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ABSTRACT: Curcumin exhibits potent anticancer activity via various mechanisms, but its in vivo efficacy has been hampered
by poor solubility. Nanotechnology has been employed to deliver curcumin, but most of the reported systems suffered from low
drug loading capacity and poor stability. Here, we report the development and optimization of a liposomal formulation for
curcumin (Lipo-Cur) using an automated microfluidic technology. Lipo-Cur exhibited a mean diameter of 120 nm with a low
polydispersity index (<0.2) and superior loading capacity (17 wt %) compared to other reported liposomal systems. Lipo-Cur
increased the water solubility of curcumin by 700-fold, leading to 8−20-fold increased systemic exposure compared to the
standard curcumin suspension formulation. When coadministered with cisplatin to tumor-bearing mice, Lipo-Cur augmented
the antitumor efficacy of cisplatin in multiple mouse tumor models and decreased the nephrotoxicity. This is the first report
demonstrating the dual effects of curcumin enabled by a nanoformulation in enhancing the efficacy and reducing the toxicity of
a chemo-drug in animal models under a single and low dose administration.
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1. INTRODUCTION

Curcumin belonging to the polyphenols superfamily is the
active component of turmeric, and it has been shown to
possess a wide range of pharmacological activities including
anti-inflammatory,1,2 anticancer,3 antioxidant,4,5 wound heal-
ing,6 and antimicrobial effects.7 Curcumin is classed as safe for
human use by the U.S. Food and Drug Administration8 and is
widely consumed as a condiment without any significant side
effects. For the above reasons, many researchers have studied
curcumin as an anticancer drug, a chemo-sensitizing agent, or a
chemo-protecting agent.9−14 However, these different effects of
curcumin were mostly demonstrated with various dosages and
dosing regimens,10−12,15 and a high dose, frequent admin-
istrations, and pretreatment were required (>100 mg/kg, daily
doses for 5 days) for significant activities,15 likely due to its low
bioavailability caused by poor aqueous solubility (0.4 μg/
mL).16

To overcome the solubility problem and increase the
systemic exposure, various nanotechnology-based delivery
systems have been developed for curcumin such as liposomes,
polymer-based micelles, and nanoemulsions.17−22 Among
these systems, liposomes are attractive due to their high
biocompatibility and established safety profiles. However, the
loading capacity of the reported liposomes or nanoemulsions
for hydrophobic compounds like curcumin is typically <5 wt
%.17−19 Liposomes are generally produced with the thin-film
hydration and membrane extrusion method. Although this
method has been standardized, its tedious nature sometimes
leads to inconsistent quality, especially in larger scales.
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Recently, microfluidic techniques have been introduced to
fabricate liposomes in an automated fashion.23−27 In general,
lipids dissolved in ethanol are rapidly mixed with an aqueous
phase in a microfluidic chamber, promoting their self-assembly
into liposomes. The mixing rate, solvent ratio, and reaction
temperature can be fine-tuned to obtain optimal results. This
automated process allows efficient manufacturing of liposomes
in a well-controlled manner.
In this study, we aimed to develop and optimize a new

liposomal formulation to increase the loading capacity for
curcumin using an automated microfluidic technology. We
examined multiple factors that could lead to the production of
different liposomal curcumins including lipid composition,
method of fabrication, microfluidic mixing speed, and solvent
ratio. We then characterized the optimal formulation and
compared it with the reported ones. To demonstrate the
potential utility of this liposomal curcumin, we then examined
its antitumor efficacy and effect of reducing nephrotoxicity
when combined with cisplatin in animal models. To the best of
our knowledge, this is the first report investigating both
formulation and manufacturing techniques to increase lip-
osomal loading capacity for curcumin as well as examining the
dual effects of curcumin enabled by nanotechnology in
augmenting the efficacy and reducing the side effect of an
anticancer drug in animal study under a single and low dose
administration. This report also provides the first example of
liposomal curcumin produced by microfluidics by the time the
manuscript was composed.

2. MATERIALS AND METHODS

2.1. Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Curcumin was acquired from Alfa Aesar
(Ward Hill, MA). Tween 80 was obtained from Sigma-Aldrich
(St. Louis, MO).
2.2. Cells and Animals. EMT6, a murine breast cancer cell

line, and B16F10, a murine melanoma cell line, were obtained
from the American Type Culture Collection (ATCC). The
cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum,
penicillin (100 U/mL), and streptomycin (100 μg/mL)
(Hyclone). BALB/c mice and C57BL/6 mice (6−9 weeks,
female) were purchased from Jackson Laboratories (Bar
Harbour, ME). All protocols were approved by the Animal
Care Committee of the University of British Columbia
(Vancouver, BC, Canada).
2.3. Preparation of Liposomal Curcumin (Lipo-Cur).

