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Abstract: Liver cancer is a leading cause of cancer deaths worldwide. The combination therapy
of cytotoxic and chemosensitizing agents loaded in nanoparticles has been highlighted as an
effective treatment for different cancers. However, such studies in liver cancer remain very lim-
ited. In our study, we aim to develop a novel lipid nanoparticles loaded with doxorubicin (DOX)
(an effective drug for liver cancer) and curcumin (Cur) (a chemosensitizer) simultaneously,
and we examined the efficacy of chemotherapy in liver cancer. DOX and Cur codelivery lipid
nanoparticles (DOX/Cur-NPs) were successfully prepared using a high-pressure microfluidics
technique, showing a mean particle size of around 90 nm, a polydispersity index <0.3, and a
zeta potential <—10 mV. The encapsulation efficacy was >90% for both DOX and Cur. The
blank lipid nanoparticles were nontoxic, as determined by a cell cytotoxicity study in human
normal liver cells L02 and liver cancer cells HepG2. In vitro DOX release studies revealed
a sustained-release pattern until 48 hours in DOX/Cur-NPs. We found enhanced cytotoxicity
and decreased inhibitory concentration (IC),; in HepG2 cells and reduced cytotoxicity in L0O2
cells treated with DOX/Cur-NPs, suggesting the synergistic effects of DOX/Cur-NPs compared
with free DOX and DOX nanoparticles (NPs). The optimal weight ratio of DOX and Cur was
1:1. Annexin-V-fluorescein isothiocyanate/propidium iodide double staining showed enhanced
apoptosis in HepG2 cells treated with DOX/Cur-NPs compared with free DOX and DOX-NPs.
An in vivo experiment showed the synergistic effect of DOX/Cur-NPs compared with DOX-
NPs on liver tumor growth inhibition. Taken together, the simultaneous delivery of DOX and
Cur by DOX/Cur-NPs might be a promising treatment for liver cancer.

Keywords: doxorubicin, curcumin, codelivery, liver cancer, cytotoxicity, tumor growth

inhibition

Introduction
Liver cancer is a leading cause of cancer deaths worldwide.! Since most patients are
diagnosed at advanced stages, there is an urgent need for effective nonsurgical therapies,
such as systemic chemotherapy.? Currently, the most active single-agent drugs in liver
cancer include doxorubicin (DOX), sorafenib, 5-fluorouracil, and cisplatin. However,
the response rates are only 10% without significant impact on overall survival, which
might be caused by the toxicity and poor response due to chemoresistance.?
Combination therapy is emerging as an important strategy for a better long-term
prognosis with decreased side effects. For example, the combination of anticancer
agents targeting multiple pathways, or a combination of chemotherapy with chemosen-
sitizers has been shown to modulate different signaling pathways in cancer cells, which
is beneficial to overcome multidrug resistance (MDR), maximize the therapeutic effect,
and reduce side effects.* ¢ Compared with a multiagent combination, the combination
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of cytotoxic and chemosensitizing agents exhibited better
performance in the intracellular microenvironment, and are
thus highlighted as more effective for tumor localization and
for overcoming MDR.57

Despite the benefits of combination therapy, the nano-
particle (NP)-based targeted drug delivery (nanocarriers) has
been designed to increase drug accumulation at tumor sites
to improve permeability and retention,® pharmacokinetic
profiles, and reduce side effects.”!® Therefore, the delivery
of a chemotherapeutic agent and chemosensitizer using
nanocarriers has been suggested as a novel and promising
strategy in cancer treatment.!2

DOX, an anthracycline antibiotic, is one of the most
efficacious drugs in the treatment of liver cancer. However,
the clinical application of DOX has been severely hindered
because of its critical cardiotoxicity, narrow therapeutic
window, and the development of MDR." In some cancer
cell studies, improved MDR and increased apoptosis have
been reported with treatment of the NP-based combination
therapy of DOX and chemosensitizers (ie, TNF-related
apoptosis-inducing ligand, verapamil, Bcl-2 small interfering
[si]RNA, and P-gp siRNA)."7

Curcumin (Cur), the polyphenol constituent of the
perennial herb Curcuma longa, exhibits antioxidant, anti-
inflammatory, antiangiogenic, antimicrobial, and anticancer
activities.'® It also acts as a chemosensitizer to suppress the
overexpression of P-glycoprotein to reverse MDR in ovar-
ian adenocarcinoma cells.'”” However, its extremely low
water solubility and poor bioavailability have impeded its
clinical use.?

To date, several studies have demonstrated the enhanced
anticancer efficacy of the codelivery of DOX and Cur in
nanocarriers, including polymeric NPs?'% and liposomes?
in chronic myelogenous leukemia, lung, and breast cancers.
However, no study has been performed in liver cancer.
Moreover, the cytotoxicity of polymers, unsuitable drug
release, and unavailability for large-scale production restrict
the application of polymeric NPs.*® The main drawbacks of
liposomes are their instability and ability to easily leak the
loaded drug. Therefore, there is urgent need for more effec-
tive codelivery nanocarriers.

