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ABSTRACT

Background: Cancer has emerged as a critical global health concern due to its
widespread prevalence and impact on individuals, families, communities, and health-
care systems worldwide.

Objective: We investigated the anticancer effectiveness of capecitabine (CAP)

and vorinostat (VOR) when incorporated into self-nanoemulsifying drug delivery sys-
tems (SNEDDSs).

Material and Methods: In this experimental study, the SNEDDSs were for-
mulated using polyethylene glycol 600 (PEG 600), castor oil and Tween 80. A ternary
phase diagram was plotted for the SNEDDSs components and the single-phase forma-
tion region was attained. SNEDDSs were then prepared by dilution of the selected
ratios of these components in water. Blank SNEDDSs containing ratios (in weight) of
castor oil: Tween 80:PEG 600 of 50:30:20 (S1-SNEDDS) and 25:15:60 (S2-SNEDDS)
were selected. SI-SNEDDS was loaded with CAP (S1-SNEDDS-CAP), and S2-
SNEDDS was loaded with VOR (S2-SNEDDS-VOR).

Results: The developed SNEDDSs formed oil nanodroplets without phase separa-
tion. Using dynamic laser light scattering, SI-SNEDDS, S2-SNEDDS, S1-SNEDDS-
CAP and S2-SNEDDS-VOR had droplets with average sizes of 171£37, 82+18,
117426 and 3748 nm, respectively, accompanied by span values of 0.96, 0.95, 0.97
and 0.96, respectively. CAP and VOR were effectively loaded into the SNEDDSs with
high entrapment efficiencies and loading capacities. Considerable improvements in
cells viability for CAP and VOR were attained upon loading into SNEDDSs. TUNEL
assays of the cells upon treatment by SI-SNEDDS-CAP and S2-SNEDDS-VOR re-
vealed a significant apoptosis in all the cells.

Conclusion: The study provides valuable insights into the potential of utilizing
SNEDDSs as a novel delivery system for improving the anticancer properties of CAP
and VOR.
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Introduction
ancer has become one of the most important global health issues.
The less developed countries are more severely affected because
of unavailability and unaffordability of anti-cancer drugs (The
Economist Technology Quarterly, Treating Cancer, Sept. 16,2017, 1-12).
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About 7.6 million people succumb to cancer
annually [1]. Many current anticancer drugs
suffer from low efficacy, including subopti-
mal therapeutic activity and dose-limiting side
effects. These shortcomings lead to poor life
quality and low patient compliance to avail-
able therapies [2]. Breast, cervix, and pancre-
atic cancers are causes of death in less devel-
oped countries [3]. Many anticancer drugs are
used as single or in combination therapies [1].
For example, capecitabine (CAP) as a fluo-
ropyrimidine carbamate is administrated for
cancer treatment which is resistant to first line
chemotherapy drugs [4]. CAP is a prodrug of
5-fluorouridine which undergoes a series of
enzymatic reactions to afford 5-fluorouracil,
which in turn inhibits thymidylate synthase
thereby preventing the biosynthesis of thy-
midine monophosphate requiring for do novo
biosynthesis of DNA [5]. It therefore mimics
pharmacodynamic responses through acting
as a nutrient of normal cells needed to growth
of cancer cells [6]. Generally, conventional
dosage form of CAP produces unwanted out-
comes such as hand-foot syndrome, diarrhea,
myocardial infarction, nausea, angina, ane-
mia, hyperbilirubinemia, thrombocytopenia
and stomatitis [7]. Hence, novel therapeutic
routes are needed to develop so that all types
of cancers can be treated.

Histone deacetylase inhibitors (HDACIs)
are the other category of drugs. They induce
cell cycle arrest, inhibit proliferation of cells,
promote apoptosis, and induce differentiation
in many of solid and hematological malignan-
cies [8]. Several HDACIs have been shown
that cause death of cancer cells in vitro as well
as in vivo [9]. Vorinostat (VOR, also known as
SAHA or Zolinza) is an inhibitor of in HDA-
CIs, induce growth arrest and promote apopto-
sis in a variety of cancer cell lines [10].

VOR therapy is effective but suffers from
certain drawbacks such as side effects, poor
solubility leading to reduced bioavailability
and thus reduced efficacy [11].

