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The aim of this study was to develop a new formulation of a curcumin lipid nanoemulsion having the smallest particle size,
the highest loading, and a good physical stability for cancer chemotherapy. Curcumin lipid nanoemulsions were prepared by a
modified thin-film hydration method followed by sonication. Soybean oil, hydrogenated l-α-phosphatidylcholine from egg yolk,
and cosurfactants were used to formulate the emulsions. The resultant nanoemulsions showed mean particle diameter of 47–
55 nm, could incorporate 23–28 mg curcumin per 30 mL, and were stable in particle size for 60 days at 4◦C. The cytotoxicity
studies of curucumin solution and curcumin-loaded nanoemulsion using B16F10 and leukemic cell lines showed IC50 values
ranging from 3.5 to 30.1 and 22.2 to 53.7 μM, respectively. These results demonstrated the successful incorporation of curcumin
into lipid nanoemulsion particles with small particle size, high loading capacity, good physical stability, and preserved cytotoxicity.

1. Introduction

Curcumin (diferuloylmethane), a phenolic compound be-
lieved to be the main pharmacological agent in turmeric,
possesses antioxidant activity in vitro [1, 2] and is used
in lipid peroxidation tests [3]. Curcumin is effective for
preventing and ameliorating gastric lesions. It also pos-
sesses anti-inflammatory [4], antibacterial [5, 6], antifungal
and antiyeast [7], antihypocholesterolemic [8], anticancer
[9–12], antimutagen [13], antiparasitic [14], antitumor-
promoting [15], antiproliferative [16], MDR modulator
effects [17], and so on.

The chemical structure of curcumin isolated from tur-
meric powder is shown in Figure 1. Commercial-grade
curcumin (such as from Sigma-Aldrich), when isolated from
the powdered dry rhizome of Curcuma longa Linn, contains
approximately 77% curcumin, 17% demethoxycurcumin,
and 3% bisdemethoxycurcumin. Curcumin pigments can
absorb the visible light at a wavelength between 420–425 nm.

The safety of Curcuma longa Linn and its derivatives has
been studied in various animal models [18]. It has been
shown that turmeric is not toxic to animals even at high
doses. A single feeding of a 30% turmeric diet to rats did
not produce any toxic effects. In a 24-h acute toxicity study,
mice were fed turmeric extracts at a daily dosage of 0.5, 1.0,
or 3.0 g/kg. No increase in the mortality rate was observed
when compared to the respective controls. A 90-day feeding
of turmeric extracts resulted in no significant weight gain
[18].

The cytotoxicity of curcumin was examined using the
MTT assay in cancer cell lines; Hep-2 (human larynx), PC-
9, PC-14 (human lung cancers), Hep-1 (mouse hepatoma),
F-25 (mutate H-ras transfected NIH mouse fibroblast), and
leukemic cell lines. The authors found that curcumin is
a potent antiproliferative agent for the tested cancer cell
lines [19, 20]. A recent report indicates that pure curcumin
concentration for oncogene target inhibition and inhibitory
effect on cancer cell proliferation is ∼15–20 μM [21].
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Figure 1: Chemical structure of curcumin.

In order to deliver curcumin to targeted organs, its
hydrophobic property needs to be modified. A wide variety
of drug carriers has been studied as a mean of improving the
therapeutic efficacy of drugs. The small size of carriers is very
important for the biodistribution in the body. The capillaries
are so small that red blood cells can only travel through
them in single file. The capillaries measure approximately
5–10 μm in diameter. Particles larger than this size cannot
be circulated in the body and become entrapped in the
capillary bed. Thus, the particle diameter should be generally
smaller than micrometers for the particles to be circulated
in the blood vessels. In addition, reduction in the particle
diameter to less than 100 nm is thought to decrease their
removal by the reticuloendothelial system and increase their
extravasation from the smallest capillaries [22, 23]. Thus,
nanotechnology is one of the effective methods to be used
for the delivery of curcumin.

