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ABSTRACT

Objective(s): Poor solubility and stability of naringenin result in its low bioavailability. Halloysite nanotubes
(HNTs) were investigated as a potential carrier for the controlled delivery of naringenin to HT-29 (human
colon adenocarcinoma) and MCEF-7 (human breast cancer) cell lines.

Materials and Methods: Naringenin was loaded in HNTs at different HNTs: drug ratios (w/w) of 30, 24,
16, 8, and 4, then characterized by SEM (Scanning electron microscope), FTIR (Fourier transform infrared
spectroscopy), DSC (Differential scanning calorimetry), and XRD (X-ray diffraction). The effect of naringenin
loaded in HNTs on its solubility was investigated by an innovative change in the DPPH (2, 2-diphenyl-1-
picrylhydrazyl) assay. Cytotoxicity of naringenin and naringenin-loaded HNTs was investigated by MTT assay.
Results: At a ratio of 30, the highest encapsulation efficiency (87.7+ 5%), and at a ratio of 4, the highest
loading capacity was obtained (12+ 0.6%). The drug release study indicated prolonged drug release from
naringenin-loaded HNTs (67+5% after 24h). Naringenin showed antioxidant activity by scavenging DPPH
radical with an IC50 value of 400 +4 ug/mL. Naringenin solubility after loading was considerably increased
and subsequently, showed 2.2-fold higher antioxidant activity than the free drug. Cytotoxicity assay indicated

the anticancer activity of naringenin was significantly improved after loading.
Conclusion: HNTs can be a promising carrier for the delivery of naringenin.
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INTRODUCTION
Naringenin(5,7-dihydroxy-2-(4-hydroxyphenyl)
chroman-4-one) is a natural flavonoid that is
widely distributed in a variety of fruits (blood
orange, grapes, lemons, grapefruit, pummelo,
and tangerines), vegetables and herbs [1, 2].
Its pharmaceutical effects include antioxidant,
anticancer, anti-inflammatory, hepatoprotective,
antifibrogenic, and  antiatherogenic  [3-6].
Hydroxyl groups of naringenin are responsible
for its antioxidant property. Aromatic rings in
naringenin have three hydroxyl groups which
react with reactive oxygen species (ROS) by
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donating hydrogen [7]. Naringenin has anticancer
effects on cell lines such as the breast, liver, colon,
and uterus by inducing apoptosis in the cancer
cells, but shows no cytotoxic effects on normal
cells [3-6]. Poor water solubility, instability, and
propensity to gastrointestinal degradation results
in low permeability, low bioavailability (5.81%
for oral administration), and extensive first-pass
metabolism. These in turn restrict the clinical
applications and in vivo biological effects of
naringenin [8, 9]. By using a drug delivery system,
much effort has been made to overcome the
clinical restrictions of naringenin and improve
its efficiency [10]. Drug delivery systems such
as solid lipid nanoparticles (SLN) [10], polymer-
nanoparticles [11, 12], and inorganic nanoparticles
[12] have been studied. Nanoparticles have been
widely used recently for increasing solubility,
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bioavailability, and the efficacy of drugs [13-
16]. By loading naringenin in sulfobutylether-
cyclodextrin/chitosan nanoparticle, not only the
solubility of naringenin was increased but also
the residence time for local ocular mucosa was
prolonged [17]. Naringenin was encapsulated
in SLN aiming to increase the solubility and
bioavailability of naringeninfor pulmonary delivery.
Encapsulation of naringenin in SLN increased its
bioavailability 2.53-fold greater in comparison
with naringenin suspension after pulmonary
administration [10]. One of the nanocarriers used
for drug delivery is Halloysite nanotubes (HNTs).
HNTs as a natural clay with Al2Si205 (OH)4.2H20
formula and tubular structure. The inner lumen
diameter, outer diameter, and length of HNTs are
12-15 nm, 50-70, and 500-1000 nm, respectively.
The presence of silica and alumina on the outside
and inside surfaces is responsible for the negative
and positive charge of the outside surface and the
inner lumen, respectively [18-27]. Due to safe and
biocompatible properties of HNTs, they are used
as a natural nanocarrier for the sustained release
of drugs. HNTs have been utilized for the loading
of tetracycline, khellin, nicotinamide adenine
dinucleotide, 5-aminosalicylic acid, Brilliant green,
ibuprofen,  diphenhydramine  hydrochloride,
diclofenac sodium salt, ofloxacin, aspirin, and
curcumin [18, 20-28]. But HNTs have not yet been
used for delivery of naringenin. The hydrophilic
nature, stability in physiological medium, low cost,
natural nature, low toxicity, and sustained release
of drug are advantages of HNTs that encouraged
us to use it for delivery of naringenin.