Lipid NPs have been demonstrated to successfully
deliver DOX?%?7 or Cur?®* individually in previous
studies due to good biocompatibility, high encapsula-
tion efficacy (EE), sustained drug release, excellent
stability, passive targeted delivery of anticancer drugs,
and enhanced anticancer activity. We have success-
fully developed lipid NPs to deliver triptolide®® and

podophyllotoxin®! in our previous studies. In the present
work, we aim to develop lipid NPs to deliver DOX and
Cur simultaneously, and to examine their efficacy on liver
cancer in vitro and in vivo.

Materials and methods

Materials

DOX hydrochloride was purchased from Beijing Huafeng
United Technology Co., Ltd. (Beijing, People’s Republic
of China). Cur was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, People’s Republic of China).
Glyceryl distearate (Precirol ATO 5%) and medium-chain
triglycerides (Labrafac™ Lipophile WL 1349) were kindly
provided by Gattefossé (Genas, France). Polyoxyl 40
hydrogenated castor oil (Cremophor® RH 40) was obtained
from BASF SE (Ludwigshafen, Germany). Soybean
lecithin (Lipoid S75) was purchased from Lipoid GmbH
(Ludwigshafen, Germany). Dulbecco’s Modified Eagle’s
Medium (DMEM) and fetal bovine serum (FBS) were pur-
chased from Gibco® (Thermo Fisher Scientific, Waltham,
MA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT), dimethyl sulphoxide (DMSO) of
analytical reagent grade, and diethylnitrosamine (DEN) were
obtained from Sigma-Aldrich Co. (St Louis, MO, USA). Ace-
tonitrile (high-performance liquid chromatography [HPLC]
grade) was purchased from Tedia Company (Fairfield, OH,
USA). Ultrapure deionized water (Heal Force Bio-meditech
Holdings Limited, Shanghai, People’s Republic of China)
was used for all the experiments. All other reagents were of
analytical grade.

Human normal liver cells (L02) and liver cancer cells
(HepG2) were purchased from the Chinese Academy of
Sciences (Shanghai, People’s Republic of China).

Male Kunming mice (18-22 g) were purchased from
the Laboratory Animals Center of Tongji Medical College
of Huazhong University of Science and Technology
(Wuhan, People’s Republic of China). All studies on mice
were approved by the Committee on the Ethics of Animal
Experiments of the South-Central University for Nationali-
ties, Wuhan, People’s Republic of China (permit number:
2012-SCUEC-AEC-005).

Preparation of DOX/Cur-NPs

DOX hydrochloride was converted to its free base, as
described previously.*? NPs containing DOX and Cur were
formulated using a high-pressure microfluidics technique.
Briefly, the lipid phase, consisting of 300 mg of Precirol ATO
5, 100 mg of Labrafac Lipophile WL 1349, and 100 mg of
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Lipoid S75, was dissolved in ethanol and heated to 75°C.
DOX (5 mg) and Cur (5 mg) were then added to the lipid
sample. After removal of the solvent by rotary evaporation,
9.3 mL of preheated water (containing 250 mg of Cremophor
RH 40) was added gradually to the hot and molten lipid sample
and was gently magnetically stirred for 10 minutes. A coarse
oil-in-water emulsion was formed by high-speed shearing via
a Fluko® FA25 homogenizer (Fluko Equipment Shanghai Co.,
Ltd, Shanghai, People’s Republic of China) at 10,000 rpm for
30 seconds. The coarse emulsion was further homogenized
for six cycles at 1,000 bar, using M-100PCE, a high-pressure
microfluidics device (Microfluidics Corporation, Westwood,
MA, USA). The hot dispersion was cooled down at 4°C and
sterilized with a 0.45 wm cellulose acetate filter. Finally, the
obtained material was stored in brown glass vessels at 4°C.
NPs loaded with DOX (DOX-NPs), Cur (Cur-NPs), DOX
and Cur at different weight ratios (DOX/Cur-NPs), and blank
NPs were prepared using the same procedure.

Measurement of particle size and zeta

potential

Particle size and zeta potential were measured by a Zetasizer
Nano ZS90 (Malvern Instruments, Malvern, UK). Particle
size (hydrodynamic diameter, nm) and polydispersity index
(PDI) were determined by diluting 10 uL of NPs with 4 mL
of ultrapure water. To determine the zeta potential, the NPs
were diluted with ultrapure water until the conductivity of
the dilute suspension was in the range of 40-50 uS/cm. All
measurements were performed in triplicate.