Many studies have been published on the production
of nanoparticles to incorporate curcumin. Bisht et al. [24]
proposed the polymeric nanoparticle formulation encap-
sulating curcumin as “nanocurcumin” for human cancer
therapy. The nanocurcumin was confirmed to have a narrow
particle size distribution with an average size of 50 nm. Fur-
thermore, nanocurcumin could induce cellular apoptosis,
inhibit nuclear factor kappa B (NFκB), and downregulate
the steady state levels of multiple proinflammatory cytokines
(interleukin-(IL-) 6, IL-8, and tumor necrosis factor alpha
(TNFα)) in pancreatic cancer cells [24]. In a recent report,
curcumin was also prepared in the form of liposomes (nan-
odelivery vehicles primarily composed of phospholipids)
coated with antibodies specific to a prostate membrane-
specific antigen. The coated-liposomes were approximately
100–150 nm. The liposomal curcumin showed antiprolifer-
ative activity on human prostate cancer cell lines (LNCaP
and C42B) in a tetrazolium dye-based (MTT) assay [25].
Furthermore, curcumin was encapsulated in the form of
alginate-chitosan-pluronic composite nanoparticles for its
delivery to cancer cells. The particles were spherical in shape
with an average size of 100 ± 20 nm. The half-maximal
inhibitory concentration for encapsulated curcumin was
14.34 μM [26].

Lipid emulsions have also been used as a promising
drug delivery device to target tissues [27, 28]. Many studies
have shown the validity of a lipid emulsion as parenteral
drug delivery device [29–31]. Emulsions are heterogeneous
mixtures of 2 or more immiscible liquids with an emulsifier
used to stabilize the dispersed droplets. They have certain
advantages such as good biocompatibility, biodegradability,
physical stability, and ease of large-scale production. In

addition, they can incorporate hydrophobic and amphi-
pathic drugs because of their structural characteristics. Since
curcumin has a hydrophobic nature, it can be the payload of
a lipid emulsion. Thus, a lipid emulsion can be a promising
device for the delivery of curcumin.

The aim of this study was to prepare curcumin in
the form of a lipid emulsion with reduced particle size
and increased curcumin loading. The preparation of the
formulation was modified from the standard formulation
of gadolinium-containing nanoemulsions described in our
previous reports [32, 33]. The effects of the type of oil and
cosurfactant on particle diameter were studied. Moreover,
the curcumin lipid emulsion was also evaluated on incor-
poration efficiency, physical stability after production, and
cytotoxicity in cancer cell lines.

2. Materials and Methods

2.1. Chemicals. Hydrogenated l-α-phosphatidylcholine from
egg yolk (HEPC), soybean oil, polysorbate 80 (polyoxyethy-
lene (20) sorbitanmonooleate, Tween 80), and chloroform
were purchased from NacalaiTesque Inc., Kyoto, Japan. In
HEPC, the phospholipid content was more than 99% and
the phosphatidylcholine content was approximately 70%.
Lecithin from soybean was purchased from WAKO Pure
Chemical Industries, Osaka, Japan. Curcumin from Curcuma
Longa Linn (Turmeric) was purchased from Sigma-Aldrich,
St. Louis, MO, USA. Polyoxyethylene hydrogenated castor
oil 60 (Cremophor-HR60, HCO-60) was supplied by BASF,
Ludwigshafen, Germany. Dimethyl sulfoxide (DMSO), 3-
(4,5-dimethylthiazolyl-2)-2, 5-diphenyl tetrazolium bro-
mide (MTT) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). RPMI-1640 and penicillin-streptomycin were
purchased from GIBCO Invitrogen (Grand Island, NY, USA).
Fetal bovine serum (FBS) was obtained from Biochrom
AG (Berlin, Germany). Ethanol was purchased from Fluka
Chemicals (Buchs, Switzerland).

2.2. Preparation of Curcumin-Containing Lipid Nanoemul-
sion. Curcumin-containing lipid nanoemulsions were pre-
pared by a modified thin-film hydration method at room
temperature (24◦C) as previously reported [32, 33]. Briefly,
the emulsions consisted of soybean oil or lecithin (phos-
phatidylcholine), water, curcumin, HEPC, and an appropri-
ate co-surfactant. The oil and HEPC were dissolved in 2 mL
of chloroform. Curcumin was dissolved in 4 mL of chloro-
form. Co-surfactant (HCO-60 or Tween 80) was dissolved
in 2 mL of chloroform (HCO-60) or distilled water (Tween
80). The mixture of the 3 solutions was dried by rotary
evaporation and subjected to subsequent vacuum desicca-
tion for 3–5 h to generate the dried thin film. The dried thin
film was hydrated with 30 mL of distilled water warmed at
55–60◦C in a bath-type sonicator (BRANSON-Yamato 2510,
BRANSONIC, Emerson-Japan, Kanagawa, Japan), followed
by vigorous mixing and sonicating for 5 min to create coarse
lipid emulsions. The fine lipid emulsions were prepared by
30–60 min sonication under N2 atmosphere with a bath-
type sonicator, which was thermostated at 55–60◦C. The
sonication was performed as follows: 3 min sonication and



Journal of Nanotechnology 3

subsequent 2 min cooling, which were repeated for 30–
60 min. Excess curcumin was removed by centrifugation at
3000 rpm for 15 min. The supernatant was collected as cur-
cumin lipid nanoemulsion sample. Three different batches of
lipid nanoemulsions were prepared with each formulation.
The prepared curcumin lipid nanoemulsions were evaluated
regarding particle size, curcumin concentration, and percent
incorporation efficiency (% IE) described below.