In this study, naringenin was loaded in HNTs
nanotube at HNTs:drug ratios (w/w) of 30, 24,
16, 8 and 4 to find the best condition for drug
loading, and then characterized by SEM (Scanning
electron microscope), FTIR (Fourier transform
infrared spectroscopy), DSC (Differential scanning
calorimetry), and XRD (X-ray diffraction). The
effect of naringenin loaded in HNTs on its solubility
was investigated by an innovative change
in the DPPH (2, 2-diphenyl-1-picrylhydrazyl)
assay. The anticancer activity of naringenin and
naringenin-loaded HNTs on HT-29 (human colon
adenocarcinoma) and MCF-7 (human breast
cancer) cell lines was evaluated by MTT assay.

METHODS AND MATERIALS

Materials
Naringenin (purity; 95%) and HNTs were

100

purchased from Sigma Aldrich. Absolute Ethanol
(purity, 99.9%), DMSO (purity; 99.9%), Methanol
(purity; 2 99.9%) and Glacial acetic acid (purity;
99.8-100.5%) were purchased from Merck.
Sodium chloride (purity; > 99%), Potassium
chloride (purity; 99.5-100.5%), Sodium phosphate
dibasic (purity, = 99%), Potassium phosphate
monobasic (purity; = 99%), Dulbecco’s Modified
Eagle Medium (DMEM) and DPPH were purchased
from Sigma Aldrich. HT-29 and MCF-7 cell lines
were purchased from Pasteur Institute of Iran.

Methods
Loading process

Naringenin was loaded into various amounts of
HNTs via the method described in a previous study
[29]. 50 mg of naringenin was dissolved in 50 mL
of absolute ethanol to obtain a stock solution of 1
mg/mL. 16, 32, 64, 96, and 120 mg of HNTs were
dispersedin4 mLof 1 mg/mLofnaringeninsolution.
The suspension was sonicated for 30 minutes and
then subjected to a vacuum (22 mmHg). Vacuum
suction was performed for 30 minutes and then
suspension was kept at atmospheric pressure for
10 minutes. 3 vacuum suction and release cycles
were performed for drug loading. Under vacuum,
the solvent was evaporated.

Encapsulation and loading capacity

Dry powder was ground and washed with
absolute ethanol. The free drug was separated by
centrifuging naringenin-loaded HNTs at 8000 rpm
for 20 min. The supernatant was analyzed by UV/Vis
at an absorbance wavelength of 290 nm to calculate
the encapsulation efficiency and loading capacity.

Encapsulation efficiency (EE) (%) = % %100

Wt=the mass of the loaded drug
WO0-= the total mass of the drug used for loading

wt
WH+Wt

Loading capacity (%) = x100
Wt= the mass of the loaded drug
WH-= the total mass of HNTs

The concentrations of 5, 10, 12.5.15, 20 pg/mL
of naringenin in absolute ethanol were prepared
and used for UV/Vis analysis of naringenin by
UV/Vis spectrophotometer (Optizen 2120 uv
Plus, Mecasys, Korea) for drawing the standard
curve. The standard curve was used to calculate
encapsulation efficiency and loading capacity.
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Encapsulation efficiency and loading capacity
were also analyzed by the Waters Alliance
HPLC system (USA) that consisted of a Waters
2695 separations module, a Waters 2487 dual
absorbance detector (UV/Vis), and a Waters
717 plus autosampler. The column which was
used for analysis was a C18 (symmetry, 4.6x250
mm, 5 um). The mobile phase composition was
methanol:water (3:1 v/v) with 0.5 % v/v acetic
acid. The mobile phase flow rate and the column
temperature were adjusted at 1 mL/min and 25 °C.
The injection volume was 20 pl. Naringenin was
detected at an absorbance wavelength of 290 nm
and temperature of 25 °C [10].