Recently, because of their ability to deliver

drugs, designed nanostructures have been
proposed as components of cancer treatment
platforms [12]. Such systems are character-
ized by special features including a high ra-
tio of surface area to mass, high surface (re)
activity, modified physicochemical proper-
ties such as changed solubility, and flexible
surface chemistry [13]. The benefits of these
drug delivery systems include multitherapy
capability, prolonged half-life and efficient
delivery of ingredients, limited resistance by
efflux pump bypassing and targeting special
cancer cells [14]. In the past years, nanomate-
rials offer numerous applications in medicine
[15-20]. Nanoformulations including nano-
emulsions [21], dendrimers [22], liposomes
[23], nanoparticles [24], and polymeric mi-
celles [25] have been employed as the founda-
tion of drug delivery vehicles.

Self-nanoemulsifying drug delivery systems
(SNEDDSs) have had tremendous interest be-
cause of the potential to reduce unwanted side
effects, enhance the efficacy of chemothera-
peutic agents, and afford greater efficiency and
safety [26]. ASNEDDS is an isotropic mixture
of an oil, a surfactant, and a cosurfactant [27].
When a SNEDDS is placed in contact with an
aqueous media, it spontaneously forms fine oil
nanodroplets as a nanoemulsion. So far, three
marketed SNEDDS have emerged including
Norvir® (ritonavir), Neoral® (cyclosporin A)
and Fortovase® (saquinavir) [28]. In our pre-
vious works, we showed the improved solu-
bility and efficiency of drugs with nanoemul-
sions [21].

The evaluation of the efficacy of CAP and
VOR on different cancer cell lines has been
recently approached [7, 14, 29-41].

VOR-incorporated nanoparticles have been
synthesized to improve the drug’s anticancer
activity against human cholangiocarcinoma
cells [42]. In another study, CAP and 5-flu-
rouracil have been used and the results indi-
cated that the MCF7 cell line had no response
to CAP within 24 h [43]. However, after 48 h
treatment of MCF7 cell line with CAP with a

354 \

J Biomed Phys Eng 2025; 15(4)



Anticancer Activity of Capecitabine and Vorinostat

concentration of 1.15 mg mL", 50% of cells
were killed. Kwak et al. prepared a nano-
fiber membrane on a gastrointestinal stent
surface with incorporating VOR. Released
VOR from nanofibers and VOR alone were
used to assess anticancer activity against
cholan—giocarcinoma cells. Cell viability
was reduced depend on the VOR concentra-
tion in the nanofibers [42]. In another study,
VOR was loaded into solid lipid nanoparticles
and coated with hyaluronic acid [44]. The for-
mulation showed more cytotoxicity than free
VOR or VOR-loaded solid lipid nanoparticles
alone in A549 and SCC-7 cells.

We have not found report on CAP- and
VOR-loaded SNEDDS:s. In the present study,
SNEDDSs loaded with CAP and VOR were
prepared from polyethylene glycol 600 (PEG
600), castor oil and Tween 80 were evalu-
ated. To prepare SNEDDSs, a ternary phase
diagram was firstly constructed, and the
SNEDDSs were characterized by particle
size analysis (PSA) as well as field emission
scanning electron microscopy (FESEM). The
formulation cytotoxicity was assayed against
MCF7, PANC1 and HeLa cell lines and com-
pared with cytotoxicity of CAP and VOR.

Material and Methods

Materials

In this experimental study, CAP and VOR
were received from Arasto Pharmaceutical
Chemicals Inc. (Iran). Dimethyl sulfoxide
(DMSO), Tween 80, chloroform, PEG 600
and ethanol absolute were purchased from
Scharlau (Spain) or Merck (Germany). Castor
oil, trypan blue and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were bought from Sigma (USA). PANCI
(NCBI C556), MCF7 (NCBI C135), and HeLa
(NCBI C115) cell lines were prepared from
Pasteur Institute Cell Bank of Iran. For cell
culture, Roswell Park Memorial Institute-1640
(RPMI 1640) was obtained from Shell max
(Iran). Fetal bovine serum (FBS) was prepared

from Gibco (USA). Penicillin-streptomycin
mixture was prepared from Danesh Azma
Cell (Iran), and trypsin-EDTA were purchased
from MedChem Express (China).