2.3. Particle Size Measurement. The particle diameter of the
nanoemulsions was measured by a dynamic light scattering
method using Zetasizer 3000HSA (Malvern Instrument, UK)
at room temperature. Particle size data were expressed as
the mean of the Z-average of 3 independent batches of the
nanoemulsions.

2.4. Determination of Curcumin Concentration and Incor-
poration Efficiency. Curcumin in lipid nanoemulsions was
quantified using a simple colorimetric assay at 450 nm as
described previously [25]. Briefly, a standard curve was
generated from known concentrations of curcumin in HBSE-
Triton X-100 (10 mM HEPES, 140 mM NaCl, 4 mM EDTA,
and 1% Triton X-100). After centrifugation, 4 mL of HBSE-
Triton X-100 was added to 25 μL of the curcumin lipid
nanoemulsion to determine the curcumin concentration
in the nanoemulsion. The absorbance was measured on a
spectrophotometer (UV-150-02, SHIMADZU Corporation,
Japan). The amount of curcumin in the lipid nanoemulsion
was calculated from the final concentration of curcumin after
preparation. The curcumin incorporation efficiency (% IE)
in the lipid nanoemulsion was calculated by the following
equation:

% IE =
(
Measured amount of curcumin in lipid nanoemulsion

)

(
Total amount of curcumin applied in preparing lipid nanoemulsion

) × 100. (1)

2.5. Solubility of Curcumin. To determine the solubility of
curcumin, 3 different solutions, including soybean oil, 1.25%
(w/v) Tween 80 in distilled water, and 1.25% Tween 80 with
0.83% HEPC in distilled water were tested in this study.
For determining the solubility of curcumin in soybean oil,
3.5 mg of curcumin was added to a test tube containing
1 mL of soybean oil. The mixture solutions were vortexed,
allowed to cool, and kept at 24◦C overnight. Thereafter,
they were centrifuged at 3000 rpm for 15 min at 24◦C.
Undissolved curcumin, which was observed at the bottom
of the test tube, was eliminated by centrifugation. Then,
the amount of curcumin in soybean oil was determined by
spectrophotometry at an absorbance of 450 nm.

For determining the solubility of curcumin in the Tween
80 aqueous solutions without (Tween 80 solution) or with
HEPC (Tween 80-HEPC solution), 1.0 mg of curcumin
was added to a test tube containing 1 mL of the aqueous
solutions, followed by vortexing. The solutions were warmed
and vortexed every 5 min in a water bath (60◦C) for 1 h.
After being allowed to cool and stand at 24◦C overnight,
they were centrifuged at 3000 rpm for 15 min at 24◦C. The
concentrations of curcumin in the supernatant of both
Tween 80 and Tween 80-HEPC solutions were measured
spectrophotometrically.

2.6. Cells and Cell Culture Conditions. B16F10 (mouse
melanoma cell line) was cultured in DMEM contain-
ing 10% fetal calf serum, 100 units/mL penicillin, and
100 μg/mL streptomycin. Four types of leukemic cell lines,
including HL60 (promyelocytic leukemia), K562 (chronic
myelocytic leukemia), Molt4 (lymphoblastic leukemia), and
U937 (monocytic leukemia), were cultured in RPMI-
1640 medium containing 10% fetal calf serum, 1 mM L-
glutamine, 100 units/mL penicillin, and 100 μg/mL strepto-
mycin. These cell lines were maintained in a humidified

incubator with an atmosphere of 95% air and 5% CO2 at
37◦C. When the cells reached confluency, they were harvested
and plated for consequent passages or for nanoemulsion
curcumin treatments.