Scanning electron microscope (SEM) analysis

The surface morphology of HNTs and
naringenin-loaded HNTs (The HNTs:drug ratio of
4 w/w) were studied by SEM (Zeiss, DSM-960A,
Germany). The samples were dispersed in water
by sonication and a drop of each sample was
placed on a slide and then covered by a gold thin
layer after drying.

Fourier transform infrared spectroscopy (FTIR)
analysis

The FTIR spectra of naringenin, HNTs, and
drug-loaded HNTs (The HNT:drug ratio of 4 w/w)
were recorded by Frontier PerkinElmer (USA). The
scanning was done in the range 400-4000 cm-1
with the speed of 2 mm/s at room temperature.

Differential scanning calorimetry (DSC) analysis

An appropriate amount of each sample
(naringenin, HNTs, and drug-loaded HNTs (The
HNT:drug ratio of 4 w/w)) was sealed in aluminum
pans and heated from 25 °C to 350 °Cin the argon
atmosphere (Q600, TA, USA) with a heating rate of
10 °C/min .

X-ray diffraction (XRD) analysis

Naringenin, HNTs and naringenin-loaded HNTs
(The HNTs:drug ratio of 4 w/w) were analyzed by
the XRD technique. The XRD data were obtained
using a Philips diffractometer (X'Pert MPD,
Netherlands). The scanning was performed from
5° to 80° 2e and at a speed of 1°/min.

Drug release experiment

In vitro release of naringenin from free drug
solution and drug-loaded HNTs (The HNT:drug

Nanomed J. 12(1): 99-109, Winter 2025

ratio of 4 w/w) was determined by a dialysis
technique. Drug-loaded HNTs (10 mg) was placed
in a dialysis bag (12-14 KD). The dialysis bags
containing free drug solution and drug-loaded
HNTs were immersed in 100 mL of phosphate
buffer saline (PBS) with pH 7.4 at 37 °C. At defined
time intervals, 2 mL of dissolution medium was
collected and analyzed for naringenin content
and 2 mL of fresh medium was replaced. The
naringenin content of the dissolution medium was
analyzed by UV/Vis and HPLC as described earlier.

Measurement
naringenin

The scavenging activity of free radicals by
naringenin was evaluated by DPPH assay. Initially,
0.2 mM solution of DPPH in ethanol was prepared,
then different concentrations of naringenin in
ethanol were prepared. 2 mL of drug solution was
mixed with 1 mL DPPH solution in each vial. The
final drug concentrations were 100, 200, 300, 400,
500 and 750 pg/mL. 2 mL of ethanol was mixed
with 1 mL DPPH and used as control. After 2 h, the
absorbance was recorded at 517 nm.

To evaluate the effect of drug loading in HNTs
on drug solubility and the antioxidant activity of
naringenin, initially 100 pl of the drug solution in
ethanol was mixed with 2.5 mL of purified water,
then 400 pl DPPH in ethanol (0.5 mM) was added
to it. The final concentration of the drug was 750
ug/mL in the vial. The amount of nanocomposite
was weighted (containing 2.25 mg drug), and then
dispersed in 2.5 mL water. Next, 100 ul ethanol
was added and mixed, and then 400 ul DPPH in
ethanol (0.5 mM) was added and mixed. After 2 hr,
the absorbance was recorded.

of antioxidant activity of

DPPH radical scavenging activity (%) = (Ac-As)/Ac
x100

Where Ac stands for the absorbance of the control
and As is the absorbance of the drug solution.