Lipo-Cur was prepared by microfluidics using a NanoAssemblr
Benchtop (Precision Nanosystems Inc., Vancouver, BC,
Canada) equipped with a Staggered Herringbone Micromixer.
DMPC (4.53 mg) and curcumin (1 mg) were dissolved in 0.5
mL of ethanol. This organic phase was then injected into the
right inlet of the micromixer to mix with the aqueous phase
(0.182 mg Tween 80/ml PBS) injected from the left inlet at a
total flow rate (TFR) of 17 mL/min and a volumetric flow rate
ratio (FRR) of 1:5 (organic/aqueous). Under these conditions,
the drug-to-total lipid ratio (D/L) was 1:5 (wt) and DMPC/
Tween 80 ratio was 95:5 (mol). The resulting dispersions
collected from the outlet stream were immediately incubated at
4 °C for 1 h for equilibrium. The product was then dialyzed

(MWCO 10 kDa) against PBS at room temperature for
overnight for purification.
Alternatively, Lipo-Cur was prepared using the thin-film

hydration method. Briefly, 4.54 mg of DMPC, 0.46 mg of
Tween 80, and 1 mg of curcumin were dissolved in 1−3 mL of
ethanol, which was then removed by rotary evaporator to form
a thin lipid film. The film was then hydrated with 1 mL of PBS
at 37 °C, followed by membrane extrusion (pore size 100 nm
for 20 times). Lipo-Cur was stored at 4 °C until analysis.

2.4. Characterization of Lipo-Cur. 2.4.1. Size. Particle
size and polydispersity index (PDI) of liposomes were
measured by a particle analyzer (Zetasizer Nano-ZS, Malvern
Instruments Ltd., Malvern, UK).

2.4.2. Curcumin Dose Recovery and Estimated D/L and
Loading Capacity. After dialysis, Lipo-Cur was collected and
weighed, and the final volume was calculated (density ∼1).
Lipo-Cur was diluted with DMSO and analyzed for curcumin
concentration using a fluorescence microplate reader (ex-
citation, 485 nm; emission, 535 nm; Hidex Sense, Hidex,
Turku, Finland). The recovered amount of curcumin =
measured concentration of Lipo-Cur × total volume.
Curcumin dose recovery (%) = Recovered curcumin (mg)/
initial input of curcumin (mg) × 100. Estimated D/L (wt) =
Initial input D/L × curcumin dose recovery (%). Estimated
loading capacity is calculated using the following formula:

Estimated loading capacity (%)

Recovered amount of curcumin
(Recovered amount of curcumin initial input 

amount of total lipids) 100

=
÷ +

×

2.4.3. Cryo-Transmission Electron Microscopy (Cryo-TEM).
Cryo-TEM was performed as previously described.28 Briefly,
Lipo-Cur was concentrated to a final concentration of 15−25
mg/mL of total lipid. Approximately, 3−5 μL of Lipo-Cur was
added onto a glow-discharged copper grid and plunge-frozen
using a FEI Mark IV Vitrobot (FEI, Hillsboro, OR) to generate
vitreous ice. The grid was stored in liquid nitrogen until
imaged. Prior to imaging, the grid was transferred using a
Gatan 70° cryo-tilt transfer system pre-equilibrated at −180 °C
and then inserted into an FEI LaB6 G2 transmission electron
microscope (FEI, Hillsboro, OR) operated at 200 keV under
low-dose conditions. A bottom-mount FEI Eagle 4K CCD
camera was used to capture all images. The sample was imaged
at a 55 000× magnification with a nominal under focus of 1−2
μm to enhance the contrast. Sample preparation and imaging
were performed at the UBC Bioimaging Facility (Vancouver,
BC, Canada).

2.4.4. Drug Release in Serum. Relative drug release was
conducted using the fluorescence dequenching method, as
described before.29 This well-established method to study
liposomal fluorophores, such as doxorubicin, utilizes the
liposome-encapsulated curcumin as a self-dequenching materi-
al to detect the drug in serum following release from the
liposome. Lipo-Cur was diluted with sterile PBS to adjust the
Cur concentration to 90 μg/mL, then mixed 1:1 (v/v) with
FBS (fetal bovine serum, Gibco Laboratories, Gaithersburg,
MD) and incubated at 37 °C. After 10 and 20 min as well as 1,
2, 4, and 24 h, a sample (10 μL) was collected and diluted with
PBS (155 μL). This mixture (150 μL) was transferred to a 96-
well plate, and immediately the fluorescence was detected
using a microplate reader (excitation, 485 nm; emission, 535
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nm). The drug release (%) at each time point was calculated
using the equation below, where Ft denotes the fluorescence at
the selected time point, F0 is the fluorescence at time 0, and
F100 is the fluorescence of sample (10 μL) mixed with aqueous
Triton-X 100 (15 μL, 10%, w/w) and then diluated with PBS
(140 μL):