2.7. MTT Assay. Cell viability was determined by the
MTT test method. MTT (5 mg/mL) was dissolved in PBS.
B16F10 and leukemic cells were cultured in 96-well plates
(1.0 × 104 and 3.0 × 103 cells/well, resp.) containing 100 μL
medium prior to treatment with curcumin and curcumin-
loaded nanoemulsion at 37◦C for 24 h. Subsequently, 100 μL
fresh medium containing various concentrations (4.23, 8.47,
16.97, 33.93, and 67.86 μM) of curcumin or the correspond-
ing curcumin-loaded nanoemulsion were added to each well,
and incubated for another 48 h. Diluted curcumin solutions
were freshly prepared in DMSO prior to each experiment.
The final concentration of DMSO in culture medium was
0.2% (v/v). Diluted curcumin-loaded nanoemulsion was
prepared in completed RPMI-1640 medium. The curcumin
concentrations from curcumin-loaded nanoemulsion were
determined by the colorimetric assay as previously described
[24] using the HBSE buffer containing Triton X-100. The
amount of curcumin in nanoemulsion was determined by
comparing to the standard curcumin curve. Then, curcumin
concentrations were calculated and diluted for the equal
concentrations with equimolar of conventional curcumin to
test cytotoxicity by MTT assay. The nanoemulsion without
curcumin was used as vehicle control. The metabolic activity
of each well was determined by MTT assay and compared
to those of untreated cells. After removal of 100 μL medium,
MTT dye solution was added (15 μL/100 μL medium) and
the plates were incubated at 37◦C for 4 h in a humidified
5% CO2 atmosphere. After that, 200 μL of DMSO were
added to each well, and mixed thoroughly to dissolve the
dye crystals. The absorbance was measured using an ELISA
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Table 1: Formulations of curcumin-loaded lipid nanoemulsion.

Component
Formulation

1 2 3 4 5 6 7 8

Soybean oil (mL) 1 1 — — 1 1 1 1

Lecithin (mL) — — 1 1 — — — —

HCO-60 (mg) — 375 — 375 — — — —

Tween 80 (mg) 375 — 375 — 375 375 375 375

HEPC (mg) 250 250 250 250 250 250 250 250

Curcumin (mg) 15 15 15 15 30 60 120 240

Distilled water (mL) 30 30 30 30 30 30 30 30

plate reader (Biotek EL 311) at 570 nm with a reference
wavelength of 630 nm. High optical density readings cor-
responded to a high intensity of dye color, that is, to a
high number of viable cells able to metabolize MTT salts.
The fractional absorbance was calculated by the following
formula:

% Cell survival = Mean absorbance in test wells
Mean absorbance in control wells

× 100.

(2)

The average cell survival obtained from triplicate deter-
minations at each concentration was plotted as a dose
response curve. The experiment was carried out in 3 batches
of nanoemulsion preparations in 3 time-independent exper-
iments. The 50% inhibition concentration (IC50) of the
active substances was determined as the lowest concentration
which reduced cell growth by 50% in treated compared to
untreated culture or vehicle control culture (0.4% DMSO
in culture medium). The IC50s were mean ± standard error
(SE) and compared for their activities.

2.8. In Vitro Release Kinetics of Curcumin-Loaded Nanoemul-
sion. Curcumin-loaded nanoemulsion at the concentration
of 7 mg in 25% human serum in PBS was put into dialysis
bag with pore size of 50◦A (5 nm). The dialysis bag was
kept in dark bottle containing 25% human serum in PBS
with total volume of 150 mL. The condition was controlled
under constant stirring in water bath set as 37◦C. Sample
(1 mL) was collected at certain time intervals of 2, 4, 6,
12, 24, 36, 48, 60, and 72 h. The fresh medium was added
after withdrawal. The curcumin concentration in the sample
was determined by colorimetric assay measured at 450 nm
as compared to standard curcumin as described previously
[25].

2.9. Statistical Analysis. Statistical analysis was performed
using the SPSS software (version 10.0). All experiments were
repeated at least 3 times. The data were expressed as the
mean (standard deviation and standard error; SD and SE).
Statistical differences between the means were tested by one-
way ANOVA. Probability values P < 0.01 and P < 0.05 were
considered as significant.
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Figure 2: Effect of co-surfactants and sonication time on the
particle diameter of curcumin-loaded lipid nanoemulsions. Closed
bar: Tween 80, formulation 1. Open bar: HCO-60, formulation
2. Data are represented as the mean ± standard deviation of 3
independent experiments (n = 3). ∗∗Significantly different from
the HCO-60 formulation (P < 0.01) by one-way ANOVA.

3. Results

3.1. Formulations and Operational Factors. The formulations
and preparation conditions were optimized by changing
the co-surfactant type, sonication time, and oil type. First
of all, in order to evaluate the effect of co-surfactant and
sonication time on the mean particle diameter of lipid
nanoemulsions, a series of nanoemulsions was prepared with
increasing sonication times in the presence of Tween 80
(formulation 1) or HCO-60 (formulation 2; Table 1). Herein,
15 mg of curcumin was used as the initial loading dose. In
this experiment, soybean oil was used as oil component for
curcumin lipid nanoemulsions.