Cytotoxicity assay

The cells at density of 1x104 cells per well
were seeded in 96 well plates and incubated for
24 h at 37 °C in a humidified 5% CO2 incubator.
After incubation, the cells were treated with free
naringenin, HNTs, and naringenin-loaded HNTs
(The HNT:drug ratio of 4 w/w). The concentrations
of naringenin for both free naringenin and
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naringenin-loaded HNTs were 10, 20, and 30 ug/
mL. The HNTs concentrations for HNTs and drug-
loaded HNTs were equal. After 24 h, the media
were removed and the cells were washed with
cold PBS (2 times). Then, 100 pL of MTT solution
was added to each well, and the cells were
incubated for the next 4 hr in the incubator. The
formazan crystals were dissolved in DMSO and the
absorbance was read at 570 nm using a microplate
reader (Awareness). Using the following formula
the percentage of cell viability was calculated:

Cell viability (%) = (At/Ac) x100

Which At was the absorbance of each treatment
and the Ac was the absorbance of cells with no
treatment. The test was performed in triplicate.

Statistical analysis

Statistical analysis was performed using
GraphPad Prism version 8 (GraphPad Software, San
Diego, CA) and OriginProversion 8.6 (Northampton,
MA 01060 USA). Analysis of variance (ANOVA) test
was performed for determination of statistical
significance of Figure 8b. Statistical significance of
Figure 9 was determined by ANOVA test, followed
by Tukey test.

RESULT AND DISCUSSION

Encapsulation efficiency and loading capacity
Encapsulation efficiency and loading capacity

D.HO'EF )
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were analyzed by HPLC and UV/Vis. Fig. 1 shows the
HPLC chromatogram overlay of naringenin before
and after drug loading that indicated the drug
remains pure and stable during the whole process.
By increasing the HNTs: drug ratio (w/w),
the encapsulation efficiency was increased, but
loading capacity was decreased. The highest
encapsulation efficiency was 87.7 5% for the
HNTs:drug ratio of 30 (w/w). The encapsulation
efficiency of the formulations with the HNTs:drug
ratios of 24, 16, 8 and 4 was 82.1 +3.4%, 72.9 + 4%,
63 £3.2% and 54.8 +3%, respectively. By decreasing
the HNTs:drug ratio, the loading capacity was
increased. The highest loading capacity (12 +
0.6%) corresponded to the formulation with the
HNTs:drug ratio of 4 w/w. The loading capacity
of the formulations with the HNTs:drug ratios of
8, 16, 24, and 30 was 7.3 £ 0.3%, 4.3 + 0.2%, 3.3
+0.1%, and 2.8 + 0.2%, respectively (Fig. 2). In a
previous study, curcumin was loaded in HNT-NH2,
HNTs, and HNT-g-CS (chitosan grafted halloysite)
at various HNTs:drug ratios (50, 25, and 10 w/w).
At a 50:1 ratio, maximum encapsulation efficiency
(90.8%) and the lowest loading capacity (about
0.9%) for HNT-g-CS was obtained. By decreasing
the HNTs:drug ratio, the entrapment efficiency was
decreased and loading capacity was increased.
At the HNTs:drug ratio of 10, maximum loading
capacity (3.4%), and the lowest encapsulation
efficiency (65%) were obtained. Similar results for
HNTs-NH2 and HNTs were observed [30].

- naringenin - 3977

|

Ty T
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Fig. 1 The HPLC chromatogram overlay of naringenin after and before drug loading (The HNTs: drug ratio of 4 w/w).S
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Fig. 2. The relation between encapsulation efficiency and HNTs:drug ratio (w/w) (a), loading capacity
and HNTs:drug ratio (w/w) (b). Each data represents mean +SD (n=3).

Morphology study

The SEM analysis was used for the
morphological study (Fig. 3). SEM images showed
the tubular and cylindrical shapes of HNTs. This
morphology was also observed after drug loading
process and the morphology was unchanged.
This situation was also reported in another study
[29]. Particle size distribution histograms of HNTs
(Fig. 3c) and naringenin-loaded HNTs (Fig. 3d)
indicate that the mean diameters of HNTs and
naringenin-loaded HNTs are 70.19 nm and 76.34

nm, respectively.