F F F FDrug release (%) ( )/( ) 100t 0 100 0= − − ×

2.5. Animal Studies. Female BALB/c and C57/BL6 mice
(18−20 g) were purchased from The Jackson Laboratory (Bar
Harbor, ME). All in vivo studies were conducted in accordance
with the established experimental protocols approved by the
Animal Care Committee of the University of British Columbia
(Vancouver, BC, Canada).
2.6. Pharmacokinetic (PK) Study of Curcumin

Formulations. Female C57BL6 mice (7−8 weeks old)
received an i.v. or oral dose of Lipo-Cur or a curcumin
suspension (in 0.25% carboxymethylcellulose) at 20 mg/kg.
The widely used curcumin suspension formulation was
adopted from the literature15,30 as a reference to compare
the PK with our innovative Lipo-Cur. Plasma (30 μL) was
collected from the mice at 1, 15, 30, 60, and 180 min, then
mixed with 90 μL of acetonitrile, and centrifuged at 5000 rpm
at 4 °C for 5 min. Fluorescence of the supernatant was
measured by using a plate reader (excitation, 485 nm;
emission, 535 nm), and the fluorescence intensity was
compared to a standard curve (0−10 μg/mL) to obtain the
curcumin concentration. PK parameters of Lipo-Cur including
Tmax, Cmax, and elimination half-life were obtained by fitting the
data with the Phoenix WinNonlin software (Princeton, NJ).
Area under the curve (AUC) was calculated using the
trapezoidal rule.

2.7. Efficacy against Tumor Models of EMT6 and
B16F10. EMT6 or B16F10 cells (2 × 105 cells) were s.c.
inoculated into the shaved right lateral flank of female BALB/c
or C57BL6 mice, respectively. When tumors reached the size
of 50 mm3 (B16F10) or 150 mm3 (EMT6), the mice were
treated with either saline (i.p.), cisplatin (CDDP) alone (15
mg CDDP/kg, i.p.), Lipo-Cur alone (20 mg curcumin/kg, i.v.)
or a combination of CDDP and Lipo-Cur. For the
combination, CDDP (15 mg CDDP/kg, i.p.) was administered
first, immediately followed by i.v. Lipo-Cur alone (20 mg
curcumin/kg). Tumor size was monitored using a caliper.

2.8. Protective Effect against CDDP-Induced Neph-
rotoxicity. BALB/c mice were treated with either saline (i.p.),
CDDP alone (15 mg CDDP/kg, i.p.), Lipo-Cur alone (20 mg
curcumin/kg, i.v.), or CDDP + Lipo-Cur. Three days later,
serum was sampled from the mice, followed by animal
euthanasia and kidney collection. The dose-limiting toxicity
of CDDP is nephrotoxicity. Therefore, to examine the kidney
toxicity from the treatments, the serum samples were analyzed
for blood urea nitrogen (BUN) (UBC Centre for Comparative
Medicine), and the kidney samples were fixed in 10% formalin,
followed by paraffin tissue section and hematoxylin/eosin
staining for histological analysis. The tissue histology was
analyzed by a certified animal pathologist at the UBC Centre
for Comparative Medicine.

2.9. Statistical Analysis. All data are expressed as mean ±
SD. Statistical analysis was conducted with the two-tailed
unpaired t test for two group comparison or one-way ANOVA,
followed by the Tukey multiple comparison tests by GraphPad
Prism (for three or more groups). A difference with p < 0.05
was considered to be statistically significant.

Figure 1. Size distribution profiles (A) and appearance after 1 day storage (B) of different liposomal curcumin formulations. Arrow indicates
precipitations.
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3. RESULTS AND DISCUSSION
3.1. Optimization of Liposomal Curcumin.

3.1.1. DMPC/Tween 80 Ratio. To initiate the formulation
development process, we fixed the microfluidic conditions
(total flow rate = 17 mL/min; organic/aqueous phase ratio =
1:5) and focused on investigating the optimal lipid
composition. We first attempted to formulate curcumin in
DMPC only liposomes, but multiple-peak distribution of size
was found (Figure 1A) with a large PDI of 0.276 (Table 1).