The nanoemulsions prepared by using Tween 80 as a
co-surfactant revealed the significant decrease in size as
compared to HCO-60 (P < 0.01; Figure 2). The sonication
time did not result in a difference in particle diameter among
the nanoemulsions prepared with different sonication times
(30, 45, or 60 min) in both HCO-60 and Tween 80 formula-
tions. The mean particle diameters of lipid nanoemulsions
with HCO-60 prepared with a sonication time of 30, 45,
and 60 min were 136.5, 120.2, and 120.0 nm, respectively,
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Figure 3: Effect of lipid type on the particle diameter (a) and
percent incorporation efficiency (% IE) (b) of curcumin lipid
nanoemulsions. Formulation: 1, 2, 3, and 4 in Table 1. Data are
represented as the mean ± standard deviation of 3 independent
experiments (n = 3). ∗Significantly different (P < 0.05) by one-way
ANOVA.

while those with Tween 80 were 64.6, 56.0, and 58.2 nm,
respectively. The prolongation of the sonication time from
30 min to 45 min resulted only in a slight decrease in the
mean particle diameter in HCO-60 and Tween 80 (11.8 and
13.9%, resp.). The polydispersity indices ranged from 0.24 to
0.32. Thus, 30 min of sonication was chosen for the following
experiments.

3.2. Effect of Oil Type on Particle Size of Emulsion. The 4
formulations of curcumin-loaded lipid nanoemulsions in
this experiment are shown in Table 1 (formulations 1–4).
Curcumin nanoemulsions using soybean oil showed smaller
particle sizes than those using lecithin (Figure 3(a)). The
mean particle diameters of the nanoemulsions composed of
soybean oil with Tween 80 and those of lecithin with Tween
80 were 51.0 and 74.6 nm, respectively. The nanoemulsions
composed of soybean oil with Tween 80 were significantly
smaller in particle diameter (by 31.6%; P < 0.05) than
those composed of lecithin with Tween 80. The mean particle
diameter of soybean oil nanoemulsions with Tween 80 was
significantly smaller (by 46.5%; P < 0.05) than those with
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Figure 4: Effect of the amount of curcumin on the particle diameter
of the emulsion. Formulation: 1, 5 to 8 in Table 1.

HCO-60. While the nanoemulsions composed of lecithin
and soybean oil with HCO-60 did not show any significant
difference in particle diameter in the statistical analysis, the
polydispersity indices ranged from 0.22 to 0.37.

Figure 3(b) shows the % IE values of curcumin in the
4 lipid nanoemulsions prepared with formulations 1 to
4. The % IE in these 4 formulations was in the range
of 93.8%–100%. The incorporated amount of curcumin
in the nanoemulsions was in the range of 14.1–15.0 mg
in total. Macroscopic observation clearly showed that free
curcumin was poorly soluble in distilled water; in contrast,
the prepared curcumin lipid nanoemulsions were absolutely
transparent, with the hue derived from the natural color of
curcumin. Furthermore, the curcumin lipid nanoemulsions
with lecithin showed more transparency than those with
soybean oil.

3.3. Enrichment of Curcumin in Nanoemulsions. The 5 for-
mulations of curcumin-enriched lipid nanoemulsion are
also listed in Table 1 (formulations 1, 5–8). The effects
of the weight ratio of curcumin to HEPC on the mean
particle diameters and particle size distributions of the
emulsions are shown in Figures 4 and 5, respectively. Here,
Tween 80 was used as a co-surfactant. As the amount of
curcumin applied increased from 15 mg (formulation 1)
to 30 mg (formulation 5), 60 mg (formulation 6), 120 mg
(formulation 7), and 240 mg (formulation 8), the particle
diameter of the nanoemulsion increased from 47.9 to 58.6,
59.5, 74.1, and 77.8 nm, respectively (Figure 4). When the
nanoemulsions were centrifuged for separation of excess
curcumin after sonication, pellets of excess curcumin could
be observed when more than 30 mg of curcumin were
added, in a manner depending on the amount applied. The
particle size distributions had a single peak each, with the
polydispersity indices ranging from 0.22 to 0.51 (Figure 5).

When all lipid nanoemulsions were examined for % IE
after centrifugation, we found that % IE decreased depending
on the amount of curcumin applied (Figure 6). However,
the % IEs at 15 and 30 mg were not significantly different.
Moreover, the color of the curcumin lipid nanoemulsion
exhibited no difference when more than 30 mg of curcumin-
was applied, suggesting a similar concentration of curcumin.
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Figure 5: Particle size distributions of curcumin-loaded lipid nanoemulsions in formulations 1(a), 5(b) to 8(e).