DSC analysis

In the first step, the DSC curve of naringenin
indicated weight loss, which was attributed to
residual solvent (drugloading process) or adsorbed
moisture in naringenin-loaded HNTs at the
temperature range of 50-150 °C [31]. The melting
point of naringenin was observed at 256.14 °C in
its DSC curve. The endothermal peak attributed
to the melting point of naringenin disappeared in

Mean diameter = 70.19 nm

Frequency

Diameter (nm)

. Mean diameter = 76.34 nm

Frequency

Diameter (nm)

Fig. 3. SEM images of HNTs (a) and naringenin- loaded HNTs (b). Particle size distribution histograms of HNTs (c) and naringenin-
loaded HNTs (d) were determined from the SEM images
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Fig. 4. DSC analysis of naringenin, HNTs and naringenin- loaded
HNTs (The HNT:drug ratio of 4 w/w).

the DSC curve of naringenin-loaded HNTs (Fig. 4).
Disappearance of the melting point of naringenin
in naringenin-loaded HNTs may be attributed
to molecular dispersion of naringenin in HNTs
and the transformation of naringenin crystalline
form to its amorphous form [10, 15, 17]. In a
previous study, DSC analysis of naringenin-loaded
chitosan-dextran sulfate nanocarrier was studied.
Crystalline naringenin exhibited a sharp peak
at 250 °C. This sharp peak which was called the
melting point of naringenin was disappeared in
the naringenin-loaded carrier. The reason for the
disappearance of this peak was also related to
the homogeneous dispersion of naringenin in the
polymer matrix [31]. The study of DSC analysis of
naringenin-loaded sulfobutylether-B-cyclodextrin/
chitosan nanoparticles indicated that melting point
of naringenin (sharp peak at 258 °C in naringenin
DSC) was disappeared. Amorphous dispersion of
naringenin in carrier resulted in disappearance
of naringenin melting point [17]. DSC analysis
of naringenin, naringenin-loaded SLN, and their
physical mixture showed that the melting point
of naringenin (258.17 °C) was disappeared in
naringenin-loaded SLN. The absence of this peak
was attributed to the amorphous and molecular
state of the drug after its loading. However, their
physical mixture showed the melting point of
naringenin at 232.17 °C [10]. DSC analysis of the
complex of naringenin with Hydroxypropyl-f-
Cyclodextrin (HP-B-CD), naringenin, and their
physical mixture was studied. The melting point
of naringenin appeared at a temperature of 251.1
°C. The effect of both naringenin and HP-3-CD
was observed in their physical mixture. However,
the naringenin melting point was disappeared in
their complex. The disappearance of the peak was
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attributed to the complete dispersion of the drug
and its interaction with HP-B-CD [15].

XRD analysis

XRD of naringenin, HNTs and naringenin-
loaded HNTs was studied. XRD analysis was used
to investigate the crystalline structure before
and after drug loading. Diffraction peaks at 2e of
11.9°, 20°, 24.6°, 35.01°, 38.01°, 54.7°, and 62.46°
were observed in the HNTs XRD analysis, which
is in agreement with other studies [32-34]. The
presence of sharp diffraction peaks between 3°
and 40° 2e in naringenin XRD analysis (Fig. 5) are
attributed to a well crystallized form of naringenin
[10, 35]. The XRD analysis of naringenin-loaded
HNTs was similar to HNTs and diffraction peaks
in the XRD analysis of naringenin disappeared
in the XRD analysis of naringenin-loaded HNTs
(Fig. 5). The diffraction peaks disappearance
was attributed to naringenin dispersion at the
molecular level in the HNTs structure [36]. In
another study, chlorhexidine was loaded in
HNTs. The sharp and narrow diffraction peaks
of chlorhexidine indicated the highly crystalline
structure of chlorhexidine. These diffraction
peaks were disappeared in chlorhexidine-loaded
HNTs that confirmed uniform chlorhexidine
loading in the HNTs structure, demonstrating
successful loading of chlorhexidine [37]. Four
model drugs (verapamil HCI, flurbiprofen,
atenolol, and furosemide) were loaded in HNTs.
Characteristic peaks in XRD analysis of these drugs
were disappeared in drug-loaded HNTs because
drug loading resulted in property transformation
from crystalline to amorphous state [38]. In a
study, breviscapine was loaded in HNTs. The
breviscapine’s diffraction peaks were absent in
breviscapine-loaded HNTs and XRD analysis of
HNTs and breviscapine-loaded HNT were similar.

