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Abstract

The low solubility of the plant-extracted agent like D-limonene in cancer therapy is a critical problem.
In this study, we prepared D-limonene-loaded niosomes (D-limonene/Nio) for cancer therapy through
in vitro cytotoxicity assay of HepG2, MCF-7, and A549 cell lines. The niosomal formulation was prepared
by film hydration technique with Span® 40: Tween® 40: cholesterol (35:35:30 molar ratio) and characterized
for vesicle distribution size, morphology, entrapment efficiency (EE%), and in vitro release behaviour.
The obtained niosomes showed a nanometric size and spherical morphology with EE% about 87 + 1.8%.
Remarkably prolonged release of D-limonene from niosomes compared to free D-limonene observed.
The loaded formulation showed significantly enhanced cytotoxic activity with all three cancer cell lines
(HepG2, Macf-7 and A549) at the concentration of 20 uM. These results indicated that niosome loaded
with phytochemicals can be a promising nano-carrier for cancer therapy applications.
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INTRODUCTION the most common cancers among women

and men, mainly due to exposure to occupational

Cancer in the less developed countries
is the primary cause of death. It is expected
that the prevalence of cancer in the world
can be increased because of population
increasing and aging. Moreover, smoking,
inappropriate diet, and physical inactivity
increase the risk of cancer (1). Liver, breast,
and lung cancers are among the most common
ones. Liver cancer, which is more common in
men than women, is the second leading cause
of death in the men (2). Conventional treatment
methods for liver cancer are surgery, radiation,
and chemotherapy. Breast cancer is one of
the main causes of female mortality and is
one of the most recognizable types of cancer.
Hormonal and reproductive factors, treatment
for menopause with hormone, and obesity
increase the risk of breast cancer,
while accouchement and breastfeeding can
reduce this risk. Lung cancer is one of
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and environmental carcinogens such as asbestos,
polycyclic aromatic hydrocarbons, and others
(3). Although  chemotherapy  prevents
the proliferation of liver cancer cells,
they have some adverse side effects.
Therefore, the critical need to find alternative
medicines for treating this type of malignancy
is necessary (4,5). In recent years, the trends
towards the herbal medicines and use of
phytochemicals in the prevention and
treatment of diseases have increased (6-8).
Medicinal plants are herbs with one or more
organs containing an active substance which
has medicinal properties that affect living
organisms (9,10).
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D-limonene is a monocyclic monoterpenes
and one of the most commonly used terpenes
in nature, found in a variety of citrus fruits.
Previous studies identified that it has
anti-inflammatory and antioxidant activity and
has been developed as an effective ingredient
in the prevention and treatment of various
types of cancer (11). D-limonene by inhibiting
free radicals and lipids peroxidation prevents
damage to cell membranes, reduces
physiological and psychological stress, and
also reduces blood pressure and cardiovascular
response to stress (12).

D-Limonene stimulates the carcinogen-
metabolizing enzymes (cytochrome P-450),
which convert chemical carcinogens into less
toxic compounds and prevent their reactions
with DNA (11). Yu et al. found that
D-limonene inhibits the proliferation of lung
cancer cells and through induction of
autophagy increases apoptosis of lung cancer
cells (13). Previously, Lu et al. confirmed
the effect of D-limonene on induction of
apoptosis in BGC-823 gastric cancer cells
(14). D-Limonene is also effective in primary
chemotherapy for hepatocellular carcinoma (15).

The compounds extracted from medicinal
plants such as D-limonene, despite many
interesting  properties and  therapeutic
applications, have some limitations
and challenges. These limitations are due to
low  solubility, reduced permeability,
low bioavailability, and instability in the
body's biological fluids. Since herbal extracts
have much lower toxicity than chemical drugs
(16), researches in this field are critical
to increase the efficacy of these compounds.
Using herbal ingredients like D-limonene
as a free entity would diminish their
effectiveness and efficiencies (17).
Thus, in order to enhance solubility
and Dbioavailability of D-limonene,
using efficient nanocarrier systems
such as noisome are highly warranted.

Nanocarriers improve pharmacokinetics
and the bioavailability of therapeutic agents
and, consequently, minimize their toxicity by
their specific accumulation at the target tissues
(18,19). Currently, the use of nanocarriers for
the delivery of phytochemicals has been highly
considered (20). Nanocarrier systems offer
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many benefits which include modification of
pharmacokinetic and pharmacodynamic profiles
of the entrapped compounds, reduction of
drug adverse effects, control of release rate of
the compound, and thus increasing the life
quality of the patients (21).