Including 5−20 mol % Tween 80 in the lipid formulation
produced particles with single-peak size distribution and a
narrow PDI (<0.2). Our data also showed a trend of increasing
particle size with increasing Tween 80 content: liposomal
formulations containing 5, 20, and 50 mol % of Tween 80
exhibited an increase of ∼120 nm, ∼170 nm, and ∼350 nm in
particle size, respectively. After 1 day storage at 4 °C,
formulations containing 10 mol % or more Tween 80
displayed yellow precipitates (Figure 1B), which suggested
instability. The 95:5 formulation, on the other hand, remained
stable without any change in particle size and PDI after 3

weeks of storage. Tween 80 is a water-soluble surfactant and is
composed of a linear acyl chain as the hydrophobic component
and three blocks of PEG chains connected through a
tetrahydrofuran group as the hydrophilic head. When presents
in a low quantity, Tween 80 intercalates into the lipid bilayer,
granting PEGylation to the liposomal surface to reduce fusion
of liposomes and improve the stability. However, Tween 80 as
a detergent disrupts the lipid bilayer when present in a high
concentration. Our results showed that 5 mol % of Tween 80
appeared to be optimal. This observation was consistent with
the report from Israelachvili et al.,31,32 who introduced terms of
“vesicle solubilization” and “packing parameter” to explain the
mechanism how a surfactant could solubilize phospholipids. In
short, the structures of a surfactant and a phospholipid are
different, and thus, their packing parameters are different
(<0.33 and ∼1, respectively). The differences drive their
packing in water either into a micellar or a bilayer
conformation. When these two molecules are mixed, the
overall packing parameter is decreased, favoring the formation
of a micellar structure.33,34 Therefore, at a high ratio of Tween
80/PC, the resulting vesicles could be in the micellar form that
displays a low capacity for curcumin loading. A ratio between
PC and Tween 80 at 95:5 (mol) was selected for the following
studies.

3.1.2. Acyl Chain Length of Phospholipid. At a fixed PC/
Tween 80 ratio of 95:5 (mol) and a fixed initial D/L ratio of
1:5 (wt), we then examined how the acyl chain length of PC
affected the resulting liposomal formulation for curcumin.
Three PCs containing different acyl chain lengths were used
and compared including DMPC (C14), DPPC (C16), and
DSPC (C18). As shown in Figure 2A, curcumin formulations
prepared with DPPC and DSPC displayed significant
aggregation with a large diameter (>3000 nm) and PDI
(>0.8), and only the DMPC formulation could incorporate

Table 1. Size and PDI of Various Liposomal Curcumin
Formulationsa

lipid ratio [DMPC/Tween 80 (mol)] size (nm) PDI

100:0 148.4 ± 31.2 0.276 ± 0.125
95:5 117.1 ± 4.57 0.120 ± 0.005
90:10 154.6 ± 23.0 0.073 ± 0.025
80:20 168.8 ± 5.26 0.166 ± 0.045
70:30 264.2 ± 154.1 0.334 ± 0.148
50:50 349.5 ± 168.8 0.465 ± 0.110

aData = mean ± S.D (n = 3).

Figure 2. Effects of the acyl chain length of PC and curcumin on the average size, PDI, and size distribution of the resulting nanoparticles. Average
size and PDI of different liposomal formulations with (A) or without (B) curcumin. Data = mean ± SD (n = 3). Size distribution profiles of
DMPC/Tween 80 (95/5) liposomes with (C) or without (D) curcumin.
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curcumin in nanoparticles (∼120 nm) with a narrow size
distribution. Interestingly, when empty liposomes were
prepared using the composition of PC/Tween 80 (95:5,
mol), all three formulations displayed a large size (300−2000
nm with a high PDI of >0.3, Figure 2B). In particular,
curcumin-containing liposomes composed of DMPC/Tween
80 (95:5) displayed a mean diameter of 120 nm with a single
peak size distribution, while the empty DMPC/Tween 80
liposomes exhibited a larger size (∼300 nm) with multiple
peaks in the size distribution profile (Figure 2C,D). The data
suggest that curcumin could interact with the DMPC/Tween
80 bilayer and stabilize the formulation to yield drug-
containing particles with a decreased size and improved
uniformity. On the other hand, when curcumin was loaded
within the DPPC/Tween 80 composition, the formulation
aggregation was promoted (i.e., size increased from ∼500 nm
to 3000 nm). The DSPC/Tween 80 particles with or without
curcumin displayed large aggregates (>2000 nm). It was
reported previously that curcumin affected the function of
membrane proteins by modifying the thickness and the elastic
property of the host lipid bilayer35 and acting like cholesterol
with a significant impact on the membrane stability.36,37 The
study performed by Ali et al.38 demonstrated that the lipid
bilayer composed of a longer chain phospholipid displayed
increased packing due to the enhanced interaction between the
long acyl chains compared to the bilayer prepared with a
shorter chain lipid. In other words, liposomal bilayer consisting
of DMPC would exhibit increased flexibility to accommodate
curcumin compared to that composed of DPPC or DSPC, and
the increased curcumin-DMPC interaction led to a stabilized
formulation.
3.1.3. Microfluidic Conditions. We then pursued to