Construction of a ternary phase
diagram

A ternary phase diagram was constructed by
a titration method, while PEG 600, castor oil
and Tween 80 were employed as cosurfactant,
oil and surfactant. In brief, desired weights of
the cosurfactant and surfactant were mixed
in test tubes and mixed by a vortex to attain
homogenized and clear solutions. Under mag-
netic stirring, oil was added dropwise until
the mixture became turbid. The component
amounts were converted to weight (%). Using
the data, a ternary phase diagram was plotted
where the top apex of the diagram was for the
oil and the other sides were for cosurfactant
and surfactant. The shadow area in the dia-
gram shows the biphasic regains.

Formulations preparation

Two SNEDDSs with different ratios of the
components were prepared inside the single-
phase region of the phase diagram and sym-
bolized as S1 and S2 (Figure 1 and Table 1).
These formulations were selected to con-
tain minimum amount of surfactant to attain
a minimum cytotoxicity (vide infra). Blank
SNEDDSs (S1-SNEDDS and S2-SNEDDS,
vide infra) were prepared by mixing PEG
600, castor oil and Tween 80 by mixing for
1 min, dilution with distilled water (1:10),
and mixing. The drug loaded SNEDDSs (S1-
SNEDDS-CAP and S2-SNEDDS-VOR, vide
infra) were similarly prepared in which the
drugs were firstly mixed with the oil. The re-
quired weights of surfactant and cosurfactant
were then added and shaken.

Formulations characterization

The SNEDDSs droplet size was determined
by a particle size analyzer of Qudix, Scatter-
scope I (South Korea) in which the mean size
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Figure 1: A ternary phase diagram for castor oil, tween 80 and polyethylene glycol (PEG) 600.

Table 1: Composition of formulations
selected from ternary phase diagram.

Composition (W/W %) $1 S2
Castor oil 50 25

Tween 80 30 15
Polyethylene Glycol (PEG) 600 20 60

was determined as (D, +D, )/2, and its stan-
dard deviation was calculated as (D,-D, /4,
that Di denotes the droplet percentage with a
size smaller than i. As indicator of polydisper-
sity, span values were also obtained for the
formulations as (D,-D, )/D.,.

For FESEM sample preparation, one drop of
a SNEDDS was dropped on a glass slide and
then stained with OsO,. FESEM micrographs
were captured by a TESCAN Mira 3-XMU
(Czech Republic).

Stability of the formulations
S1-SNEDDS and S2-SNEDDS as well

as S1-SNEDDS-CAP and S2-SNEDDS-

VOR were stored in vials in dark at room

temperature for 30 days, and macroscopic fea-
tures of theses formulations were investigated.

Drug quantitation by high-perfor-
mance liquid chromatography (HPLC)
Samples of CAP and VOR were analyzed
by HPLC on a Waters instrument (USA)
equipped with a UV/Vis detector using a C18
column from Eurospher (Germany, 5 um, 4.6
mmx250 mm). The mobile phase for CAP
analysis contained a methanol/acetonitrile/
water mixture of 80:18:2 ratios (V/V), and
for VOR was a methanol/acetonitrile/water
mixture of 70:28:2 ratios (V/V), pumped iso-
cratically at 1.0 mL min"'. The mobile phase
was filtered via a 0.22 um Millipore mem-
brane filter and degassed with a sonicator of
Wise Clean (Germany) for 5 min before use.
The injection volume was 60 pL, the retention
time was 3.2+0.08 and 3.03+0.01 min for CAP
and VOR, respectively. CAP and VOR were
detected at 272 and 260 nm, respectively, at
25 °C. Standard curves were firstly construct-
ed for the drugs to quantify their contents in
the corresponding samples. All values were
reported as meanzstandard deviation.
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Entrapment eficiency
capacity

Entrapment efficiency (EE) and load-
ing capacity (LC) were calculated using the
equations:
EE = Weight of drug loaded / Weight of drug added (1)
LC = Weight of drug loaded / Weight of SNEDDS  (2)

20 mg CAP and VOR, separately, were dis-
solved into 2.5 mL of SNEDDS. Then the
drugs were separated from the formulations
by liquid-liquid extraction by adding 1.0 mL
chloroform and shaking for 5 min. The organ-
ic liquid was then separated and its CAP or
VOR concentration was determined by HPLC
in triplicate determinations.

and loading

Determination of drug release from
the formulations

The release profiles of the drugs from
SNEDDS were determined using dialysis
bags. First, 2.5 mL of SI-SNEDDS-CAP or
S2-SNEDDS-VOR containing 15 mg drug
was placed in a dialysis tube (12000 MWCO).
Next, the dialysis tube was suspended in 25
mL of a release medium containing an ethanol/
water mixture of 70:30 ratio (V/V) in a beaker
to obey the sink conditions. The beaker was
maintained at room temperature under stirring
at 100 rpm. Aliquots of 0.5 mL were separated
at desired times, and the same amounts of me-
dium were replaced to keep the total volume
constant. Drug concentrations were deter-
mined using HPLC and pre-plotted calibration
curves with triplicate measurements.