Amongst various nanocarriers, niosomes
have attracted a lot of attention. Niosomes are
bilayers vesicles that consist of non-ionic
surfactants and cholesterol. Because of
the nonionic nature of surfactants, niosomes
have very low toxicity. In drug delivery
approaches, biocompatibility and controlled
release of the constituents play a great role in
the treatment outcomes (22,23).
Though, niosomes have many advantages,
little researches have been conducted for
the delivery of phytochemicals using niosome
nanocarriers (24).

In this study, we aimed to evaluate
the anti-cancer effect of D-limonene-loaded
noisome. At first, the purity of D-limonene
was investigated by gas chromatography-mass
spectrometry (GC-MS) analysis. Secondly,
D-limonene was loaded into niosomes using
thin film hydration method. The encapsulation
efficiency and release rate of D-limonene from
niosome formulations assayed using dialysis
bag and analuzed spectrophotometrically.
Finally, anticancer effect of D-limonene
on human hepatocellular carcinoma (HepG2),
human  breast cancer (MCF-7) and
human lung cancer (A549) cell lines
was evaluated using MTT assay.

MATERIALSAND METHODS

Materials

D-limonene (1-methyl-4-(1-methylethenyl)-
cyclohexane),  cholesterol, Span® 40
(sorbitan monopalmitate) and Tween® 40

(polyoxyethylene sorbitan monopalmitate)
were  purchased from  Sigma-Aldrich
(St. Louis, MO, USA). MTT reagent

(3-(4,5-dimethylthiazol-2y1)-2,5-

diphenyltetrazolium bromide) was purchased
from MELFORD Biolaboretories Ltd, UK.
Chloroform was obtained from Merck
(Germany). HepG2, MCF-7, and A549 cell
lines were supplied by the Pasteur Institute of
Iran, Tehran, L.LR. Iran. Dialysis membrane
(MWCO: 12,400) were purchased from
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Sigma Aldrich, Inc. (Milwaukee, USA).
All other chemicals and components for
buffer solutions were of analytical grade
preparations.

Gas chromatography-mass spectrometry

D-limonene dissolved in chloroform
was analyzed using a Varian gas
chromatograph (CP 3800, Palo Alto, CA,
USA) equipped with a mass detector (Varian,
2200, Mass/Mass). A fused silica capillary
CP-Sil 8 CB (30 cm long, 0.25 mm ID,
0.25 um film thickness) column was used.
Helium as the carrier gas was set
at the constant flow of 1 mL/min. D-limonene
(1 puL) was injected at spit ratio of 50:1.
The temperature of the column started at
110°C and increased to 200 °C at temperature
rate 3°C/min. Total time of analysis was
30 min. MSD ChemStation software
(Agilent, USA) was used to acquire mass
spectrometric data. MS was operated in
electron ionization mode (EI, 70 ¢V) and 60 to
650 m/z were scanned. The temperature of
the transfer line was 270 °C. The mass spectra
of each compound were compared with
the NIST library of instrument software.

Preparation of D-limonene-loaded niosome

Film hydration technique was utilized to
fabricate niosomes as already reported (25,26).
Briefly, cholesterol, Span® 40, and Tween® 40
at molar ratio 30:35:35 in 10 mL of
chloroform were dissolved. Then, a certain
volume of the prepared solution and 10.88 puL
of D-limonene (1, 10, and 20 uM)
was transfered into a 50-mL round bottom
flask.  Chloroform was removed by
a rotary evaporator (Heidolph, LABOROTA
4003-control-WB, Germany) at 60 °C for
30 min. The resulted lipid film further
heated with a hair dryer for 1 min to remove
chloroform completely. After solvent removal,
3 mL of phosphate buffered saline
(PBS, pH 7.4) added to lipid layer and rotated
for 30 min at 60 °C to obtain niosomes.
For niosome purification, the obtained
niosome formulations were centrifuged at
15,000 rpm for 15 min (MPW, MED
INSTRUMENTS-150R, Germany). At the end,
formulations were kept at 4 °C for
further studies.
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Characterization of niosomes

To observe the shape of vesicles, a drop of
niosome was placed on a microscope slide
and seen wusing an optical microscope
(ICC50 W, Germany).

