various nanocarriers, chitosan has received considerable atten-
tion due to its biocompatibility, biodegradability, low toxicity
and mucoadhesive nature. Its cationic surface facilitates inter-
action with biological membranes, enhances cellular uptake,
improves the bioavailability of poorly soluble compounds,
and enables controlled drug release [18,19]. Since oxidative
stress, caused by excessive production of reactive oxygen species
(ROS), contributes to cellular damage and disease progress-
ion, the antioxidant properties of DHA-loaded nanoparticles
are of particular interest [20-24].

In this study, DHA-loaded chitosan nanoparticles (DHA
@CSNPs) were prepared using the ionic gelation method.
The nanoparticles were characterised using SEM, FE-SEM/
EDX, DLS, zeta potential, FTIR and XRD techniques.
Encapsulation efficiency, pH-responsive drug release, anti-
oxidant activity and cytotoxicity against MDA-MB-231
breast cancer cells were evaluated to assess their potential as
a nanodelivery system.

EXPERIMENTAL

Docosahexaenoic acid, chitosan (low molecular weight,
degree of deacetylation 75-85%) and sodium tripolyphosphate
(TPP) were sourced from Sigma-Aldrich, USA. Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1,1-diphenyl-
2-picrylhydrazyl radical (DPPH), nitro blue tetrazolium (NBT),
ferric chloride, potassium persulphate, trichloroacetic acid
(TCA), nicotinamide adenine dinucleotide (NADH), phenazine
methosulphate (PMS), thiobarbituric acid (TBA), ethylene-
diaminetetraacetic acid (EDTA), 2-deoxyribose, hydrogen
peroxide, ethanol, phosphate-buffered saline (PBS), ascorbic
acid and were also obtained from Sigma-Aldrich (USA). Mostly
all chemicals used were of analytical grade and ultra-pure
water was used to prepare all stock solutions.

Synthesis of docosahexaenoic acid-loaded chitosan nano-
particles (DHA@CSNPs): DHA@CS-NP was synthesised
by the ionic gelation method using TPP as a gelating agent
[25]. The synthesis of chitosan nanoparticles was initially
optimised by varying the concentrations of chitosan and TPP.
Chitosan was dissolved in 1% (v/v) acetic acid and stirred over-
night at room temperature to obtain a homogeneous solution.
The pH was adjusted to 5.0 using 1 M NaOH. Subsequently,
100 mg of DHA dissolved in 0.5% (v/v) DMSO was added
to the freshly prepared chitosan solution and stirred for 1 h to
ensure uniform dispersion. Thereafter, an equal volume of TPP
solution (1 mg mL™) was added dropwise under continuous
mild stirring. The mixture was further stirred for 1 h, allowing
ionic crosslinking between chitosan and TPP, resulting in the
formation of DHA-encapsulated chitosan nanoparticles (DHA
@CSNPs). The entire process was carried out at room temp-
erature. The synthesised nanoparticles were separated by centri-
fugation and the resulting pellets were collected, freeze-dried
and stored at 4 °C until further characterization.

Characterisation: The optical properties of DHA@
CSNPs were examined using a UV-Vis spectrophotometer
(Analytik Jena, Germany) over the wavelength range of 200-

800 nm. Fourier transform infrared (FTIR) spectra were recor-
ded on a Shimadzu FTIR 8201-PC spectrophotometer within
the range of 4000-400 cm™* using the KBr pellet to identify
functional groups and investigate the interactions between
DHA and chitosan. The morphology and surface character-
istics of the nanoparticles were analysed using scanning electron
microscopy (SEM) and field-emission scanning electron micro-
scopy (FE-SEM). Prior to imaging, samples were sputter-
coated with a thin layer of gold to improve conductivity.
Elemental composition was determined using energy-disper-
sive X-ray (EDX) spectroscopy coupled with the FE-SEM
system. The hydrodynamic particle size, polydispersity index
(PDI) and zeta potential of DHA@CSNPs were measured by
dynamic light scattering (DLS) using a Nano-ZS ZEN 3600
instrument (Malvern Instruments Ltd., U.K.) at 25 °C. The
crystalline structure of the nanoparticles was investigated
using X-ray diffraction (XRD) analysis on a Bruker D2 Phaser
diffractometer employing CuKa radiation (A = 1.5406 A).
Diffraction patterns were recorded over a 20 range of 10-80°
at room temperature.