Cell
assay
Cytotoxicity of the formulations was eval-
uated in vitro by the MTT assay on HelLa,
PANC1 and MCF7 cells. In brief, the cells
were cultured in cell culture flasks in RPMI-
1640 medium with 1% penicillin/streptomy-
cin and 10% fetal bovine serum. The cells
were incubated at 37 °C and an air atmosphere
containing 5% CO,. Confluent cultures were
trypsinized and employed for cytotoxicity

culture and cytotoxicity

assessment. The cells were seeded in 96-well
plates at 2x10* cells well'. 10 pL of different
concentrations of CAP-SNEDDS or VOR-
SNEDDS was then added independently to
provide final concentrations of 0.024 to 25 ug
mL-!. Parallel sets were prepared without drug
under the same conditions and served as con-
trols. The plates were then incubated for 24 h
followed by addition of 10 pL of a MTT solu-
tion of 5 mg mL" in phosphate buffer saline
(PBS, 100 mmol L, pH 7.4) into each well.
The plated were located for 4 h in dark. The
generated formazan product was quantified at
570 nm using a microplate reader of BioTek
(USA). For the non-treated control cells
the viability was considered as 100%. Each
measurement was replicated five times.

Analysis of apoptosis by terminal
deoxynucleotidyl transferase-me-
diated terminal deoxynucleotidyl
transferase (dUTP) nick end label-
ing (TUNEL) assay

DNA fragmentation due to apoptosis was
evaluated by a kit of apoptosis detection of
Takara (Japan) based on the TUNEL assay.
In this assay, fragmentation of DNA was dis-
cerned by terminal labeling of the 3’-hydroxyl
termini of the break sites of DNA resulting
from activation of apoptotic of intracellular en-
donucleases. Fluorescein-dUTP combines into
the ends of broken DNA segments, and then is
detect with fluorescence microscopy. TUNEL
analysis was done to evaluate apoptosis in the
PANCI1, HeLa and MCF7 cells in the presence
of SI-SNEDDS-CAP or S2-SNEDDS-VOR,
according to the manufacturer’s instruction.
TUNEL apoptotic cells of tumors in differ-
ent groups were appeared green. While the
blue color of 4’,6-diamidino-2-phenylindole
(DAPI) indicated all the cells, the green color
showed apoptotic cells.

The cells were seeded in the plates and treat-
ed with SI-SNEDDS-CAP or S2-SNEDDS-
VOR for 24 h. The medium was then removed,
and the cells were washed with PBS followed

J Biomed Phys Eng 2025; 15(4)
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by fixing with a paraformaldehyde solution
4% for 0.5 h. After rinsing with PBS, the cells
were processed with the permeation solution
for about 5 min at 4 °C. The cells were washed
again with PBS and incubate with 50 puL of
the labeling mixture for 90 min in a humidi-
fied atmosphere. Lastly, the cells were stained
with DAPI and observed by a fluorescence
microscope of Olympus (Japan).

Statistical analysis

The quantities are reported as means +
standard deviation. For multiple comparisons,
significant differences were tested by Stu-
dent’s t-test. P-value of <0.05 was considered
for significant differences.

Results

A constructed ternary phase diagram for
PEG 600, castor oil and Tween 80 is depicted
in Figure 1. The shaded regions in the diagram
indicate biphasic areas, and the other parts
represent monophasic ones. Upon dilution of
the components with ratios chosen from the
monophasic regions, isotropic, clear and trans-
parent nanoemulsions are formed. In the pres-
ent study, two formulations were chosen from
this region with lower amounts of the surfac-
tant and higher concentrations of the cosurfac-
tant and oil. These formulations were symbol-
ized as S1 and S2 and the component ratios are
depicted in Table 1. Because CAP is relatively
more hydrophobic and VOR is relatively more
hydrophilic (based on their solubility values
in water), we choose S1-SNEDDS for load-
ing CAP, and S2-SNEDDS for loading VOR.
This is due to higher/lower oil content of S1/
S2 formulation.