3.4. Physical Stability Study. The time course-dependent
change in the mean particle diameter of the lipid nanoemul-
sions prepared with 15, 30, and 60 mg of curcumin during
storage at 4◦C for 60 days is presented in Figure 7. The mean
particle diameters at day 60 were 54.9, 58.2, and 56.8 nm,
corresponding to 15, 30, and 60 mg of curcumin applied.
No significant changes due to dispersion instability were
observed.

3.5. Effect of Curcumin-Loaded Nanoemulsionon Cytotox-
icity. By using curcumin-loaded nanoemulsion prepared
with formulation 5 (Table 1), the cytotoxic effects of the
nanoemulsion at various concentrations (0–67.86 μM or 0–
25 μg/mL) on B16F10, K562, Molt4, U937, and HL-60 cell
lines for 48 h by MTT assay were investigated. The results
are shown in Figure 8. Cucumin-loaded nanoemulsion is
capable of inhibiting cell growth of all cell lines. The
IC50 values (mean ± SE) of cucumin-loaded nanoemulsion
treatment were 22.2± 0.6, 53.7± 0.23, 30.3± 4.4, 35.8± 1.7,

and 23.5± 1.1, respectively, whereas the curcumin treatment
were 3.5 ± 0.5, 38.7 ± 2.0, 14.4 ± 2.3, 30.1 ± 0.9, and 15.7 ±
1.6μM, respectively (Table 2). The IC50 value of curcumin-
loaded nanoemulsion is significantly different when com-
pared to curcumin treatment in B16F10 cells (P < 0.05).
However, four leukemic cell lines did not show different
inhibitory effect between curcumin-loaded nanoemulsion
and curcumin treatments. The nanoemulsion control did not
show any different cytotoxic effect on all cancer cells (IC50

values > 67.86 μM).

3.6. In Vitro Release Kinetics of Curcumin-Loaded Nanoemul-
sion. The release kinetics of curcumin-loaded nanoemulsion
prepared with formulation 5 (Table 1) demonstrated approx-
imately a 25% release of curcumin from the nanoemulsion
at 72 h, when dispersed in 25% human serum containing-
phosphate buffer saline at pH 7.4 (Figure 9). However, the
release kinetics in phosphate buffer saline was 1.4% at
72 h.
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Table 2: IC50 values (μM) of curcumin and curcumin-loaded nanoemulsion on B16F10, K562, Molt4, U937, and HL-60 cell lines.

Treatment
IC50 (μM)

B16F10 K562 Molt4 U937 HL-60

Curcumin 3.5± 0.5 38.7± 2.0 14.4± 2.3 30.1± 0.9 15.7± 1.6

Curcumin-loaded
nanoemulsion

22.2± 0.6∗ 53.7± 0.23 30.3± 4.4 35.8± 1.7 23.5± 1.1

Nanoemulsion control >67.9 >67.9 >67.9 >67.9 >67.9

Each value denotes the mean ± SE of three independent experiments (n = 3).
∗Significantly different from the curcumin (P < 0.05).
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incorporation efficiency (% IE) in formulations 1, 5 to 8. Data are
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tions 1, 5, and 6 during storage at 4◦C for 60 days. Curcumin applied
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4. Discussion

The criteria for designing curcumin-containing lipid nanoe-
mulsions for cancer therapy were as follows: the particle
diameter of the emulsion had to be smaller than 100 nm
(50–90 nm); the curcumin content had to be as high as
possible; the surface of the emulsions had to be modified
with hydrophilic moieties to allow prolonged circulation in
the blood.

Curcumin is a lipophilic molecule and exists in its
enol-tautomer form (Figure 1). It exhibits limited solu-
bility in water, slight solubility in methanol, and good
solubility in DMSO and chloroform [34]. To overcome
its limited water solubility, a number of new approaches
have been investigated to deliver curcumin effectively by
using lipid-based nanoparticulate carriers such as liposome
encapsulation [35, 36]. The formulation of the curcumin
lipid nanoemulsion in this study was modified from the
one used for the preparation of gadolinium-containing
emulsions in the previous studies [32, 33]. The main
components of those emulsions were soybean oil, water,
Gd-diethylenetriaminepentaacetic acid-distearylamine (Gd-
DTPA-SA, a highly lipophilic compound), and HEPC. HCO-
60 was used as an effective co-surfactant, which could
reduce the particle size and also enrich gadolinium in the
nanoemulsion. Moreover, Tween 80 was also one of the
effective co-surfactants to reduce the particle diameter to
52.7 nm in gadolinium-containing nanoemulsions, whereas
it increased the particle diameter with increasing amounts
of Gd-DTPA-SA in the nanoemulsion. Thus, this experiment
was designed to study the effect of both HCO-60 and
Tween 80 on particle size reduction and physical stability
to identify the appropriate co-surfactant for curcumin lipid
nanoemulsions.