Encapsulation efficiency (EE): The DHA@CSNP sus-
pension was centrifuged at 13,000 rpm for 20 min. The super-
natant was collected and the free DHA level was measured
by a UV-vis spectrophotometer (Shimadzu, Japan) at a wave-
length of 390 nm [26]. The encapsulation efficiency was calcu-
lated using eqgn. 1:

A-B

Encapsulation efficiency (%) = x100 Q)
where A = total drug initially used; and B = unencapsulated
drug quantity.

In vitro drug release: The release profile of DHA from
CSNPs was studied under physiological (pH 7.4) and acidic
(pH 5.4) conditions. Nanoparticle suspensions were placed in
dialysis bags and immersed in PBS) at 37 °C with gentle
stirring [27]. At predetermined time intervals, aliquots were
withdrawn and analysed spectrophotometrically to determine
the cumulative drug release percentage.

ABTS radical cation decolourisation assay: The ABTS
radical cation decolourisation assay was used to assess the
total antioxidant capacity of DHA. The ABTS radical cation
was generated by reacting 7 mM ABTS with 2.5 mM K;S;0s
and incubating the mixture in the dark at room temperature
for 12-16 h, producing a stable blue-green chromophore.
Different concentrations of DHA (10-50 pug/mL) were added to
2.7 mL of ABTS solution to obtain a final volume of 3 mL
and the mixture was incubated for 30 min [28]. Absorbance
was measured at 734 nm. Ascorbic acid served as the standard
and scavenging activity was calculated relative to the control.

The percentage of radical scavenging activity was cal-
culated using the following formula:

Control OD—Test OD 5
Control OD
DPPH radical scavenging assay: The DPPH radical

scavenging assay was used to evaluate the antioxidant

activity of DHA. Different concentrations of DHA (10-50

ug/mL) were mixed with 1 mL of 0.5 mM DPPH solution in
ethanol and 2 mL of 0.1 M acetate buffer (pH 5.5). After

Scavenging (%) = 100
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incubation for 30 min in the dark at room temperature, absor-
bance was measured at 517 nm [29]. Ascorbic acid served as the
standard and reduced absorbance indicated greater radical-
scavenging activity.

Control OD —Test OD g
Control OD
Hydroxyl radical scavenging assay: In this method,
hydroxyl radicals are generated through the reduction of H,O>
by transition metal ions in the presence of ascorbic acid. These
radicals degrade deoxyribose into products that form a pink
chromogen upon heating with TBA. DHA inhibits colour
development by competing with deoxyribose for hydroxyl
radicals. The reaction mixture (1 mL) contained phosphate
buffer, varying concentrations of DHA (10-50 pg/mL), FeCls,
EDTA, ascorbic acid, H20, and 2-deoxyribose. After incub-
ation for 60 min at room temperature, TBA and TCA were
added and the mixture was heated for 30 min [30]. The
absorbance was measured at 535 nm. Ascorbic acid was used
as the positive control and a decrease in absorbance was taken
as an indication of hydroxyl radical scavenging activity. The
following formula was used to calculate radical scavenging:

Control OD—Test OD "
Control OD

Superoxide anion radical scavenging assay: The
superoxide anion radical scavenging activity was determined
using the nitro blue tetrazolium (NBT) reduction assay [31].
Superoxide anion scavenging activity was evaluated using the
PMS-NADH-NBT system. In this assay, superoxide radicals
generated by the PMS-NADH coupling reaction reduce NBT
to form a violet-coloured formazan product, which was mea-
sured at 560 nm. Different concentrations of DHA (10-50 ug
mL1) were mixed with NBT and NADH solutions, and the
reaction was initiated by the addition of PMS. After incu-
bation at 30 °C for 15 min, the absorbance was recorded at
560 nm. Ascorbic acid was used as the positive control, while a
reagent blank containing distilled water served as negative
control. A decrease in absorbance indicated superoxide radical
scavenging activity. A decrease in absorbance reflected enh-
anced superoxide anion scavenging activity.