optimize the microfluidic conditions to produce optimal
curcumin nanoparticles using the DMPC/Tween 80 for-
mulation. We conducted studies investigating the effect of
changing the total flow rate and flow ratio on the physical
characteristics (size and PDI) of the prepared liposomal
curcumin. We tested three different total flow rates, 17 mL/
min, 11 mL/min, and 5 mL/min, and three flow ratios
(solvent/aqueous), 1:5, 1:3, and 1:1. It is noted that the D/L
ratio and the final drug concentrations were fixed for each run.
As shown in Table 2, regardless of the total flow rate, when the
ratio of organic (ethanol) to aqueous (PBS) phase was
decreased (from 1:1 to 1:3 to 1:5), both size and PDI of the
resulting formulations decreased. At the highest flow ratio
(1:1), the liposomal size ranged between 532 and 767 nm, and
the PDI was >0.65. When the flow ratio was decreased to 1:3,

the particle size decreased to approximately 220 nm with a PDI
of ∼0.25. A final decrease of the flow ratio to 1:5 yielded even
smaller liposomes with a mean diameter of ∼125 nm and a
PDI of ∼0.1. The total flow rate, on the other hand, was not a
critical parameter determining the particle size and PDI. The
results were consistent with the previous reports.23,24 At a high
organic to aqueous ratio (1:1), the final ethanol concentration
in the liposomal product was high (50%). Liposomes might
not be properly formed in the presence of such a high
concentration of ethanol and therefore displayed significant
aggregation after dialysis. In contrast, at a low ratio of organic
to aqueous flow (1:5), the amount of the organic solvent in the
mixture was reduced to <20%, which allowed improved
hydrophobic interaction among the lipids to form liposomes
with enhanced stability. From the above data, we concluded
that the optimal flow ratio was 1:5 (organic/water). Since a
high total flow rate increased the efficiency of particle
production, we then produced the optimized liposomal
curcumin formulation (Lipo-Cur) under the following
conditions: total flow rate 17 mL/min; flow ratio 1:5;
formulation DMPC/Tween 80, 95:5.

3.1.4. Microfluidics versus Thin-Film Hydration. We also
compared Lipo-Cur prepared with the microfluidic technology
and the traditional thin-film hydration method. Although the
products fabricated with these two techniques were com-
parable in size and PDI in the beginning, Lipo-Cur produced
using the thin-film hydration method started to aggregate 1 day
after storage at 4 °C, while that prepared with the microfluidics
remained stable for 3 weeks (Figure 3). The data suggest that
the preparation method affected curcumin and Tween 80
interaction with DMPC during bilayer formation, which
influenced the product stability. During the microfluidic
process, rapid mixing of the lipid/ethanol solution with the
aqueous buffer resulted in a rapid increase in the polarity of the
medium, which caused the solution to quickly achieve a state
of high supersaturation of both curcumin and lipid monomers
throughout the entire mixing volume,39 leading to rapid and
homogeneous nucleation of nanoparticles. It had been
reported that these nucleation events were much faster
compared to the time-scale for particle formation/aggrega-
tion.39,40 Therefore, it is suggested that by using microfluidics,
curcumin and DMPC could bind more rapidly and efficiently,
which in turn might help distribute curcumin within the lipid
bilayer more homogeneously. It is understood that small
hydrophobic molecules like curcumin can occupy space left by
defects in the packing of DMPC, leading to improved stability.
Tween 80, being the most soluble component in the polar
environment, experiences a lower driving force to assemble
with the nascent liposome. Hence, we postulate that DMPC
and curcumin are readily available to form the core of the
nascent bilayer, and Tween 80 intercalates later and thus
interacts mostly with the surface of the bilayer. On the other
hand, in the case of thin film hydration, all of the components
are well mixed in a low polarity environment prior to lipid cake
formation, which allows more homogeneous distribution of
Tween 80 among the other components. In this case, there is a
greater opportunity for interaction between Tween 80 and
curcumin, which could compete with curcumin−DMPC
interactions that play an important role in bilayer stability.
Additionally, during the microfluidic processes, the temper-
ature was never raised above the phase transition temperature
of DMPC (24 °C) so that Tween 80 at the surface would have
a limited opportunity to diffuse into the bilayer where it could

Table 2. Effects of Flow Rate Ratio and Total Flow Rate on
Size and PDI of Liposomal Curcumina

flow rate solvent to aqueous ratio size (nm) PDI

5 mL/min 1:1 532.2 ± 158.6 0.670 ± 0.09
1:3 216.6 ± 23.5 0.230 ± 0.04
1:5 126.9 ± 13.0 0.076 ± 0.03

11 mL/min 1:1 767.7 ± 277.6 0.680 ± 0.10
1:3 241.1 ± 52.8 0.270 ± 0.05
1:5 129.2 ± 4.4 0.126 ± 0.03