The mean the droplet size of the S1 and S2
formulations following dilution with 10 vol-
ume times of water and formation of the corre-
sponding SNEDDS (denoted by SI-SNEDDS
and S2-SNEDDS), and the mean droplet sizes
of the S1-SNEDDS and S2-SNEDDS formu-
lations upon CAP and VOR loading, respec-
tively (denoted as S1-SNEDDS-CAP and

S2-SNEDDS-VOR), were determined by dy-
namic light scattering (Figure 2) and demon-
strated in Table 2.

FESEM micrographs captured from SI-
SNEDDS and S2-SNEDDS (Figure 3)
showed different morphologies. In the former,
particles are seemed with a smooth surface, a
near spherical shape and a mean particle size
of 138420 nm. In the latter, however, particles
with a rough surface are observed with a mean
size of 75+21 nm (the particle sizes are also
reported in Table 2).

Regarding storage times (stability) of
SNEDDSs, it should be mentioned that no

Distribution (%, intensity)
sosu8s82ag8E

1e7 e
Diameter/m

Distribution (%, intensity)
203888883888

1e:10 1.9 1e-8 1e7 1e6 1e5 te-d 1e3
Diameter/m

D)

Figure 2: Size distribution diagrams for
Self-nanoemulsifying drug delivery systems
(SNEDDS) S1-SNEDDS (A), S2-SNEDDS (B),
S1-SNEDDS-CAP (capecitabine) (C) and S2-
SNEDDS-VOR (vorinostat) (D).
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Table 2: Droplet sizes and span values for SNEDDSs containing ratios (in weight) of castor
oil:Tween 80:PEG 600 of 50:30:20 (S1-SNEDDS) and 25:15:60 (S2-SNEDDS), and self-nanoemul-
sifying drug delivery system loaded with capecitabine (S1-SNEDDS-CAP) and self-nanoemulsi-
fying drug delivery system loaded with vorinostat (S2-SNEDDS-VOR) obtained by particle size
analysis (PSA) and field emission scanning electron microscopy (FESEM).

Formulation Droplet size / nm (PSA) Span value (PSA) Droplet size / nm (FESEM)

S1-SNEDDS 17137 0.96 138+20

S2-SNEDDS 82+18 0.95 75+21
S1-SNEDDS-CAP 117+26 0.97 -
S2-SNEDDS-VOR 378 0.96 -

PSA: Particle Size Analysis, FESEM: Field Emission Scanning Electron Microscopy

SEM HV: 15.0 kV ‘WD: 5.30 mm SEM HV: 15.0 kV WD: 5.30 mm
SEM MAG: 50.0 kx Det: In-Beam SE 1 pm SEM MAG: 150 kx Det: In-Beam SE 200 nm

SEM HV: 15.0 kV WD: 4.08 mm

SEM MAG: 50.0 kx | Det: In-Beam SE 1 pm SEM MAG: 150 kx Det: In-Beam SE 200 nm

(©) (D)

Figure 3: Field emission scanning electron microscopy (FESEM) images of SNEDDSs containing
ratios (in weight) of castor oil:Tween 80:polyethylene glycol (PEG) 600 of 50:30:20 (S1-SNEDDS,
A, B) and 25:15:60 (S2-SNEDDS, C, D) at different magnifications.

J Biomed Phys Eng 2025; 15(4) / 959
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phase separation was occurred in all of the
formulations at least for 30 days, inferring 25 ¢
stability of the nanoformulations.