A good emulsion was obtained in the preliminary
experiments with HEPC. Hence, HEPC was selected as
an emulsifier for curcumin-containing lipid nanoemulsions
(Table 1). Then, the formulation and preparation conditions
were optimized by changing the co-surfactant type, soni-
cation time, and oil type. In order to evaluate the effect
of co-surfactant and sonication time on the mean particle
diameter of the lipid nanoemulsions, a series of samples were
prepared with HCO-60 or Tween 80 as co-surfactant and
soybean oil as oil component by increasing the sonication
time at 15 mg of the initial curcumin loading (formulations
1 to 4, Table 1). The nanoemulsions were prepared at an
HEPC-to-co-surfactant weight ratio of 1 : 1.5. Thus, the
outer monolayer of the oil core in the lipid nanoemulsions
would be composed of a HEPC-to-HCO-60 molar ratio of
7.6 : 2.4 or an HEPC-to-Tween 80 molar ratio of 5.4 : 4.6,
assuming that all surfactant molecules were arranged on the
interface of the oil core and water.

The sonication was effective to reduce the particle size
of the nanoemulsions. In case of the Gd-DTPA-SA emulsion
study, the particle diameter was gradually reduced by pro-
longing the sonication time [32, 33], leading to a decrease in
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Figure 8: Cytotoxicity of curcumin and curcumin-loaded nanoemulsionon B16F10, K562, Molt4, U937, and HL-60 cell lines. �: curcumin
treatment, �: curcumin-loaded nanoemulsion, �: nanoemulsion control. Data are the mean ± standard error (SE) of three independent
experiments (n = 3).

the diameter from 306 to 239 nm within 2 h. In the present
study, 30 min sonication could rapidly decrease the particle
diameter of the lipid nanoemulsions (Figure 2).

In this study, Tween 80 and HCO-60 were selected
because they were effective co-surfactants in terms of particle

size reduction in Gd-DTPA-SA-containing nanoemulsions
[32, 33]. The present results showed that emulsion particles
using Tween 80 were much smaller than those using HCO-
60 (Figure 2). Thus, Tween 80 was selected to be the co-
surfactant in our further studies. Nevertheless, both Tween
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80 and HCO-60 have been commonly used as stabilizers in
commercially available lipid emulsion preparations for a long
period of time [37, 38]. Thus, they can possibly be used
as co-surfactants in curcumin nanoemulsions because they
provided the curcumin emulsions with a particle diameter
small enough for long-term circulation in the blood and also
to extravasate through blood capillaries in tumors.

Soybean oil and lecithin obtained from soybean were
examined as oil components. Both oil types have been widely
used as a model system for lipid emulsion studies and are
generally used for commercially available fat emulsions. In
general, the formula of intralipid was made of 10–30% w/w
soybean oil and 1.2% w/w lecithin. Lecithin also comes
from soybean oil products. The amount of phospholipids
in soybean oil and lecithin is 1.48–3.08% and 28.9–44.1%,
respectively [39]. However, the viscosities of soybean oil
and lecithin are 69 mPa·s and 10000 mPa·s, respectively,
at 24◦C. In this study, the curcumin nanoemulsion with
soybean oil showed smaller particle diameters than that with
lecithin (Figure 3(a)). This difference in the particle diameter
can be attributed to the lower viscosity of soybean oil: it
can allow breakup of the oil droplets readily by the sonic
wave generated from the ultrasonication treatment and thus
possibly allow to form the smaller-sized nanoemulsion [32].

The % IE of the curcumin lipid nanoemulsion was mark-
edly decreased by the increasing total amount of curcumin
applied (Figure 6), thereby implying that there were excess
amounts of free curcumin after the emulsifying process. This
result indicated that the lipid nanoemulsions were limited
in their capacity to incorporate curcumin. Compared to the
loading amount of curcumin in liposomes in the previous
report [25], our formulation exhibited an 8-fold higher load-
ing amount of curcumin.