To evaluate the size of niosomes,
the dynamic light scattering (DLS) technique
was used (Malvern Instruments Ltd.,
Worcestershire, UK). The analyses were
performed with He-Ne laser (633 nm)
at the fixed scattering angle of 90°.
Samples (20 pL) with 2 mL ultrapure water
were diluted and filtered. Evaluations of

size were conducted in triplicate for
each sample.

The topography of the niosomes
was studied wusing scanning electron

microscope (SEM) (SBC-12, KYKY, China).
A drop of niosome put on a silver tape on
an aluminium base. The bases were kept
under vacuum overnight and then sputter
coated using gold.

Entrapment efficiency of D-limonene-loaded
niosomes

D-limonene-loaded niosomes were
dissolved in 1 mL of ethanol and
then centrifuged at 15000 rpm for 30 min
(model 5415D, Eppendorf, Germany) (27).
D-limonene absorbance in the supernatant was
measured spectrophotometrically at 255 nm
(Agilent Technologies, Cary 60, USA).
Loading efficiency of formulations was
calculated as the difference between the total
amount of D-limonene added to niosome
and the D-limonene content measured in
the supernatant by means of below equation:

(Total amount of D limonene - free D limonene)

EE% =

Total amount of D limonene x 100 (1)
In vitro release study

The dialysis method was used to investigate
D-limonene release rate from loaded
formulation and also free D-limonene.
In this method, 1 mL of each sample
(free D-limonene and D-limonene- loaded
niosome) at same concentrations (20 uM)
was placed in the dialysis bag, and the
two ends of the bag were tighten
(molecular weight cut off 12,000 Da).
The bag was placed in a beaker containing
30% (v/v) ethanol in 50 mL of PBS 7.4
and stirred by a magnetic stirrer at 150 rpm



and 37 °C (Heidolph, MR3002G, Germany).
Then, at predestinated period, up to 12 h,
1 mL of the PBS solution inside the beaker
was withdrawn and, instantly, 1 mL of
fresh PBS 7.4 was added to the beaker (n = 3).
The obtained samples were directly read
by a spectrophotometer at 255 nm (Agilent
Technologies, Cary 60 UV-Vis, USA) (28).

Cell culture

HepG2, MCF-7, and A549 cell lines were
cultured in RPMI-1640 medium (Gibco, USA)
augmented with 10% fetal bovine serum
(FBS), 100 IU/mL penicillin antibiotic
and 100 pg/mL  streptomycin  inside
the incubator at 37 °C, sufficient humidity
and 5% carbon dioxide (13).

Céell viability assay

To investigate the effect of D-limonene
and niosomal containing D-limonene on
growth and proliferation of cancer cells,
MTT assay was used. In this method, 10* cells
were cultured at 96-well plates at 100 uL/well,
and then incubated overnight. Subsequently,
different concentrations of empty niosomes
(0.5, 1.5, 5 uM), various concentrations of
free D-limonene (1-400 uM), D-limonene-
loaded niosomes at concentrations of 1, 10,
and 20 pM (based on loaded D-limonene)
were added to the «cells. After 24 h
of incubation, 10 mL of MTT solution was
added to each well, and the plate was placed in
a 37 °C incubator at 5% carbon dioxide for
4 h. After the required time, the medium
containing MTT were carefully discarded

MCounts

0.5-
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and 100 mL of DMSO added to each well,
then, the absorption of every well was read
by  ELISA  readers at 570 nm
(BIO-TEK INSTRUMENT, USA) (29).

Sample optical absorption
Control optical absorption

Viability (%) = x 100 2)
Statistical analysis

For statistical analysis of  different
examinations, one-way ANOVA was exploited.
To examine the ANOVA test, Dunnett’s
test was performed. A P wvalue < 0.05
was considered significant. All values
are reported as the mean + standard deviation.

RESULTS

Gas chromatography-mass spectrometry
analysis

As shown in Fig. 1, there is a sharp
and intense peak at the retention time of
9.8 min that relates to D-limonene.
The purity of D-limonene was found to be
about 71%.

Characterization of formulations

As shown in Fig. 2, most of the niosomes
appeared circular or slightly off circular shape.
Also, the microscopic appearances of
the formulation after loading with D-limonene
indicated spherical multilamellar vesicles
with a normal distribution, as seen in Fig. 2C
and 2D.
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Fig. 1. Gas chromatography-mass spectrometry chromatogram of D-limonene
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Fig. 2. Images of (A and B) free and (C and D) D-limonene-loaded niosomes in different magnifications

(40% and 100x) by optical microscopy.
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Size (d.nm)

MNumber (%0)

01 1 10
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100

Fig. 3. Mean vesicle size of (A) empty and (B) D-limonene-loaded niosomes.