— Halloysite — Naringenin — Naringenin-loaded HNTs

6000

u)

4000

Intensity (a

2000

Degree (2 theta)

Fig. 5. XRD analysis of naringenin, HNTs and naringenin-loaded
HNTs (The HNT:drug ratio of 4 w/w).
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Successful loading of breviscapine in HNTs resulted
in the disappearance of breviscapine’s diffraction
peaks [39]. The comparison of XRD analysis of
naringenin, HPBCD, and naringenin loaded-HPBCD
showed that naringenin loading in HPBCD resulted
in no detection diffraction peaks of naringenin in
naringenin- encapsulated HPBCD [15]. In another
study, XRD analysis of naringenin, SLN, and
naringenin-loaded SLN was studied. Characteristic
peaks of naringenin were absent in naringenin-
loaded SLN because of its transformation from
crystalline state to amorphous [10]. In another
study, the crystalline peaks which were observed
in curcumin, had disappeared in curcumin loaded
HNTs. Loading curcumin in HNTs was the reason
for this disappearance [40].

FTIR analysis

The FTIR analysis of naringenin, HNTs, and
naringenin-loaded HNTs are presented in Fig. 6.
The characteristic peaks at 3695 and 3626 cm™
in FTIR analysis of HNTs and naringenin—loaded
HNTs are corresponding to the stretching vibration
of the inner surface hydroxyl groups of the HNTs.
The peaks at 910 and 1035 cm™ in FTIR analysis
of HNTs and naringenin—loaded HNTs represents
Al-OH bending and Si-O-Si symmetric stretching
[29]. FTIR analysis of naringenin showed several
characteristic bands; 1600-1900 cm™ are bands
corresponding to —C=0 stretching, and the band
corresponding to C-O stretching are bands in the
range of 1080-1250 cm™. The characteristic band
in the range of 3100-3290 cm™ corresponds to
O-H stretching, and the characteristic peak of
C-C is 1150 cm™. The characteristic bands in the
range of 1450-1630 cm™ is corresponding to C=C
stretching. The bands in range of 2830 —3100 cm™

250 — HNTs

— Naringenin-loaded HNTs

— Naringenin

Transmitance (%)
- - [X)
o [3,] [=]
(=] o o

[2.]
[=]

0 . . . .
0 1000 2000 3000 4000
Wavenumbers (cm-1)

Fig. 6. FTIR analysis of naringenin, naringenin- loaded HNTs
(The HNT:drug ratio of 4 w/w) and HNTs
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are corresponding to -CH, -CH2, -CH3 stretching
[7]. The characteristic peaks of naringenin (1464,
1631, 1520, 1602 cm?) were also identified
in naringenin-loaded HNTs. Identification of
naringenin peaks in naringenin-loaded HNTs
indicated that naringenin was successfully loaded
into HNTs, proving the chemical stability of
naringenin in HNTs [10].

Drug release study

Drug release percentage from naringenin-
loaded HNTs after 24 hr was 67 5%. Fick’s
first law of diffusion say that the diffusion rate
is proportional to the concentration gradient.
Burst release which was observed in the initial
stages may be attributed to high concentration
of naringenin [29]. Burst release of naringenin
was followed by sustained release. Drug release
experiment from free drug solution indicated rapid
drugrelease. After 5 hr, the amount of drug release
percentage from free drug solution was 100% (Fig.
7). A comparison of drug release percentage from
loaded drug and free drug solution indicates that
drug loading resulted in controlled drug release.
Fitting models for the results that were obtained
from the drug release study (naringenin—loaded
HNTs) were investigated by zero-order, first-
order, Higuchi, Hixon-Crowell square-root, and
Korsmeyer-Peppas kinetic models. The highest
correlation coefficient was obtained from fitting
data in the Korsmeyer-Peppas model (R?>= 0.97).
The value of the release exponent (n) is less than
0.45 indicating a diffusion-controlled drug release
mechanism and the drug release follows fickian
release behavior from HNTs [29, 41-43].