According to solubility test based on formulation 5
(Table 1), the value of solubility of curcumin in 30 mL of
Tween 80-HEPC (0.375 g and 0.250 g in 30 mL distilled
water) aqueous solution was 20.5 ± 1.4 mg while that in

HEPC

Cosurfactant

Soybean oil

Polyoxyethylene unit

Lipid monolayer

Curcumin

Figure 10: Schematic drawing of the particle structure of the
curcumin-loaded lipid nanoemulsion.

1 mL of soybean oil was confirmed to be 2.4 mg. Thus, it
would be reasonable to consider that curcumin could be well
solubilized in part of surfactant-phospholipid layer of the
nanoemulsion rather than in soybean oil core particles. As
shown in Figure 6, the amounts of curcumin incorporated
in the emulsions prepared with formulations 5 to 8 were
calculated as 27.7, 22.7, 27.6, and 26.4 mg for 30, 60, 120,
and 240 mg of curcumin applied, respectively. These values
agreed well with the value estimated from the solubility data
(22.9 mg in total), suggesting that approximately 90% of
curcumin incorporated in the emulsion might exist in the
surface phospholipid-surfactant monolayer of the oil core
particles. This might allow us to draw a possible structural
scheme of the lipid nanoemulsion incorporating curcumin
(Figure 10).

The anticancer properties of curcumin-loaded nanoe-
mulsion, using mouse melanoma and leukemic cell lines as
an experimental model system, and directly comparing its
activities to curcumin were investigated. As demonstrated
in Table 2, the curcumin-loaded nanoemulsion showed
cytotoxicities to all cancer cells. The IC50 values were
ranged from 22.2 to 53.7 μM. However, curcumin-loaded
nanoemulsion exhibited higher cytotoxic effects in B16F10
than those of leukemic cells and showed the significant
difference when compared to curcumin treatment. This
might be the reason of the difference in cell phenotype
that B16F10 is fibroblast cell and obtained from mouse.
The B16F10 cell itself was more sensitive to curcumin
than leukemic cell lines with the IC50 value of 3.5 μM.
There were no significant difference of curcumin-loaded
nanoemulsion and curcumin in four leukemic cell lines.
Nevertheless, curcumin-loaded nanoemulsion showed lower
cytotoxic effects on mouse melanoma and slightly lower on
human leukemic cells possibly due to the limited availability
of curcumin by slow and uncompleted release of curcumin
from the nanoemulsion particles within 24 to 72 h. The result
is in parallel to the cytotoxicity of polymeric nanoparticle-
encapsulated curcumin (nanocurcumin) in pancreatic XPA-
1 cell line with the IC50 value of ∼20 μM [24]. Inhibitory
effect of liposomal curcumin (5–10 μM) for 24–48 h on
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human prostate cancer cell lines (LNCaP and C42B) resulted
in at least 70–80% inhibition of cellular proliferation without
affecting cell viability [25]. In comparison to nanoemulsion
control, it was much less cytotoxic on cancer cells. There
was a report that showed that the surfactants themselves can
influence MTT assay [40]. However, concentration of Tween
80 in nanoemulsion of this experiment did not affect cell
cytotoxicity as shown in Figure 8. Taken together, the activity
of curcumin after incorporation into nanoemulsion seems
to be determined by the curcumin release kinetics and the
stability in activity on cancer cells.

5. Conclusions

This study showed the successful production of a curcumin
lipid nanoemulsion with small particle size at a high yield.
The curcumin lipid nanoemulsion was prepared by the thin-
layer hydration method in a bath-type sonicator. The use
of Tween 80 in the lipid nanoemulsion formulation instead
of HCO-60 used previously resulted in a small particle size.
The particle diameter of the lipid emulsion was decreased
to 47–56 nm with small polydispersity. When increasing
amounts of curcumin were added, the amount of curcumin
incorporated in the emulsion was saturated. Approximately
90% of curcumin in the nanoemulsion was estimated to be in
the surface layer of the oil core particles. Through the present
study, an appropriate formulation for producing curcumin
lipid nanoemulsions was found to be 1 mL soybean oil, 30 mg
of cucumin, 250 mg of HEPC, 375 mg of Tween 80, and
30 mL of water. This formulation resulted in a curcumin-
loaded lipid nanoemulsion stable in size for 60 days at
4◦C. The results from the cytotoxicity test provide a strong
evidence for curcumin-loaded nanoemulsion as effective
nanodelivery vehicles that present the bioavaialbility of
curcumin. Moreover, we demonstrated the noncytotoxicity
of the nanoemulsion formulation in vitro, underscoring the
potential of this nanoparticle as a carrier for hydrophobic
drugs.
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