Scavenging (%) = Control OD—Test OD 100
Control OD

Reducing sugar assay: The reducing power was eval-
uated using the potassium ferricyanide reduction method [32].
A 1.0 mL of different concentrations of DHA (0.47-6.0 mg
mL™1) in phosphate buffer (0.2 M, pH 6.6) was dissolved in
1.0 mL of potassium ferricyanide (1%, w/v) and incubated at
50 °C for 20 min. The reaction was then terminated by adding
2.0 mL of trichloroacetic acid (10% wi/v) to the mixture. The
solution was then mixed with 1.2 mL of FeClsz (0.1% wi/v)
and the absorbance was measured at 700 nm. Increased
absorbance of the reaction mixture indicated an increasingly
reducing power.

Nitric oxide (NO) radical scavenging assay: The NO
radical scavenging activity was determined using the sodium
nitroprusside Griess reaction method [33]. Sodium nitropru-
sside (5 mM) in phosphate-buffered saline (pH 7.3) was
incubated with various concentrations of DHA for 180 min

Scavenging (%) = 100

Scavenging (%) = 100

at 25 °C using a 25 W tungsten lamp as visible light source.
During incubation, sodium nitroprusside generated nitric oxide,
which reacted with oxygen to form nitrite ions. At 30 min
intervals, aliquots of the reaction mixture were treated with
Griess reagent containing sulphanilamide and naphthyl ethylene-
diamine dihydrochloride. The resulting azo dye was quantified
by measuring absorbance at 546 nm. Nitrite concentration
was determined from a calibration curve prepared using stan-
dard sodium nitrite solutions.

Cytotoxicity assay: MDA-MB-231 cells were seeded in
96-well plates at a density of 1 x 104 cells/well in 100 uL of
complete DMEM medium and incubated at 37 °C with 5%
CO, for 24 h. After adherence, cells were treated with DHA
@CSNPs at concentrations of 5, 10, 20, 40, 80, 160 and 320
ug/mL in a final volume of 100 uL per well and incubated
for an additional 24 h. Cell viability was assessed using the
MTT assay by adding 10 puL of 5 mg/mL MTT solution to
each well, followed by incubation for 3 h at 37 °C. The
formed formazan crystals were dissolved in 100 uL of DMSO
and the absorbance was measured at 570 nm using a micro-
plate reader. Morphological changes were observed under a
phase-contrast microscope at 100x magnification to detect
hallmarks of apoptosis, including cell shrinkage, rounding,
membrane blebbing and cytoplasmic vacuolisation, while
untreated control cells were maintained under identical
conditions.

Statistical analysis: All experimental data were presented
as the mean =+ standard deviation (SD) of three independent
experiments (n = 3). Statistical differences between groups
were analysed using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. Differences were consi-
dered statistically significant at p < 0.05, highly significant
at p < 0.01 and very highly significant at p < 0.001.

RESULTS AND DISCUSSION

UV-visible spectroscopy: Fig. 1 shows the UV-visible
spectra of pure DHA, CNPs and DHA@CSNPs. Pure DHA
exhibited a prominent absorption maximum at 316 nm, indi-
cative of its intrinsic electronic transitions. In contrast, pure
chitosan displayed an absorption peak at 260 nm, correspond-
ding to the n—n™ transitions of its functional groups. The
DHA@CSNPs showed a shifted absorption peak at 288 nm,
suggesting successful encapsulation of DHA within the
chitosan matrix and possible interactions between DHA and
the polymer backbone. This red shift in the absorption peak
of the nanoparticles, compared to pure chitosan and DHA,
indicates the formation of a stable nanoparticulate system with
altered electronic environments. The absorption peak observed
for DHA@CSNPs is consistent with previously reported values
for chitosan nanoparticles, which typically exhibit character-
istic bands in the 200-342 nm region [34-37]. The agreement
with earlier studies confirms the successful formation of
DHA@CSNPs and supports their subsequent structural and
functional characterization.

FTIR studies: Fig. 2 illustrates the FTIR spectra of CNPs
(a), DHA (b) and DHA@CSNPs (c). The spectrum of CNPs
displayed characteristic peaks at 3286.14 cm™* corresponding
to N-H and O—H stretching vibrations of amine and hydroxyl



1846 Vijayakumar et al.

Asian J. Chem.