The size distribution and polydispersity
index (PDI) of formulations was determined
using DLS. Figure 3 shows the mean vesicle
size of free and D-limonene-loaded niosomes.
The size distribution of niosomes before
D-limonene loading had a narrow size
distribution peak. The vesicle size of blank
niosomes was 90-102 nm and increased to
110-1100 nm after loading with D-limonene.
PDI of free niosome and loaded niosome was
0.21 and 0.37, respectively that means both
niosome formulations demonstrated
appropriate size homogeneity with reasonable
PDI value. Stability properties of formulations
depend on the zeta potential. A zeta potential
near £30 mV could guarantee a long term
stable formulation (30). Zeta potentials for
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empty niosome and D-limonene-loaded
niosome were -21 mV and -45 mV,
respectively (Fig. 4A and 4B). Loading of
D-limonene into niosome resulted in more
negative zeta values.

The morphology of the free and loaded
formulations was shown in Fig. 5. All the
niosomes showed a spherical unilamellar
vesicular structure with size under 200 nm. It
can be found that the D-limonene-loaded
niosomes distributed independently with the
similar spherical shape. Both niosome
formulations were stable and free of
coagulation. Based on SEM analysis, niosome
containing D-limonene and free niosomes had
similar particle size. EE of D-limonene was
about 87 + 1.8%, which was satisfactory.
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Fig. 4. Zeta potential of (A) empty niosomes and (B) D-limonene-loaded niosomes by dynamic light scattering analysis.

Fig. 5. Scanning electron microscope images of (A
at different resolutions.

Release (%)

and B) empty and (C and D) D-limonene-loaded niosomes

—=-D-li loaded niosome

In vitro release of D-limonene

Percentage of D-limonene release was
obtained by calculating the ratio of
the contents of released D-limonene in release
medium and the amount of total D-limonene
initially = loaded in  the  niosomes.
The cumulative release profile of formulations
is shown in Fig. 6. The experiment was
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800

Time (min)

Fig. 6. Drug release profiles of free D-limonene and D-limonene-loaded niosomes. Bars represent + SD.

conducted in triplicate. As observed in Fig. 6,
D-limonene was released from niosomes
slowly, and after 12 h ~54% D-limonene
was released from the  formulation
which demonstrated a sustained release
manner. The release content of D-limonene
increased in a controlled fashion as a function
of time without a critical burst release.
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Fig. 9. Viability percentage of HepG2, A549, and MCF-7 after treatment with various concentrations of D-limonene-loaded
niosome (1, 10, 20 pM) and empty niosome at 1.5 uM. The cytotoxicity of niosomes was evaluated by MTT assay and
data represent the mean + SD. ** Indicates significant differences compared to the corresponding control group, P< 0.01.

At concentration of 1.5 puM, the viability
was 90%, and thus this concentration of empty
niosome used for next experiments.
The low toxicity of empty niosomes provides
good safety for healthy cells. In addition,
the cell toxicity of different concentrations of
D-limonene is shown in Fig. 8. As presented
in this figure, at higher concentrations of
D-limonene, the wviability of tumor cells
decreased.

For anticancer assay of D-limonene loaded
D-niosomes, we used concentrations of 1,
10 and 20 uM and
Their anticancer effect was evaluated
on 3 different cell lines of HepG2, A549,
and MCF-7. As shown in Fig. 8 free
D-limonene at concentration of 1-20 uM
did not exhibited significant cytotoxicity
as expected based on the results illustrated in
Fig.7, but according to the Fig. 9 which shows
cell viability of D-limonene loaded niosomes
on 3 tested cell lines, D-limonene-loaded
niosomes at these concentrations showed
a noticeable anticancer effect after 24 h of
incubation. Also, this result proved that high
concentration of D-limonene in niosomes can
enhance anti-tumor activity of D-limonene.

DISCUSSION

Many researchers have demonstrated that
D-limonene  possess anticancer  activity
(14,31). However, low solubility of
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D-limonene in biological fluids is a crucial
problem and has limited its application in
cancer treatment. To address this issue,
nano-niosomes containing D-limonene
fabricated and characterized as a potential
carrier for D-limonene.