Drug loading and encapsulation efficiency
The amount of DOX in DOX/Cur-NPs was determined with
a Hitachi F-4500 fluorescence spectrophotometer (emission
wavelength: 485 nm; Excitation wavelength: 590 nm; Hitachi
Ltd., Tokyo, Japan). The amount of Cur was measured with a
HPLC method using Agilent 1260 Infinity LC (Agilent Tech-
nologies, Santa Clara, CA, USA). HPLC analyses were per-
formed on a Hypersil™ ODS-2 C18 column (250 mm x4.6 mm;
5 um). The mobile phases used were: acetonitrile and 4% (V/V)
glacial acetic acid at the ratio 0f 45:55; temperature: 30°C; flow
rate: 1.0 mL/minute; injection volume: 20 uL; ultraviolet detec-
tion: 420 nm. Briefly, 10 UL of NPs were diluted with 2 mL of
methanol. The sample was mixed on a vortex for 30 seconds
and centrifuged at 8,000 rpm for 5 minutes at 4°C. The amount
of DOX or Cur in the supernatant (W1) was determined fol-
lowing the methods described earlier.

The EE of DOX or Cur was determined using the
ultrafiltration method. A total of 0.5 mL of undiluted NPs

were placed into the upper chamber of centrifugal filter
tubes (molecular weight cut-off [MWCO]: 10 kDa; EMD
Millipore, Billerica, MA, USA) and centrifuged for 30
minutes at 4,000 rpm. The amount of free DOX or Cur in
the filtered aqueous phase (W2) was determined following
the methods described earlier.

The drug loading (DL) and encapsulation efficiency (EE)
were calculated by the following equations:

DL = (W1-W2)/W x100%, (1)
EE = (W1-W2)/W1 x100%, )

where W1 was the weight of the total drug in the NPs and
W2 was the weight of the unencapsulated drug. W was the
weight of the nanocarriers.

Transmission electron microscopy (TEM)
The morphology of DOX/Cur-NPs was observed by a TEM
(3H-7000FA; Hitachi Ltd.). 100 uL of NPs were diluted with
deionized water to 2 mL and sonicated for 1 minute. TEM
samples were prepared by placing one drop of diluted NPs
on a carbon-coated copper grid (400 mesh; Beijing Xinxing
Braim Technology Co., Ltd, Beijing, People’s Republic of
China) and allowing adsorption for 10 minutes. Then, the
excess of liquid was blotted with a filter paper. After drying
naturally for 1 hour, the grid was negatively stained with
2% phosphotungstic acid for 3 minutes and allowed to dry
naturally. The dried specimen was observed with TEM at an
acceleration voltage of 75 kV.

Differential scanning calorimetry (DSC)

A diamond differential scanning calorimeter (Diamond DSC;
PerkinElmer Inc., Waltham, MA, USA) was employed to
detect thermodynamic properties of DOX/Cur-NPs. The
samples, including DOX, Cur, ATO 5, and a physical mixture
of ATO 5, DOX, and Cur (60:1:1, w/w), lyophilized blank
NPs, and lyophilized DOX/Cur-NPs (1:1) were weighted
and placed in sealed aluminum crimp cell, and heated from
30°C to 230°C at a rate of 5°C/minute.

X-ray diffraction (XRD)

The crystallographic structure of DOX, Cur, ATO 5, the
physical mixture, lyophilized blank NPs, and lyophilized DOX/
Cur-NPs (1:1) were characterized by X-ray diffraction (XRD)
(D8 Advance; Bruker Optik GmbH, Ettlingen, Germany).
Samples were exposed to Cu-Ka radiation (40 kV; 40 mA) ata
scan rate of 0.02°/second over the 26/minute range of 5°-50°.
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In vitro release studies

In vitro release patterns of DOX and Cur were evaluated by
the dialysis bag diffusion technique. A total of 1 mL of DOX-
NPs, Cur-NPs, and DOX/Cur-NPs (2:1, 1:1, 1:2, respec-
tively) were filled in dialysis bags (MWCO: 12-14 KDa)
individually. The dialysis bags were immersed in 50 mL of
PBS (0.01 M; pH 7.4) containing Tween® 80 (1%, w/v) and
ethanol (20%, v/v) at 37°C in a QY C-200 shaker incubator
(Shanghai CIMO Medical Equipment Manufacturing Co.,
Ltd, Shanghai, People’s Republic of China) at 100 rpm.
Then, 1 mL sample of the released medium was withdrawn
at 0.5 hours, 1 hour, 2 hours, 4 hours, 8 hours, 12 hours,
24 hours, and 48 hours, separately, and replaced with an
equivalent volume of fresh release medium to maintain
constant volume. The DOX and Cur content released from
different samples were analyzed. All experiments were car-
ried out in triplicate.

In vitro cytotoxicity

The cytotoxicity of blank NPs in L02 and HepG2 cells was
evaluated by MTT assay. Briefly, cells (1x10° cells/mL) were
seeded into 96-well plates in DMEM medium supplemented
with 10% FBS, and then treated with 10-75,000 pg/mL of
blank NPs or DMEM medium (control) for 48 hours. Then,
25 uL of MTT solution (5 mg/mL) was added to each well
and the plate was incubated at 37°C for 3 hours. After incuba-
tion, DMSO was added and the absorbance was measured at
570 nm using a microplate reader (Infinite® 200 PRO; Tecan
Group Ltd., Maennedorf, Switzerland). The inhibitory con-
centration (IC),, values were calculated by GraphPad Prism
5 software (GraphPad Software, Inc., La Jolla, CA, USA).