To measure EE and LC of CAP and VOR
in S1I-SNEDDS and S2-SNEDDS, and their
release from the S1-SNEDDS-CAP and
S2-SNEDDS-VOR, calibration curves for
quantitation of the drugs were firstly plotted
(Figure 4). Based on the data and calibration
curves, CAP and VOR were determined by the
figure of merits presented in Table 3. Using
the results, EE of SI-SNEDDS-CAP and S2-
SNEDDS-VOR are 19.4+3.3 and 16.7+£3.9%,
respectively. In addition, LC of SI-SNEDDS-
CAP and S2-SNEDDS-VOR were obtained as
15.5+2.6 and 13.4+3.1% respectively. Release
patterns of CAP and VOR from S1-SNEDDS-
CAP and S2-SNEDDS-VOR are shown in
Figure 5. For both formulations, initial burst
releases were observed for about 1 h, the re- 0 100 200 300 400 500
lease rates were then decreased and a steady C/pgmL’
state was attained after <6 h. In comparison,
CAP was released form S1-SNEDDS-CAP
with a higher rate. This higher release rate
is related to higher solubility of CAP in the
release medium due to more hydrophobicity
(vide supra).

y=3293x + 71453
R*=0.9993

Intensityx10°/ A.U.
&

05 |

0 100 200 300 400 500 600 700 800
C/pg mL"

y=7382.6x+34459
R*=0.9988

Intensityx10°/ A.U.

Figure 4: Calibration curves for quantita-
tion of capecitabine (CAP, A) and vorino-
stat (VOR, B) obtained by high-performance
liquid chromatography (HPLC).

Table 3: Determined parameters of capecitabine (CAP) and vorinostat (VOR) by high-
performance liquid chromatography (HPLC).

CAP VOR
Regression equation y=(3293+35.8)x + (7145.3+11488.4)  y=(7382.6+115.0)x + (3445.9+21093.9)
R? 0.9993 0.9988
Linear concentration range / g mL"’ 10-700 10-400
Relative standard deviation (RSD)% 3.9 °4.7
cLimit of detection (LOD) / ug mL"! 25 2.0
dLimit of detection (LOQ) / ug mL"! 8.3 6.6

VOR: Vorinostat, CAP: Capecitabine
“Relative standard deviation for a concentration of 50 pg mL"!
PRelative standard deviation for a concentration of 40 pg mL™!

°Limit of detection equal to 3xSD/B, where SD is the standard deviation of the blank signal, and B is the slope of the calibration
curve

dLimit of quantitation equal to 10xSD/B, where SD is the standard deviation of the blank signal, and B is the slope of the
calibration curve
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Figure 5: Release patterns of capecitabine (CAP) and vorinostat (VOR) from self-nanoemul
sifying drug delivery system loaded with capecitabine (S1-SNEDDS-CAP) and self-nanoemul
sifying drug delivery system loaded with vorinostat (S2-SNEDDS-VOR).

The cell wviability of SI-SNEDDS-CAP
against MCF7 and PANCI cell lines and S2-
SNEDDS-VOR against MCF7 and HeLa cell
lines both in a concentration range of 0.024-
25 uM were evaluated as shown in Figure 6.
Figures 6A and B represent the viability of the
MCEF7 and PANCI cells reduced to about 72%
in the presence of S1-SNEDDS alone without
any drug, which demonstrates a significant
difference with the control cells. Also, Figures
6C and D show the viability of MCF7 and
HeLa cells upon treatment with S2-SNEDDS
formulation without any drug was about 86%
with no significant difference with the viability
of control cells. Therefore, S2-SNEDDS for-
mulation induced much less toxicity and high-
er biocompatibility compared to S1-SNEDDS
formulation in these cells.

Comparison of the viabilities of PANC1 and
MCEF7 cell lines in the presence of different
concentration of CAP in the suspension form
and in the S1-SNEDDS formulation (0.024-25
ug mL") are presented in Figures 6A and B.
As shown in the Figures 6A and B, CAP in
the S1-SNEDDS formulation is much more
effective with very significant difference in

killing the cells compared to suspension form.
Even 0.024 pg mL"' CAP in S1-SNEDDS re-
duced MCF7 and PANCI cell viability to about
11.9% and 38.4%, whereas equal amount of
CAP in suspension, with 100% viability do
not effect on the cells. Increasing concentra-
tions of CAP in S1-SNEDDS from 0.024 to
25 ng mL"! did not decrease the viability of
MCEF7 and PANCI cells. From these results,
half-maximal inhibitory concentration (IC, )
values for CAP suspension and SI-SNEDDS-
CAP toward MCF7 cells were estimated as 16
and <0.024 pg mL", respectively. Also, IC,
values for CAP suspension and SI-SNEDDS-
CAP toward PANCI cells were estimated as
167 and <0.024 pg mL"', respectively.