17 mL/min 1:1 687.8 ± 201.7 0.664 ± 0.10
1:3 219.7 ± 5.6 0.234 ± 0.02
1:5 124.7 ± 4.2 0.100 ± 0.02

aData = mean ± SD, n = 3.
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compete with DMPC in interacting with curcumin. To the best
of our knowledge, this was the first example of using
microfluidics to prepare a liposomal formulation for curcumin.
Microfluidics has only been employed to formulate curcumin
in PLGA nanoparticles41,42 and to fabricate liposomes for the
delivery of other drugs.23−25

3.2. Characterization of Optimal Lipo-Cur. As shown in
Table 3, the optimal Lipo-Cur prepared with the microfluidics
exhibited a size of 116.4 ± 5.48 nm with a narrow PDI
(<0.15). The dose recovery for curcumin using this liposomal
formulation was 87.7 ± 10.7%, the estimated D/L was
approximately 1:5.85, and the estimated loading capacity was
around 17 wt % (Table 3). Also, Lipo-Cur formulation
increased the water solubility of curcumin by ∼700-fold (Table
3).16 As the D/L was impressively high for a hydrophobic drug
passively loaded into liposomes, we first questioned whether
Lipo-Cur was indeed in the liposomal conformation. There-
fore, Lipo-Cur morphology was examined using cryo-TEM. As
shown in Figure 4, Lipo-Cur displayed a standard small
unilamellar vesicular structure of liposomes. It has been
reported by many groups that the loading capacity of a typical
liposomal formulation for a wide range of hydrophobic drugs is

normally <5 wt %.17,18,43 With the data support from Figure 2
and the earlier discussion in Section 3.1.2, it is speculated that
curcumin could be incorporated between the lipids in the
DMPC/Tween 80 membrane, achieving high drug loading and
stabilizing the liposomal formulation, similar functions as
cholesterol in standard liposomal formulations.44 In fact, the
D/L achieved by other liposomal curcumin formulations was
between 0.025 and 0.04 (w/w),17,18 and to the best of our
knowledge, our Lipo-Cur formulation provided the highest D/
L (1:5.85 = 0.17 wt/wt). To deliver a fixed drug dose, a
liposomal formulation with an increased D/L allows
administrating a reduced dose of lipid excipients. The
advantages include significant saving on the lipids when
manufacturing the formulation and decreased concern of side
effects from the lipid excipients.45

The drug release study of Lipo-Cur was performed in serum
and displayed a rapid release profile (Figure 5). After 4 h,

approximately 50% of curcumin was released. Hydrophobic
drugs passively loaded inside the hydrophobic compartment of
nanoparticles have been shown to rapidly release in the
presence of serum.46,47 The data suggest again that curcumin
was loaded in the lipid bilayer of Lipo-Cur.

3.3. In Vivo Results. 3.3.1. Pharmacokinetics (PK).
Curcumin has been shown to regulate a few transcription
factors in cells such as STAT3, NF-κB, and PPAR-γ.48 When
incubated with tumor cells, curcumin inhibits STAT3 and NF-
κB, and upregulates PPAR-γ,12,15,49,50 resulting in antiangio-
genesis, cellular apoptosis, and sensitization of tumor cells to
chemotherapy.12,15,51 Recently, it was reported that curcumin

Figure 3. Stability of Lipo-Cur prepared by the thin-film method and the microfluidics after storage at 4 °C. Data = mean ± SD (n = 3).

Table 3. Summary of Formulation Parameters of Lipo-Cura

lipid nanoparticles size PDI
curcumin concentration

(μg/mL)
dose recovery for
curcumin (%)

estimated loading
capacity (%)

Lipo-Cur
[DMPC/Tween 80 = 95:5 (mol)]

116.4 ± 5.5 0.140 ± 0.025 278.7 ± 40.4 87.7 ± 10.7 17.1 ± 2.1

aData = mean ± SD, n = 3-5.

Figure 4. Representative cryo-TEM image of Lipo-Cur.

Figure 5. In vitro drug release from Lipo-Cur in 50% FBS at 37 °C.
Data = mean ± SD (n = 3).
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suppressed regulatory T cells and significantly increased Th1
(helper T cell) response.52,53 Because of these mechanisms,
curcumin has been investigated as an anticancer drug.
However, its clinical application has been hampered by poor
solubility.
Curcumin is mainly formulated in an aqueous suspension or

dissolved in oil for oral or i.p. administration for animal
studies.11,15,30 As curcumin is water-insoluble, the absorption
of these standard formulations is poor, requiring frequent
administrations of a large dose to exert in vivo efficacy. Lipo-
Cur dispersed curcumin in nanosized particles, increasing the
water solubility from 0.4 to ∼280 μg/mL, which enabled both
i.v. and oral delivery with significant potential to increase the
drug exposure. To test whether Lipo-Cur displayed increased
drug exposure relative to the standard formulation, we first
examined the PK of i.v. and oral Lipo-Cur in comparison with
an oral curcumin suspension in mice. As shown in Figure 6 and