Cell growth inhibition

The growth inhibition of free DOX, a physical mixture
of DOX and Cur (DOX+Cur; 1:1), DOX-NPs, and DOX/
Cur-NPs (2:1, 1:1, 1:2, respectively) were also evaluated
by MTT assay, as described earlier. Untreated cells served
as controls.

Apoptosis analysis

Apoptosis was measured by Annexin V-fluorescein isothiocy-
anate (FITC)/propidium iodide (PI) double staining. Briefly,
HepG2 cells (1x10° cells/mL) were seeded in six-well plates
and incubated with free DOX, DOX+Cur (1:1), DOX-NPs,
and DOX/Cur-NPs (1:1) with an equivalent concentration
of DOX of 1 ug/mL for 24 hours. Then, cells were treated
with Annexin V-FITC/PI dye according to the manufacturer’s
instructions (BestBio, Shanghai, People’s Republic of China).

Cells incubated with PBS served as control. Finally, cells
were observed under fluorescence microscopy (Nikon Ti
series; Nikon Corporation, Tokyo, Japan).

In vivo tumor growth inhibition

A liver cancer model induced by DEN with modifications was
employed according to a previous study.*® Male Kunming
mice (18 to 22 g) were orally administrated the DEN solu-
tion (in sesame oil; 0.1 g/mL) at a dosage of 40 mg/kg once
aweek from 1-15 weeks. A total of 32 mice were randomly
divided into four groups. Three groups of mice were treated
with DEN for 15 weeks and then injected intravenously with
saline solution, DOX-NPs (2 mg/kg), and DOX/Cur-NPs
(1:1; equivalent to 2 mg/kg of DOX) from 16 weeks to 35
weeks, respectively. Mice without DEN treatment served
as control. All mice were sacrificed at the 36th week. Liv-
ers were collected. A part of each liver, which was used for
histopathological analysis, was fixed with 10% formalin,
dehydrated, and paraffin embedded successively. The
remaining part of the liver was stored at —80°C. The number
of tumor nodules =1 mm in diameter on the surface of the
livers, as well as the maximum nodule size (diameter, mm)
were measured.

Histopathological analysis

Histopathological analysis was performed by sectioning the
paraffin-embedded livers into slices of 5 um thickness and
stained with hematoxylin and eosin for microscopic exami-
nation (Ti50; Nikon Corporation).

Statistical analysis

One-way analysis of variance was used to determine statisti-
cal significance in terms of the cumulative release rate, cell
viability, tumor number, and maximum tumor size. The
results are expressed as means + the standard error of the
mean. P-values <0.05 were considered statistically sig-
nificant. All statistical analyses were performed using SPSS
version 19 (IBM Corporation, Armonk, NY, USA).

Results and discussion
Physical characterization of DOX/
Cur-NPs

Particle size, PDI, and zeta potential of the prepared for-
mulations detected by the Zetasizer are shown in Table 1
and Figure 1. The mean particle size for each formulation
was approximately 90 nm. The PDI of each formulation
was <0.3, indicating the homogeneous nature of the formula-
tion. Figure 1A shows a narrow particle size distribution of
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Table | Characteristics of blank and drug-loaded NPs

Formulation Size PDI Zeta potential
(nm) (mV)
Blank NPs 89.8+2.1 0.25+0.03 -23.1£2.0
Cur-NPs 90.7+3.3 0.24+0.03 —19.242.1
DOX-NPs 90.5£3.0 0.23£0.04 —14.0+2.3
DOX/Cur-NPs (2:1) 89.7+2.9 0.22+0.03 —14.1x1.5
DOX/Cur-NPs (1:1) 88.815.6 0.22+0.02 —14.3+24
DOX/Cur-NPs (1:2) 87.113.0 0.23+0.03 —14.6+34

Note: Results are expressed as the means = SEM (n=3).

Abbreviations: NPs, lipid nanoparticles; PDI, polydispersity index; Cur-NPs, curcumin-
loaded lipid nanoparticles; DOX-NPs, doxorubicin-loaded lipid nanoparticles; DOX/
Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles; SEM, standard error
of the mean; n, number.

DOX/Cur-NPs (1:1) with a span of 30-400 nm. No multi-
scattering phenomenon was observed.

As shown in Figure 1B and Table 1, all formulations
exhibit a negative charge of <—10 mV. The most likely origin
of this negative charge is the presence of the anionic-type
surfactant, soybean lecithin. Compared with blank NPs, we
observed a slow increase in the zeta potential of Cur-NPs,
which might be caused by a partial absorption of Cur on
the NPs surface and the masking of negative charges in the
surfactant. A significant increase in the zeta potential values
for DOX-loaded NPs, as compared to blank NPs, could also
be explained by the adsorption of DOX on the NPs surface.
Although DOX contains an amino group with a positive
charge, the zeta potential of DOX/Cur-NPs was slightly lower
than that of DOX-NPs. Our hypothesis is that Cur facilitated
the encapsulation of DOX in DOX/Cur-NPs, thereby mitigat-
ing the impact of DOX on surfactant negative charges.