100 —®— Narigenin-loaded HNTs

& Free drug

é
2
g
= 50
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Fig. 7. Drug release from free drug solution and naringenin
-loaded HNTs (The HNT:drug ratio of 4 w/w). Each data
represents mean SD (n=3).
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Fig. 8. Investigation of antioxidant activity of naringenin by DPPH assay in the different concentrations (a), investigation of antioxidant
activity of naringenin- loaded HNTs (The HNT:drug ratio of 4 w/w) and free naringenin in the naringenin concentration of 750 pg/ml
(b), the color change of DPPH solution in the different concentrations of naringenin (left to right (blank, 100, 200, 300,400, 500, 750
pg/mL)) (c), the comparison of the color change of DPPH solution after reaction with naringenin-loaded HNTs and free naringenin
(left to right (blank, free drug, nanocomposite) in the aqueous phase (d). Each data represents mean +SD (n=3). *** p< 001.

Measurement
naringenin
In 100, 200, 300, 400, 500 and 750 pg/mL

of antioxidant activity of

concentrations, naringenin activity for DPPH
scavenging was investigated. By increasing
naringenin  concentration, DPPH scavenging

was increased. Naringenin showed antioxidant
activity by scavenging DPPH radicals with an IC50
value of 400 +4 pg/mL (Fig. 8a). The color of the
DPPH solution after reaction with naringenin was
changedtoyellow, and byincreasing the naringenin
concentration, the color change to yellow was
enhanced (Fig. 8c). Poor solubility of naringenin,
restricts its bioavailability and antioxidant activity.
Naringenin was loaded in HNTs to increase
naringenin solubility, and thereby, its antioxidant
activity. For the first time, in the present study,
the effect of drug loading in nanoparticles on drug
solubility by an innovative change in DPPH assay
was investigated. Interestingly, the antioxidant
activity of drug-loaded HNTs (43.49 + 4%) was
significantly more than free drug solution (19.53
t 2 %) (Fig. 8b). Due to the poor solubility of
naringenin most of the free drug was not soluble
in the aqueous phase, and subsequently showed
low antioxidant activity, but HNTs increased the
solubility of naringenin in the aqueous phase,
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and, in turn, the antioxidant activity of the drug.
Thus, drug loading in HNTs improves naringenin
solubility and antioxidant activity. Fig. 8d shows
that naringenin-loaded HNTs had higher ability to
change the color of the DPPH solution to yellow, in
comparison with the free drug.

Cell toxicity

Cytotoxicity of HNTs, naringenin, and
naringenin-loaded HNTs in the cancer cell lines of
HT-29 (fig 9a) and MCF-7 (fig 9b) was investigated
by MTT assay. Cell viability of both cell lines
for naringenin-loaded HNTs was significantly
lower than free naringenin (Fig. 9). Loading of
naringenin in HNTs enhanced its anticancer
property. Higher cell toxicity of naringenin-loaded
HNTs in comparison with free naringenin may be
attributed to enhanced solubility of naringenin
after loading in HNTs [25], higher uptake ability of
HNTs [44], the gradual release followed by longer
exposure of the cells to the drug for a longer
prolonged period [44, 45], and also, the possible
cytotoxicity of HNTs [46].

CONCLUSION

Due to the low solubility and low bioavailability
of naringenin, HNTs were used for the delivery

Nanomed J. 12(1): 99-109, Winter 2025
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Fig. 9. Cytotoxicity of naringenin, naringenin-loaded HNTs (The HNT:drug ratio of 4 w/w) and HNTs on the HT-29 (a) and MCF-7 cells
(b). Each data represents mean +SD (n=3). Statistical significance was determined by ANOVA followed by Tukey test. Different letters
indicate significant differences among different groups (P< 0.05).

of naringenin. Naringenin was loaded in HNTs
at different HNTs:drug ratios (4, 8, 16, 24, and
30 w/w). By increasing the HNTs:drug ratio,
the encapsulation efficiency increased, but the
loading capacity was decreased. FTIR, DSC, and
XRD confirmed the drug loading. A drug release
study indicated controlled drug release from
naringenin-loaded HNTs. DPPH assay indicated the
high antioxidant activity of naringenin. Loading
of naringenin in HNTs resulted in enhanced
solubility of naringenin and, subsequently, more
inhibition of DPPH in comparison with free
naringenin. Naringenin-loaded HNTs decreased
the cell viability of the HT-29 and MCF-7 cell
lines compared to free naringenin. In conclusion,
HNTs can be a good candidate for the delivery of
naringenin.
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