Table 4, the oral curcumin suspension was poorly absorbed
with low plasma concentrations (100−350 ng/mL) for the first
3 h after dosing, and the Cmax at 251 ng/mL was detected at 1
h post oral delivery, which indicated inefficient and slow
absorption. On the other hand, Lipo-Cur was rapidly absorbed,
achieving a > 10-fold higher Cmax (4160 ng/mL) at 0.5 h post
oral delivery. The area under the curve (AUC) of oral Lipo-
Cur was 7.8-fold higher than that of the oral curcumin
suspension, and the oral bioavailability of these two
formulations was approximately 40% and 5%, respectively.
The results indicate that Lipo-Cur was better absorbed orally
compared to the curcumin suspension, possibly due to
increased water solubility. Because Lipo-Cur was a water-
based formulation, it could also be intravenously delivered. As
shown in Figure 6, i.v. Lipo-Cur produced a high plasma
concentration right after injection (84 676 ng/mL), and the
plasma profile reached the elimination phase in 0.5 h with a
half-life of 33 min. It is noted that the elimination phase of the
plasma profile of i.v. Lipo-Cur overlapped with that of oral
Lipo-Cur, which indicated the same elimination half-life for
both routes. The data suggest that the liposomal formulation

served as a solubilizing vehicle for curcumin and had only
minor influence on the PK. The PK data of Lipo-Cur are
consistent with its rapid drug release profile in serum (Figure
5).
The PK data demonstrated that Lipo-Cur was a flexible

formulation that could be delivered by oral and i.v. with
increased drug exposure compared to the standard curcumin
suspension. We then selected the i.v. route for Lipo-Cur for the
following animal studies to ensure complete systemic
bioavailability.

3.3.2. Anticancer Efficacy and Safety. We evaluated the
antitumor activity of Lipo-Cur in two s.c. syngeneic tumor
models in mice. EMT6 murine breast tumor and B16F10
murine melanoma cells were s.c. inoculated into BALB/c and
C57BL/6 mice, respectively. After 7 to 10 days post tumor
inoculation, the mice were randomly assigned to receive an
injection of either saline, free cisplatin (CDDP), Lipo-Cur, or
combination of CDDP and Lipo-Cur. The efficacy results were
comparable in both models that Lipo-Cur and CDDP
exhibited significant and similar antitumor efficacy, and the
combination treatment displayed further enhanced effect
(Figure 7). In the EMT6 model, Lipo-Cur, CDDP, and
combination inhibited the tumor growth by 39, 46, and 77%
on day 6 relative to the control, respectively (Figure 7B). The
antitumor effect was even more significant in the B16F10
model, wherein Lipo-Cur, CDDP, and combination inhibited
the tumor growth on day 6 by 46, 63, and 74% relative to the
control, respectively (Figure 7B). The data suggest Lipo-Cur
formulation when used alone was as effective as CDDP in
inhibiting the tumor growth and augmented CDDP efficacy
when used in combination.
During this efficacy study, one BALB/C mouse in the

CDDP group reached a humane end point 3 days after
treatment, while all mice in the combination group survived.
While CDDP has been shown effective in treating a wide range
of cancers,54,55 its clinical efficacy has been hampered by
significant side effects including nephrotoxicity, ototoxicity,
and neurotoxicity. Among these adverse effects, nephrotoxicity
limits the CDDP dose that can be safely given to human
patients. It has been reported that i.p. delivered CDDP at 15
mg/kg induced evident kidney toxicity in BALB/C mice 3 days
after the drug administration.56,57 It was speculated that the
mouse reached the end point in the CDDP group due to
significant nephrotoxicity, and our data suggest that Lipo-Cur
might reduce the nephrotoxicity induced by CDDP. Therefore,
we further examined the protective effect of Lipo-Cur against
CDDP-induced kidney toxicity. The kidneys and serum were
isolated from BALB/C mice 3 days after treatment with either
saline, Lipo-Cur, CDDP, or combination of Lipo-Cur and
CDDP. The kidney histology and serum BUN level were
determined to investigate the kidney damage in each group. As
shown in Figure 8A, CDDP induced significant acute tubular
necrosis, and multiple necrotic cells and debris in the tubule
lumen were indicated by the arrows, while the kidney histology

Figure 6. Pharmacokinetics of curcumin formulations in female
C57BL6 mice. Dose = 20 mg curcumin/kg. Data = mean ± SD (n =
3).