316 nm

(a) (b)

Absorbance
Absorbance

260 nm

288 nm

(c)

Absorbance

200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)
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(a) (b)

3245.72

1609.08

Transmittance (%)
Transmittance (%)

3286.14

289243 2063.05

(€)

163&781330.2993‘42

1649.43

Transmittance (%)

629.47

4000 3500 3000 2500 2000 1500 1000 5004000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Wavenumber (cm ™)

Wavenumber (cm™")

Fig. 2. FTIR spectra of (a) CNPs, (b) DHA and (c) DHA@CSNPs

groups [38], while the band at 1609.08 cm is attributed to the
amide-1 (C=0 stretching) of the chitosan backbone [38,39].
The peak at 953.74 cm™* corresponds to C-O—C stretching of
the polysaccharide linkage and the band at 607.21 cm™
represents C—H bending and skeletal vibrations of chitosan.
DHA exhibited a broad O-H stretching peak at 3245.72 cm™
from the carboxylic acid group, with C-H stretching of
methylene groups observed at 2892.13 cm. The C=C stret-
ching of cis-alkenes appeared at 1638.78 cm~, while C-H
bending and out-of-plane bending of the alkenes were noted
at 1330.2 and 993.42 cm™, respectively. A weak band at
2063.05 cm* was assigned to overtone or combination vibra-
tions and 629.47 cm* corresponds to skeletal vibrations of the
hydrocarbon chain. Upon encapsulation of DHA@CSNPs,
the O—H/N—H stretching shifted to 3407.58 cm™, indicating
hydrogen bonding between DHA and chitosan, while C-H
stretching appeared at 2927.18 cm™ [40]. The C=C/amide-I
region shifted to 1649.43 cm™, confirming interaction and
successful loading of DHA [41]. The peaks at 1415.24, 1036.75
and 622.84 cm™ corresponded to C-H/O-H bending, C-O-C
stretching and skeletal vibrations, confirming the structural
integrity of chitosan in the nanocomposite [38].

SEM and FE-SEM with EDX studies: The surface
morphology of DHA@CSNPs was investigated using SEM
and FE-SEM analysis. SEM micrographs (Fig. 3) revealed
aggregated nanoparticles with rough surface morphology,
confirming the formation of DHA@CSNP polymeric nano-
structures. At higher magnifications in FE-SEM (Fig. 4a-b),
it is revealed that the DHA@CSNPs existed as compact nano-

scale aggregates with rough surface morphology. Particle
size analysis of the FE-SEM micrographs showed that the
DHA@ CSNPs had an average diameter of 76.53 + 3.41 nm,
suggesting a relatively uniform particle size. Surface rough-
ness and particle aggregation are common characteristics of
chitosan nanoparticle systems [37]. EDX analysis was subse-
quently carried out to confirm the elemental composition of
the synthesised nanoparticles.

The EDX spectrum demonstrated the presence of carbon
(46.78 £ 0.25 wt.%, 54.78 + 0.12 at%), oxygen (44.62 + 0.09
wt.%, 38.13 £ 0.13 at%), nitrogen (5.89 + 0.05 wt.%, 5.25 +
0.03 at%) and a trace amount of sodium (2.05 £ 0.06 wt.%,
1.21 + 0.04 at%), corresponding to the chitosan matrix. The
high proportion of carbon, oxygen and nitrogen confirmed the
polysaccharide and amine backbone of chitosan, whereas the
presence of sodium is attributed to the ionic crosslinking
process. Similar elemental compositions, including carbon,
oxygen, nitrogen and sodium, are commonly identified in
EDX analyses of CNP. These findings validate the successful
synthesis of DHA@CSNPs with characteristic nanoscale
morphology, controlled particle size and expected elemental
composition.

XRD studies: The XRD pattern of DHA@CSNPs exhi-
bited a prominent diffraction peak at 26 = 20.78°, corres-
ponding to the characteristic crystalline region of chitosan
(Fig. 5). The presence of this peak confirms that the nano-
particles retained the semi-crystalline nature of chitosan after
encapsulation. The average crystallite size, calculated using
the Scherrer equation, was 43.56 nm, confirming the formation
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Fig. 4. FE-SEM micrographs (a) 1 pm and (b) 500 nm magnifications of DHA@CSNPs

(110) talline structure of chitosan [37]. These results confirm the
250 successful formation of DHA@CSNPs while preserving the
structural characteristics of the chitosan matrix.