GC-MS spectrum of chloroform-solvated
D-limonene obtained to verify its purity
(Fig. 1). The obtained chromatogram by
GC-MS analysis used to compare the relative
percentage of each component. High purity of
D-limonene confirmed by GC-MS is necessary
for in vitro assessments.

When the niosome formulations were
examined by optical microscopy, different
shapes with various diameters were observed.
Hemati et al. investigated the synthesis of
niosomes containing quercetin, doxorubicin,
and siRNA. The observation of the optical
microscope  has revealed multi-layered
spheres, whose formation and morphology
are similar to our findings (32). One of
the most experimental approaches used to
determine the formation of drug delivery
carriers is size distribution measurement.
DLS analysis showed that loading of
D-limonene into niosomes, increased the size
of vesicles. It has been suggested that the carrier
sizes of approximately several hundred nm were
desirable for cellular uptake (33). In general,
PDI value lower than 0.4 means a good size
distribution for particles but for higher PDI value
we can see aggregate of nanoparticles.
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PDI of free niosomes and loaded niosomes
was 0.21 and 0.37, respectively meaning
both niosome formulations demonstrated
suitable size homogeneity with reasonable
PDI values. Also, zeta potential can represent
the stability of the formulation. The zeta
potential of prepared formulations is
in the range that guarantees high stability of
emulsions by  electrostatic  repulsion.
The loading process of D-limonene can
increase the size and PDI value of
formulations. The difference in  size
measurements between SEM and DLS method
might be due to the drying process during
the SEM imaging. EE% of D-limonene
in niosome formulation was about 87%.
High EE% may be attributed to a good
interaction between surfactant, cholesterol,
and D-limonene which makes walls of
the wvesicles rigid and prevents leakage of
D-limonene from niosomes (34). This is also
could be explained by the presence of
amphiphilic moieties, which form a rigid
membrane having characteristics of a barrier
against drug leakage. These factors result in
higher entrapment efficiency (35).
Thakkar et al. manufactured niosomes
containing primaquine and curcumin as an
anti-malarial compound with a particle size of
220 nm and EE% of 82.12 % (36).

Generally, an applicable nanocarrier should
protect bioactive core substance under harsh
surroundings environment, which means that
the wall material might be resistant against this
condition and release its loaded drug in
a sustained manner (34). The loaded niosome
formulation had a controlled release rate and
released the content within 12 h. Hemati et al.
reported, under the normal temperature and pH
of the body, minimum release rates for
doxorubicin, 27.4% and 45.3% for quercetin,
after 72 h (32). Ismail et al. improved the
bioavailability and release profile of acyclovir
by loading the drug into nisomes to the extent
that about 85% of the content released within
6 hm while in our study, the release rate was
about 30% within 6 h (37). In another study,
Abbasi et al. stated that the release rate of
curcumin from niosome was about 66% after
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24 h (38). The results of the release studies in
our work are in line with previous reports
as mentioned above.

To illustrate the potential of these niosomes
as a pharmaceutical carrier for D-limonene
against hepatocellular carcinoma, HepG2 cells
were incubated with empty niosomes,
free D-limonene, and loaded niosome at
different concentrations for 24 h and their
cytotoxicity were assessed using MTT assay.
Results showed that D-limonene loaded in
niosomes was more effective than
free D-limonene. The enhanced cytotoxicity of
D-limonene loaded in niosomes was due to
a synergistic activity of better solubility
and consequently better internalization to
the cell and a controlled release of
D-limonene. The wviability results obtained
from three cancer cell lines suggested loading
of D-limonene into niosome can effectively
enhance  the antitumour  activity of
D-limonene. In the study of Kanaani et al.,
which examined the effect of cisplatin and
its niosomal form on breast cancer cells
considerable cytotoxic effects of cisplatin
observed and concluded that niosomes could
be a good carrier system for targeted delivery
of the cisplatin in the treatment of breast
cancer (39). Tabrizi et al. found that ICso
of the formulation of PEGylated nano niosomal
gingerol is less than the free drug which is in
line with our findings (40).

CONCLUSION

Phytochemicals have a potential anticancer
ability, but their low solubility always is
a problem. In this study, we investigated
the potentials of D-limonene-loaded niosomes
as a promising anticancer delivery system on
three cancer cell lines, namely HepG2, A549,
and MCF-7. The loaded niosome showed
an improved anticancer effect against
different cancer cell lines compared to
free phytochemicals. This report showed
that cancer treatment ability of phytochemicals
could be increased by loading them
into niosomes.
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