A

14

12

10

Intensity (%)

10 100 1,000

Size (d nm)

Figure | The particle size distribution and zeta potential of DOX/Cur-NPs.
Notes: (A) Particle size distribution and (B) zeta potential.

As shown in Table 2, the loaded amount of DOX in DOX/
Cur-NPs is comparable with that in DOX-NPs. The loaded
amount of Cur in DOX/Cur-NPs is proportional to that of
DOX. These results indicate the successful preparation of
DOX/Cur-NPs.

The high EE (>99%) of Cur in each formulation (Table
2) may be related to Cur’s high affinity to lipids and low
aqueous solubility.? It is supported by the high EE when
ATO 5 isused to incorporate the lipophilic drug Itraconazole
into lipid NPs.** The high EE may also be attributed to the
massive crystal order disturbance caused by the incorpora-
tion of liquid lipid in solid lipid, resulting in a lipid matrix
with crystal lattice defects, which provides enough space to
accommodate drug molecules in the matrix.>

Similarly, we also observed high EE of DOX (>90%),
which might be related to the conversion of DOX hydro-
chloride into a less soluble free base to facilitate DOX
distribution into the oil phase.* A slightly improved EE of
DOX with the increase of Cur was detected, indicating a
promoting effect of Cur on the encapsulation of DOX. This
result verified the hypothesis in terms of the zeta potential
measurement.

The morphological study of DOX/Cur-NPs using TEM
(Figure 2) revealed that the DOX/Cur-NPs are spherical
in shape with a smooth surface and uniform particle size
(approximately 80 nm). The particle size and distribution by
TEM correlated well with the results obtained from dynamic
light scattering using a Zetasizer.

DSC was employed to investigate the thermal behavior of
crystalline DOX/Cur-NPs. DSC thermograms were recorded

» A
g, /|
£, /|
g, |
g [
LA

-100 -50 0 50 100
Zeta potential (mV)

Abbreviations: d, diameter; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles.
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Table 2 Drug loading and encapsulation efficacy

Formulation DL (%) EE (%)

DOX Cur DOX Cur
DOX-NPs 0.6%0.1 \ 93.6+2.7
Cur-NPs 1.2+0.1 99.6+0.3
DOX/Cur-NPs (2:1) 0.610.1 0.3+0.0 95.4+%1.1 99.6+0.2
DOX/Cur-NPs (1:1) 0.6£0.0 0.610.1 97.1£1.6 99.8+0.1
DOX/Cur-NPs (1:2) 0.610.1 1.2+0.1 99.5+0.2 99.7+0.2

Notes: Results are expressed as the means = SEM (n=3). / represents that the
corresponding parameter should not be determined.

Abbreviations: DL, drug loading; EE, encapsulation efficacy; DOX, doxorubicin; Cur,
curcumin; DOX-NPs, doxorubicin-loaded lipid nanoparticles; Cur-NPs, curcumin-
loaded lipid nanoparticles; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid
nanoparticles; SEM, standard error of mean; n, number.

for ATO 5; DOX; Cur; the physical mixture of ATO 5, DOX,
and Cur (60:1:1); lyophilized blank NPs; and lyophilized
DOX/Cur-NPs (Figure 3). The DSC curve of the physical
mixture showed a melting peak of DOX at 217°C and a
melting peak of Cur at 185°C. Furthermore, the presence of
DOX and Cur in bulk lipid was confirmed by the decreased
enthalpy of the physical mixture (151.17 J/g) compared
with that in ATO 5 (157.05 J/g) (Table 3). These results
indicated that DOX and Cur were not completely dissolved
in ATO 5 and, therefore, remained in a crystalline state in
the solid lipid. However, we did not observe a melting peak
of DOX and Cur in the thermogram of the lyophilized DOX/
Cur-NPs, indicating that DOX and Cur in NPs were in an
amorphous state. A melting point depression (6.42°C) and a
broadening peak (1.7-fold increase) in Precirol ATO 5 was
observed when compared with those in blank NPs, which
might be attributed to the colloidal size effect predicted

Figure 2 Transmission electron microscopy photographs of DOX/Cur-NPs.
Notes: Scale bar =500 nm; inset, scale bar =100 nm. Inset, higher magnification.
Abbreviation: DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nano-

particles.
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Figure 3 Differential scanning calorimetry curves of DOX/Cur-NPs, blank NPs,
Precirol ATO 5% DOX, Cur, and a physical mixture of Precirol ATO 5, DOX,
and Cur.
Abbreviations: Endo, endotherm; NPs, lipid nanoparticles; DOX/Cur-NPs,
doxorubicin and curcumin codelivery lipid nanoparticles; DOX, doxorubicin; Cur,
curcumin.

by the Thomson equation.?” The DSC diagrams showed a
lower enthalpy in DOX/Cur-NPs (51.32 J/g) than that in
blank NPs (61.65 J/g), suggesting that miscible liquid lipid
had an additional and greater effect with respect to colloidal
size and surfactant to promote disordered arrangement and
lattice defects.