Zeta potential and DLS: The zeta potential of DHA@
2007 CSNPs was +21.63 mV (Fig. 6a), reflecting the presence of
protonated amino groups on the chitosan surface. The positive
surface charge promotes electrostatic repulsion between particles,
thereby reducing aggregation and contributing to colloidal
stability. Although zeta potential values exceeding +25-30 mV
1004 are generally considered indicative of highly stable disper-
sions, values close to £20 mV have also been reported to provide
adequate stabilization through combined electrostatic and
50 steric effects. Previous studies on chitosan nanoparticles have

reported zeta potential values in the range of +21.8 to +26.3
10 20 30 40 50 60 70 81  mV,whichare comparable to the value obtained in the present
20 (°) study [36].
Fig. 5. XRD pattern of DHA@CSNPs DLS analysis revealed an average hydrodynamic diameter
of 172.86 nm (Fig. 6b), confirming the formation of nano-
of nanoscale crystalline domains within the polymer matrix. particles within the nanoscale range. The particle size
Similar diffraction peaks at 20 ~ 20-21° have been reported distribution profile showed a single moderately broad peak,
for chitosan-based nanoparticles and are attributed to the crys-  reflecting the presence of a major nanoparticle fraction. The
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Fig. 6. (a) Zeta potential and (b) DLS spectrum of DHA@CSNPs

average hydrodynamic diameter of 172.86 nm falls within the
size range considered suitable for cancer drug delivery, as
nanoparticles smaller than 200 nm can prolong circulation and
promote accumulation in tumour tissues through the enhanced
permeability and retention (EPR) effect [42,43]. This particle
size is comparable to those reported for chitosan-based nano-
carriers developed for breast cancer treatment, which commonly
range between 140 and 180 nm [44,45].

The PDI of DHA@CSNPs was 0.36, reflecting moderate
variation in particle size. PDI values below 0.5 are generally
considered acceptable for biomedical formulations, indica-
ting a well-dispersed nanoparticle system [46,47]. The broader
distribution relative to unloaded chitosan nanoparticles may
arise from the incorporation of DHA, which can affect the
ionic cross-linking between chitosan and tripolyphosphate
during nanoparticle formation [44]. Taken together, the zeta
potential, particle size and PDI measurements confirm the
formation of a stable nanoscale formulation suitable for drug
delivery applications.

Encapsulation efficiency (EE) and in vitro drug release:
An EE of 83.38 + 1.48% was achieved for DHA@CSNPs,
reflecting the ability of the chitosan matrix to effectively retain
DHA during nanoparticle formation (Fig. 7). This high encap-
sulation efficiency is comparable to or exceeds that reported
for other drug-loaded chitosan nanoparticles, such as dihydro-
artemisinic-loaded chitosan nanoparticles showing 76.4%
encapsulation efficiency. Encapsulation of ®-3 fatty acids,
particularly DHA, within chitosan nanoparticles has been
widely employed to minimize oxidative degradation and
improve storage stability [48,49]. The in vitro release profile
of DHA@CSNPs was investigated at pH 7.4 and pH 5.4 over
a period of 24 h. The nanoparticles exhibited a marked pH-
dependent release pattern, with DHA release being substan-
tially greater under acidic conditions. After 24 h, the cumul-
ative release reached 82.51% at pH 5.4, whereas only 17.76%
of the encapsulated DHA was released at pH 7.4. The higher
release at acidic pH can be attributed to the protonation of
amino groups in chitosan, which promotes matrix hydration

100

80 - pHb54

®-pH74

e [«2]
o o
1 1

Released % cumulative

N
o
1

T Ll T Ll T T T T T T T L)

6 8 10 12 14 16 18 20 22 2
Time (h)
Fig. 7. In vitro drug release profiles of DHA@CSNPs at different pHs

and facilitates drug diffusion. Similar release behaviour has
been reported for chitosan-based delivery systems and is asso-
ciated with the pH-sensitive nature of the polymer. The
observed release profile suggests that DHA@CSNPs can retain
the payload under physiological conditions while promoting
release in acidic environments, such as those found in tumour
tissues and intracellular endosomal compartments.

Evaluation of antioxidant potential: DHA is a long-
chain o-3 PUFA containing six double bonds, a structure that
makes it highly effective as a biological antioxidant but also
extremely susceptible to oxidative degradation via autoxida-
tion [50,51]. The chitosan matrix protects DHA from oxidative
degradation while contributing additional antioxidant activity
through its functional groups [51,52].