These more confirmed the effectiveness of
the SNEDDS formulation. The cell viabili-
ties of MCF7 and HeLa upon treatment with
different VOR concentrations in the suspen-
sion form and S2-SNEDDS-VOR (0.024-25
ug mL') were evaluated and are shown in
Figures 6C and D, respectively. The viabil-
ity of cells in the presence of VOR in these
concentrations did not show any significant
difference with untreated control cells. Also,

J Biomed Phys Eng 2025; 15(4)
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Figure 6: The cell viability of self-nanoemulsifying drug delivery system loaded with capecitabine
(S1-SNEDDS-CAP) against MCF7 (A) and PANC1 (B) cell lines, and self-nanoemulsifying drug
delivery system loaded with vorinostat (S2-SNEDDS-VOR) against MCF7 (C) and Hela (D) cell

lines in a concentration range of 0.024-25 uM.

S2-SNEDDS-VOR until 1.56 pg mL"' did
not have significant effect on decreasing cell
viability. However, S2-SNEDDS-VOR at 6.25
and 25 pg mL!' reduced MCF7 cell viability
to less than 40%. On the other hand, only 25
ng mL!' of S2-SNEDDS-VOR showed signifi-
cant effect in killing HeLa cells. From these
results, IC,, values for VOR suspension and
S2-SNEDDS-VOR toward MCF7 cells were
obtained as 14 and 5.3 pg mL"', respectively.
Also, IC,, values for VOR suspension and
S2-SNEDDS-VOR toward HeLa cells were
obtained as 20 and 11.3 ug mL"!, respective-
ly. Therefore, formulation of nanoemulsion
and the type of cancer cell are significant in
the outcome of the viability results. None-
theless, these results demonstrate consider-
able improvements in the effectiveness of

CAP and VOR as anticancer drugs on tumor
cells upon incorporation into SNEDDSs. In
Table 4, information regarding the CAP- and
VOR-affecting cell lines (with or without a
carrier) has been summarized that indicated
the efficacy of CAP and VOR on different
cancer cell lines.

Cell apoptosis induction by chemotherapeu-
tic drugs is one of the best routes for cancer
treatment. Cell apoptosis is a programmed cell
death mechanism that takes place via intrinsic
or extrinsic pathways [45]. While in extrinsic
pathway, various ligands bind with tumor ne-
crosis factors, and lead to this factor to death
and cell apoptosis, cellular processes such
as DNA damage, oxidative stress and acting
of cytotoxic agents lead to apoptosis via the
intrinsic pathway [45].
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Table 4: Cytotoxicity of capecitabine (CAP) and vorinostat (VOR) toward cancer cell lines.

Half-maximal inhibitory

Drug Carrier Cell lines . Ref.
concentration (IC50)
Polymeric nanoparticles Pleural mesothelial cell line 100 umol L [14]
Cutaneous T-cell ymphoma 2.062 pmol L [29]
Human gastric cancer cell line 5.76 umol L [30]
Hep-2 cell line 3 umol L [31]
VOR Breast cancer cell line 2.5 nmol L [32]
Drug-incorporated HuCC-T1 human cholangiocarci- (3]
nanoparticles noma cells
Nanoparticles HepG2 cell line 6.30£0.59 pmol L [34]
Solid lipid nanoparticles (MCF-7, A549, and MDA-MB-231 [35]
Colon cancer cell line 6.5 mg mL" [36]
Gastric cancer cell lines 16.45+1.22 ug L [37]
Colon cancer cell line 3.2740.42 pmol L [38]
CAP Colon cancer cell line 1.63+0.33 ymol L [38]
Polymeric nanoparticles HepG2 cell line 101£20.21 yg mL"! [7]
Nano erythrosome - [39]
Nanomicelle - [40]
Polymeric nanoparticles - [41]

VOR: Vorinostat, CAP: Capecitabine

Figure 7 shows the obtained results of TU-
NEL assay in the presence of SI-SNEDDS-
CAP or S2-SNEDDS-VOR in the cells. It was
observed that after treatment the cells with
the formulations, number of cells of TUNEL
positive was significantly raised indicating a
significant apoptosis in all the cells. These re-
sults approved the efficacy of S1-SNEDDS-
CAP and S2-SNEDDS-VOR.