Overlaid XRD patterns of DOX, Cur, ATO 5, the physi-
cal mixture, lyophilized blank NPs, and lyophilized DOX/
cur-NPs are shown in Figure 4. The XRD patterns of DOX
and Cur exhibited sharp peaks at scattered angles, ranging
from 15°-25° and from 8°-16°, respectively, indicating
their crystalline nature. In the physical mixture, slight dif-
fraction peaks of DOX and Cur around 16° were observed,
revealing incomplete dissolution and the existence of a
crystalline state of both drugs in bulk lipid. However, there
were no characteristic peaks for DOX and Cur in DOX/Cur-
NPs, suggesting the amorphous state of DOX and Cur in
DOX/Cur-NPs. XRD patterns of the blank NPs and DOX/
Cur-NPs were broader and much weaker than that of the
bulk lipid. It indicated that ATO 5 in the NPs was partially
recrystallized or less ordered due to the presence of liquid
lipid. This DOX/Cur-NP XRD result was in agreement
with that of DSC.

In vitro drug release profile

The in vitro release profile in Figure 5SA shows the biphasic
release of DOX-NPs and DOX/Cur-NPs (2:1, 1:1, 1:2) with
rapid release in the first 2 hours followed by sustained release
until 48 hours. The initial rapid release could be ascribed to the
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Table 3 DSC parameters

Sample Thermal Onset Melting Enthalpy (J/g) Width of the
event temperature (°C) temperature (°C) melting event (°C)

DOX Endothermic 211.95 217.18 10.52 7.71

Cur Endothermic 183.50 185.43 137.75 1.93

Precirol ATO 5® Endothermic 51.57 57.74 157.05 8.74

Physical mixture Endothermic 51.6l 57.76 I51.17 8.50

Blank NPs Endothermic 42.31 51.32 61.65 14.85

DOX/Cur-NPs Endothermic 42.12 51.10 51.32 15.54

Notes: The physical mixture represents the physical mixture of Precirol ATO 5, DOX, and Cur (60:1:1). Blank NPs and DOX/Cur-NPs were lyophilized before the test.
Abbreviations: DSC, differential scanning calorimetry; DOX, doxorubicin; Cur, curcumin; NPs, lipid nanoparticles; DOX/Cur-NPs, doxorubicin and curcumin codelivery
lipid nanoparticles.
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Figure 4 X-ray diffraction patterns of DOX/Cur-NPs, blank NPs, Precirol ATO 5%, DOX, Cur, and a physical mixture of Precirol ATO 5, DOX, and Cur.
Abbreviations: DOX, doxorubicin; Cur, curcumin; NPs, lipid nanoparticles; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles.
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Figure 5 Cumulative release profiles of DOX and Cur.
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Notes: (A) DOX; (B) Cur. The experiment was performed using the dialysis bag diffusion technique at 37°C. Results are expressed as the mean * SEM (n=3).
Abbreviations: DOX, doxorubicin; DOX-NPs, doxorubicin-loaded lipid nanoparticles; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles; Cur,
curcumin; Cur-NPs, curcumin-loaded nanoparticles; SEM, standard error of the mean; n, number.
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DOX incorporated at the surface of the lipid NPs.*® The later
sustained-release stage indicated that DOX might be stably
retained in the lipid core before being slowly released by drug
diffusion.* However, this retardation was prominent in DOX/
Cur-NPs when compared to DOX-NPs, with a concentration-
dependent release observed for Cur. Compared with that in
DOX-NPs (45.9%) at 2 hours, the drug release in DOX/Cur-
NPs at 1:1 (33.3%; P<<0.01) and 1:2 (28.1%, P<<0.01) was
significantly decreased. Similarly, the drug release in DOX/
Cur-NPs (1:2) was significantly lower when compared with that
in DOX/Cur-NPs 2:1 (39.0%; P<<0.05). The accumulated drug
release at 48 hours of DOX/Cur-NPs at 1:1 (55.7%; P<<0.05)
and 1:2 (53.5%; P<<0.05) were significantly lower than that of
DOX-NPs (64.9%). However, there was no significant differ-
ence in terms of drug release among DOX/Cur-NPs at 2:1, 1:1,
and 1:2. One possible explanation for this is that the high EE of
DOX in lipid NPs may contribute to decreased burst release and
prolonged release. The prolonged release profile of Cur without
burst release is presented in Figure SB. No significant difference
was observed in Cur release in Cur-NPs and DOX/Cur-NPs
(2:1,1:1,and 1:2) even at 48 hours (37.1%, 38.9%, 40.6%, and
43.0%, respective to the Cur release in Cur-NPs, DOX/Cur-NPs
(2:1), DOX/Cur-NPs (1:1) and DOX/Cur-NPs (1:2).