ABTS and DPPH radical scavenging: The ABTS and
DPPH assays showed a concentration-dependent increase in
radical scavenging activity for both free DHA and DHA@
CSNPs (Figs. 8 and 9). At 50 ug/mL, DHA@CSNPs exhi-
bited ABTS and DPPH scavenging activities of 60.38 + 4.15%
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Fig. 8. ABTS radical scavenging activity. The values were expressed as
the mean + SD of triplicate experiments (n = 3) and the difference
between the groups was evaluated by one-way ANOVA followed
by Tukey’s Post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
compared with ascorbic acid group
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DPPH radical scavenging activity. The values were expressed as
the mean + SD of triplicate experiments (n = 3) and the difference
between the groups was evaluated by one-way ANOVA followed
by Tukey’s Post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
compared with ascorbic acid group

and 57.38 + 3.32%, respectively, which were higher than those
observed for free DHA (54.18% and 53.82%, respectively).

The improved antioxidant activity of DHA@CSNPs was
further supported by their lower ICso values, with 42.88 g/
mL and 40.72 pg/mL recorded for the ABTS and DPPH assays,
respectively, compared with 47.80 ng/mL and 45.30 pg/mL
for free DHA. The enhanced radical scavenging activity may
be attributed to the nanoscale nature of the formulation, which
increases the available surface area for interaction with free
radicals [53,54]. In addition, the amino and hydroxyl groups
of chitosan can participate in radical quenching reactions,
contributing to the antioxidant activity [55,56]. Similar improve-
ments in antioxidant performance have been reported for other
bioactive compounds encapsulated within chitosan nano-
particles [48,49].

Scavenging of hydroxyl and superoxide radicals: The
scavenging activities against hydroxyl radicals (Fig. 10) and
superoxide anions (Fig. 11) further demonstrated the improved
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Fig. 10. Hydroxyl radical scavenging activity. The values were expressed
as the mean = SD of triplicate experiments (n = 3) and the difference
between the groups was evaluated by one-way ANOVA followed
by Tukey’s Post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
compared with ascorbic acid group
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Fig. 11. Superoxide anion scavenging activity. The values were expressed
as the mean + SD of triplicate experiments (n = 3) and the difference
between the groups was evaluated by one-way ANOVA followed
by Tukey’s Post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
compared with ascorbic acid group

antioxidant performance of DHA@CSNPs. The nanofor-
mulation exhibited lower 1Cso values for hydroxyl radicals
(40.02 pg/mL) and superoxide anions (42.85 ug/mL) than
free DHA (46.75 pg/mL and 47.60 pg/mL, respectively). The
enhanced activity may be attributed to the protective effect of
the chitosan matrix, which helps preserve DHA from oxid-
ative degradation, together with the availability of reactive
amino and hydroxyl groups on chitosan that participate in
radical scavenging [56-59]. These findings suggest that
DHA@CSNPs are more effective than free DHA in neutra-
lising reactive oxygen species associated with oxidative stress
[60].

Reducing power and nitric oxide (NO) scavenging: The
reducing power assay (Fig. 12) measured the electron-donating
ability of the compounds, showing an 1Csp of 41.22 pg/mL
for DHA@CSNPs. This enhancement over free DHA (46.50
pug/mL) highlights that the nano-environment preserves the
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Fig. 12. Reducing powder activity. The values were expressed as the mean
+ SD of triplicate experiments (n = 3) and the difference between
the groups was evaluated by one-way ANOVA followed by
Tukey’s Post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
compared with ascorbic acid group

ability of DHA to terminate radical chain reactions by pro-
viding electrons [61,62]. Similarly, in the nitric oxide scaven-
ging assay (Fig. 13), the nanoparticles achieved a high inhibi-
tion of 65.98 + 5.09% at 50 pg/mL. Nitric oxide plays a
complex role in inflammation and tumor progression; the
ability of DHA@CSNPs to effectively scavenge NO suggests
a potential role in conditions with prevalent nitrosative stress
[63,64].