Table 4. Pharmacokinetic Parameters of Lip-Cur and Curcumin Suspension Given by i.v. or Orala

Cmax (ng/mL) AUC (min μg/mL) Tmax (min) bioavailability (%)

Lipo-Cur [i.v.] 84 676 ± 35 232 1023.7 ± 143.8 1 100.0
Lipo-Cur [Oral] 4160 ± 962 401.4 ± 110.3 30 39.2 ± 10.2
curcumin suspension [Oral] 351 ± 86 51.4 ± 22.0 60 5.0 ± 1.8

aData = mean ± SD, n = 3.
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was normal in other groups. Serum BUN is an early marker of
kidney toxicity,58 and the level was elevated by four-fold after
CDDP therapy compared to the saline control and Lipo-Cur
(Figure 8B). When CDDP was used in combination with Lipo-
Cur, the serum BUN level was significantly reduced from 120
mg/dL to 80 mg/dL, which suggested reduced kidney toxicity.
Together, our efficacy and safety data indicated that Lipo-

Cur given at a single and low dose exhibited significant
anticancer effect when used alone, and augmented the efficacy
and suppressed the dose-limiting side effect of CDDP when
used in combination. In previous reports, curcumin needed to
be premedicated at high and frequent doses before CDDP to
enhance the efficacy and reduce the side effects.15,59 Kumar et
al.15 orally delivered a curcumin suspension at 120 mg/kg/day
for 5 consecutive days before an i.p. dose of CDDP at 7.5 mg/

kg to rats bearing breast cancer. The tumor growth inhibition
by curcumin alone, CDDP alone, and the combination was
20%, 24%, and 66%, respectively.15 The intensive pretreatment
with curcumin also reduced nephrotoxicity of CDDP. In
another study, curcumin (200 mg/kg) was orally given to rats
30 min before and 24 and 48 h after CDDP therapy at 5 mg/kg
to effectively ameliorate the kidney toxicity of CDDP.59 To the
best of our knowledge, our work disclosed the first curcumin
formulation that enhanced antitumor efficacy and reduced
toxicity of CDDP simultaneously under a single and low dose
of curcumin that was coadministered with CDDP. This
significant enhancement in efficacy is likely due to the
improved systemic exposure of Lipo-Cur as shown in Figure
6 and Table 4. If translated to the clinical setting, Lipo-Cur
may provide several advantages to improve current CDDP

Figure 7. In vivo efficacy of different treatments against EMT-6 and B16F10 tumor models. Tumor growth kinetics (A) and tumor volume (B) on
day 6. Tumor-bearing mice were injected with saline, Lipo-Cur (20 mg/kg), cisplatin (CDDP: 15 mg/kg), or combination (Lipo-Cur + CDDP) on
day 0. Data = mean ± SD (n = 5). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005.

Figure 8. Effect of Lipo-Cur on cisplatin-induced renal tubular damage. HE staining of kidneys (A). Serum BUN level (B). Mice were injected with
saline, Lipo-Cur (20 mg/kg), CDDP (15 mg/kg), or combination (Lipo-Cur + CDDP). After 3 days, kidney and serum were collected for analyses
(data = mean ± S.D, n = 3). Arrows show tubular necrosis, and the scale represents 20 μm. ∗p < 0.05.
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therapy compared to the previously reported curcumin
formulations. First, the single dose and coadministration
dosing regimen is convenient, promoting patient compli-
ance.60,61 Second, CDDP and curcumin can be coadministered
without delaying CDDP therapy. Third, both the efficacy and
safety of the therapy will be enhanced. At present, the
underlying mechanism that curcumin suppressed the CDDP-
induced kidney toxicity remains unknown. It was shown that
CDDP activated NF-κB, a transcriptional factor driving the
proinflammatory pathway in the kidneys,11,49 while curcumin is
a demonstrated inhibitor for NF-κB. Therefore, NF-κB could
be the major target for curcumin to exert its antitumor/
chemosensitizing activity and chemo-protection effect in the
tumor and kidney, respectively.

4. CONCLUSION
A liposomal curcumin formulation (Lipo-Cur) was developed
and fabricated using robust microfluidics. Both the lipid
formulation and microfluidic parameters were optimized to
produce Lipo-Cur with desirable physical properties, drug
loading efficiency, and stability. Lipo-Cur exhibited a size of
∼120 nm and a uniformed size distribution profile, provided
high loading capacity for curcumin (∼17 wt %), and a 700-fold
increase in water solubility, leading to 8−20-fold increased
AUC for the PK profile relative to the standard oral curcumin
suspension. When coinjected with CDDP at a relatively low
dose, the antitumor efficacy and safety of CDDP were both
enhanced by Lipo-Cur. The results suggest significant potential
of Lipo-Cur for improving CDDP therapy.
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