The drug release data obtained were fitted into release
kinetic models, including zero order, first order, Higuchi, and
Ritger—Peppas equations* (Table 4). The release of DOX
from DOX-NPs calculated in the Ritger—Peppas equations
was better than that calculated for others (»=0.9125 for

Ritger—Peppas; r=0.7867 for Higuchi; r=0.6649 for first
order; and r=0.6295 for zero order). Similarly, the release
of DOX from DOX/Cur-NPs (2:1, 1:1, 1:2) calculated in
Ritger—Peppas was also ascribed to higher r-values. For Cur,
the Higuchi and Ritger—Peppas models fit well according to
the higher r-values when compared with the others that are
shown in Table 4. The Int coefficient (“Int” represents the
natural logarithm of time) in the Ritger—Peppas equation
of <0.45 indicated that DOX release from NPs was due to
Fickian diffusion, while an Int coefficient between 0.45 and
0.89 indicated that the release mechanism of Cur from NPs
involved diffusion and matrix erosion.*!

In vitro cytotoxicity of blank NPs

The cytotoxicity results of blank NPs in HepG2 and L02 cells
are shown in Figure 6. We observed 99.5% cell viability in
HepG2 with treatment of blank NPs at 0.6 mg/mL (Figure
6A), and 74.5% cell viability in L02 cells with treatment of
blank NPs at 1.0 mg/mL (Figure 6B). The IC_ of blank NPs
is 3.1 mg/mL in HepG2 and 4.0 mg/mL in LO2 cells. These
results suggested that the blank NPs were nontoxic.

Cell growth inhibition of drug-loaded NPs
A concentration-dependent decrease in cell viability was
observed in HepG2 cells treated with free DOX, DOX+Cur
(1:1), DOX-NPs, and DOX/Cur-NPs (2:1, 1:1, 1:2)
(Figure 7A). Compared with free DOX, we observed higher
cell cytotoxicity in DOX-NPs and DOX/Cur-NPs (2:1, 1:1,

Table 4 The regression equation of the DOX and Cur in vitro release

Formulation Equation (r)

Zero order First order

Higuchi

Ritger-Peppas

Release of DOX
DOX-NPs

DOX/Cur-NPs (2:1)

DOX/Cur-NPs (1:1)

DOX/Cur-NPs (1:2)

Release of Cur
Cur-NPs

DOX/Cur-NPs (2:1)

DOX/Cur-NPs (I:1)

DOX/Cur-NPs (1:2)

R=0.6090t +44.162
(0.6295)
R=0.4732t +39.006
(0.6639)
R=0.5874t +32.852
(0.7070)
R=0.6645¢ +28.502
(0.7810)

R=0.7349¢ +5.3499
(0.9516)

R=0.755t +6.3187
(0.9502)
R=0.7763t +7.8127
(0.9299)
R=0.8666¢ +6.4206
(0.9399)

In(100 — R)=—0.0125t +3.9889
(0.6649)

In(100 — R)=—0.0086¢ +4.0973
(0.6927)

In(100 — R)=—0.01t +4.1941
(0.7436)

In(100 — R)=—0.01 It +4.2622
(0.8192)

In(100 — R)=—0.0093t +4.554
(0.9693)

In(100 — R)=—0.0097t +4.544
(0.9687)

In(100 — R)=—0.0102t +4.5271
(0.9540)

In(100 — R)=—0.01 | 5¢ +4.5437
(0.9636)

R=5.8220t'"? +34.823
(0.7867)
R=4.4313t"2+32.018
(0.8127)
R=5.3904t'? +24.498
(0.8481)
R=5.8858t"% +19.667
(0.9042)

R=5.8820t'% —2.5984

(0.9957)
R=6.0487t'2 —1.8635
(0.9951)
R=6.3216t"2 —0.8967
(0.9898)

R=7.0044t'? —3.1503
(0.9932)

InR=0.2102Int +3.5533
(0.9125)
InR=0.1734Int +3.4877
(0.9297)

InR=0.238Int +3.2437
(0.9389)
InR=0.2665Int +3.0962
(0.9645)

InR=0.7208Int +1.0404
(0.9916)
InR=0.6427Int +1.3243
(0.9937)

InR=0.632Int +1.4656
(0.9876)
InR=0.7743Int +1.0709
(0.9829)

Abbreviations: DOX, doxorubicin; Cur, curcumin; DOX-NPs, doxorubicin-loaded lipid nanoparticles; R, cumulative release rate (%) at time t; t, time; In, natural logarithm;
InR, natural logarithm of cumulative release rate (%) at time t; Int, natural logarithm of time; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles;
Cur-NPs, curcumin-loaded lipid nanoparticles.
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Figure 6 Cytotoxic effect of blank NPs in HepG2 cells and L02 cells.
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Notes: (A) HepG2 cells; (B) L02 cells. Cells were treated with 10-75,000 pg/mL of blank NPs for 48 hours. Cell viability was assessed by MTT assays and the results are

presented as a ratio of control.