Cytotoxic potential against MDA-MB-231 breast cancer
cells: The primary therapeutic efficacy of DHA@CSNPs was
also evaluated against the MDA-MB-231 triple-negative breast
cancer cell line. TNBC is characterised by its lack of estrogen,
progesterone and HER2 receptors, making it particularly
difficult to treat with conventional targeted therapies [65,66].
The MTT assay revealed a dose-dependent decrease in MDA-
MB-231 cell viability, with an 1Csp of 59.30 png/mL (Fig. 14).
This reflects a significant cytotoxic potential, especially con-
sidering that TNBC cells are often resistant to standard treat-
ments [67]. Although chitosan is inherently biocompatible
and exhibits low cytotoxicity, its primary function in this
formulation is to enhance the solubility, stability and cellular

Cell viability (%)

Contol 5 10 20 40 80
Concentation (ug/mL)

160 320

201
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Fig. 13. Nitric acid activity. The values were expressed as the mean + SD
of triplicate experiments (n = 3) and the difference between the
groups was evaluated by one-way ANOVA followed by Tukey’s
Post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 compared with
ascorbic acid group

delivery of DHA, thereby facilitating higher intracellular avail-
ability of the encapsulated compound [66,68]. Other research
using chitosan to deliver anticancer agents such as 5-fluoro-
uracil or hexahydro curcumin has shown that the nano-encap-
sulation strategy significantly lowers the dose required to
achieve 1Cso compared to the free drug [47,69].
Morphological analysis under phase-contrast micro-
scopy provided visual confirmation of the cytotoxic effects.
Cells treated with DHA@CSNPs exhibited hallmark signs of
apoptosis such as cell shrinkage, rounding, membrane bleb-
bing and cytoplasmic vacuolisation. In contrast, untreated
control cells remained polygonal and densely packed [70,71].
These changes are indicative of the disruption of the cyto-
skeleton and the loss of cell membrane integrity, which are
critical steps in programmed cell death [70]. Similar morpho-
logical shifts have been observed in breast cancer cells treated
with other bioactive-loaded chitosan systems, confirming
that the delivery vehicle does not interfere with the induction
of apoptotic pathways [71,72]. The induction of apoptosis in
cancer cells by DHA is a complex process involving multiple
signalling pathways. Unlike its antioxidant role in normal

Control

DHA@CSNPS

Fig. 14. MTT assay and morphological changes of MDA-MB-231 breast cancer cells treated with DHA@CSNPs. (a) Cell viability was
determined using the MTT assay at various DHA@CSNPs concentrations (5-320 pg/mL). The data show a dose-dependent
decrease in MDA-MB-231 cell viability, with an 1Cso value of 59.30 png/mL. (b) Representative images of A549 cells treated with
DHA@CSNPs and the control. Cells treated with DHA@CSNPs display significant morphological changes, including cell
shrinkage and detachment, compared to the control group. Scale bar = 100 um
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cells, DHA can act as a pro-oxidant in the specific environ-
ment of cancer cells. Upon uptake, DHA is incorporated into
the cell membranes, where its high degree of unsaturation
makes it a prime target for lipid peroxidation [67,72]. In MDA-
MB-231 cells, the accumulation of lipid hydroperoxides and
the subsequent increase in intracellular ROS trigger the mito-
chondrial apoptotic pathway [67].

Conclusion

This study demonstrates that chitosan-based nanoparticles
efficiently encapsulate DHA, enhancing its physicochemical
stability, antioxidant activity and anticancer potential. DHA
@CSNPs exhibited uniform nanoscale morphology, a semi-
crystalline structure and favourable colloidal stability, enab-
ling sustained, pH-responsive release that preferentially occurs
under acidic conditions, similar to those in tumor microenviron-
ments. Antioxidant assays confirmed that nano-encapsulation
significantly improved radical-scavenging activity against
ABTS, DPPH, hydroxyl, superoxide and nitric oxide species,
surpassing that of free DHA. In vitro cytotoxic evaluation
against MDA-MB-231 breast cancer cells revealed dose-
dependent apoptosis with an 1Csp of 59.30 pg/mL, indicating
potent therapeutic efficacy. The ability of DHA@CSNPs to
improve DHA stability and intracellular delivery contributed
to enhanced antioxidant and anticancer activities. These results
demonstrate the potential of DHA@CSNPs as a nanodelivery
platform and provide a basis for future in vivo investigations.
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