Discussion

To choose the SNEDDS components, the
following situations were considered: a) Safe-
ty is a key factor to select the components. Be-
cause toxicity of nonionic surfactants is lower
(than the ionic surfactants), Tween 80 was
selected. On the other hand, surfactants rep-
resent the major cytotoxicity of the drug for-
mulations [46], and therefore, the surfactant
ratio in the SNEDDS formations was selected

to be as low as possible as 30% (W/W). b) The
value of hydrophilic-lipophilic balance (HLB)
for a surfactant for formation of nanoemul-
sion of oil-in-water should be >10 [47]. HLB
value for Tween 80 is 15, and therefore, this
surfactant is a good choice. c¢) A cosurfactant
that is usually employed acts as an adjuvant
of the main surfactant to further reduction of
the interfacial tension and must be miscible
with the oil and surfactant. d) Mixing of the
SNEDDS components must lead to formation
of a single phase, and after addition in water,
a stable nanoemulsion must be prepared. One
of the appropriate routes for selection of suit-
able amounts of components to create nano-
emulsions is the construction of ternary phase
diagrams. Within the single-phase region of
such the diagram, self-nanoemulsifying pro-
cess is performed with minimum free en-
ergy. Therefore, emulsifying process will be
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Figure 7: The terminal deoxynucleotidyl
transferase-mediated terminal deoxynucle-
otidyl transferase (dUTP) nick end labeling
(TUNEL) assay results obtained for the ef-
fect of control (A1 and A2), self-nanoemul-
sifying drug delivery system loaded with
capecitabine (S1-SNEDDS-CAP) on MCF7
(B1 and B2), S1-SNEDDS-CAP on PANC1 (C1
and C2), self-nanoemulsifying drug delivery
system loaded with vorinostat (S2-SNEDDS-
VOR) on MCF7 (D1, D2) and S2-SNEDDS-VOR
on Hela (E1, E2) cell lines.

thermodynamically spontaneous. According
to the results, the formulation with higher oil
ratio (S1, two times higher weight of oil) con-
tained larger droplets of oil (about two times
bigger oil droplets) with lower ratios of sur-
factant and cosurfactant surrounding the sur-
face of droplets of oil. On the other hand, the
mean droplet sizes of the formulations S1-
SNEDDS-CAP and S2-SNEDDS-VOR indi-
cated domination of strong attraction forces
between CAP/VOR and the oil droplet com-
ponents. These forces lead to considerable de-
crease in the droplet size after drug loading.
The differences between the hydrodynamic
sizes obtained by dynamic light scattering and
droplet sizes obtained by FESEM can be relat-
ed to sample preparation method in FESEM. It
seems that S2-SNEDDS comprised finer drop-
lets, compared to SI-SNEDDS, as it was evi-
dent from PSA, and each particle (droplet) con-
tained adhered very smaller ones. The droplets
were may be comprised dissolved surfactant
and/or cosurfactant into the droplets and are
observed as adhered nanoparticles. SNEDDSs
improve drug efficacy by increment in the
solubility, facilitation of drug lymphatic trans-
port, protection from degradation, inhibition
the P-glycoprotein mediated multidrug efflux
[48, 49], and controlling and sustaining deliv-
ery [50]. The growth inhibition effect of the
formulations was due to the apoptosis induc-
tion. CAP and VOR induce cell cycle arrest
and activation of caspases [51], and TUNEL
positive cells resulted from DNA fragmenta-
tion induced DNA damage associated with
caspase-dependent activation of apoptosis.

Conclusion

SNEDDSs have been widely examined to
improve oral bioavailability of different drugs.
In the present study, two optimized SNEDDSs
were prepared using a natural lipid and suit-
able excipients. Cater oil employed in our for-
mulation is an ideal component of SNEDDSs
because of its availability, low cost and safety.
The solubilizing ability of the cosurfactant
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and surfactant is also a key parameter for suc-
cessful loading into SNEDDSs and in vivo
efficacy of the drugs. The optimized SNEDDSs
comprised stable homogenous and spherical
nanodroplets with good EEs and LCs. The
drug-loaded SNEDDSs showed improved an-
ticancer activity, compared to the drug them-
selves. SNEDDS with promising in vitro char-
acters can apply as a new delivery system for
the oral delivery of drugs such as CAP and
VOR. The results presented above thoroughly
presented higher effectiveness of the SNEDDS
formulations as compared to the drugs alone.
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