Abbreviations: C, concentration; NPs, lipid nanoparticles; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

1:2), which was in line with previous reports.*** In HepG2
cells, the IC, of DOX was lower in DOX-NPs (1.16 pig/mL)
when compared with that of free DOX (2.74 pug/mL), and that
of DOX/Cur-NPs was lower (0.82 for 2:1; 0.42 for 1:1; 0.68
for 1:2) when compared with that of DOX+Cur (1.26 pg/mL)
(Table 5), further confirming the improved cell cytotoxicity
of DOX in NP-loaded formulations. The higher IC_ of Cur
in HepG2 cells (8.84 wg/mL) than that of DOX suggests that
Cur exhibits weaker cytotoxicity.*® However, Cur has been
demonstrated to be a potent chemosensitizer that can induce
synergistic effects with chemotherapeutic drugs against

A
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Figure 7 Cell viability of HepG2 cells and L02 cells.

different cancer cell lines.'**'?*47 In our study, DOX/Cur-NPs
(2:1, 1:1, 1:2) showed a decrease (1.4-, 2.8-, and 1.7-fold,
respectively) in IC,; when compared to that of DOX-NPs,
further confirming the synergistic effects of DOX and Cur.
Notably, DOX/Cur-NPs (1:1) displayed optimal effects on
HepG2 cells according to the lower cell viability and IC,,
compared with DOX/Cur-NPs (2:1 and 1:2).

In Figure 7B, we observed the decreased cytotoxicity of
DOX-NPs and DOX/Cur-NPs (2:1, 1:1, 1:2) when compared
with that of free DOX in LO2 cells, which might be caused
by the incomplete release of DOX. The relative low release

B
120 -
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—— DOX-NPs
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Notes: (A) HepG2 cells; (B) LO2 cells. Cells were exposed to different concentrations (0.01—400 pg/mL) of free DOX, DOX+Cur (1:1), DOX-NPs, or DOX/Cur-NPs (2:1,
1:1, 1:2) for 48 hours, respectively. Cell viability was assessed by MTT assays and the results are presented as a ratio of control.

Abbreviations: DOX, doxorubicin; DOX-NPs, doxorubicin-loaded lipid nanoparticles; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles;
C, concentration; DOX+Cur, physical mixture of doxorubicin and curcumin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

International Journal of Nanomedicine 2015:10

submit your manuscript

265

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zhao et al

Dove

Table 5 IC,  of DOX in HepG2 and L02 cells

Formulations IC,, value (ug/mL)

HepG2 cells L02 cells
Free DOX 2.74 1.00
DOX+Cur (I:1) 1.26 2.96
DOX-NPs I.16 1.07
DOX/Cur-NPs (2:1) 0.82 1.34
DOX/Cur-NPs (1:1) 0.42 1.54
DOX/Cur-NPs (1:2) 0.68 1.48

Abbreviations: IC, inhibitory concentration; DOX, doxorubicin; DOX+Cur, physical
mixture of doxorubicinand curcumin; DOX-NPs, doxorubicin-loaded lipid nanoparticles;
DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles.

of DOX (65% after 48 hours) from lipid nanoparticles may
reduce the adverse effect on L02 cells. Compared with the
IC,, of DOX in DOX-NPs, DOX/Cur-NPs (2:1, 1:1, 1:2)
showed increases (1.25-, 1.44-, and 1.38-fold, respectively),
which may also be caused by the incomplete release of DOX.
Notably, DOX/Cur-NPs (1:1) showed higher cell viability
and IC, than those of DOX/Cur-NPs (2:1) and (1:2). This
result may be ascribed to the interaction between DOX and
Cur in the NPs. Some studies indicated that the interac-
tion between the chemotherapy drug and chemosensitizer
are closely related to their ratio in nanocarriers. Ganta and
Amiji® studied the codelivery of paclitaxel and Cur with
nanoemulsion; the results showed synergistic effects on
the proliferation of SKOV3 cells at a weight ratio of 1:1.
Barui et al* reported the synergistically inhibitory effect of
DOX and Cur on the cell growth of B16F10 tumor cells and
human umbilical vein endothelial tumor cells by codelivery in
liposomes at a molar ratio of 1:5. Similar results were found
by the codelivery of DOX and Cur at the weight ratio of 1:1
and paclitaxel and tetrandrine at the molar ratio of 1:267 in
methoxy polyethylene glycol-polycaprolactone nanoparticles
(mPEG-PCL NPs).?2* Thus, the higher cell viability and
IC, of DOX/Cur-NPs (1:1) suggested that 1:1 might be the
optimal ratio of DOX and Cur in DOX/Cur-NPs.

Finally, the highest increase in cell viability and IC_ in
L02 cells of DOX+Cur indicated that the mixture may have
certain protective functions on the liver.

Apoptosis analysis

Annexin V-FITC and PI double staining was performed to
determine the apoptosis in HepG2 cells. Untreated cells
were primarily Annexin V-FITC- and PI-negative, indicating
that they were viable and not undergoing apoptosis. After
treatment with DOX/Cur-NPs (1:1), intense FITC green
in the membrane and PI red in the nucleus were observed
(Figure 8). In contrast, weak luminescence was observed
from HepG2 cells treated with PBS, free DOX, DOX+Cur,

and DOX-NPs, supporting the idea that DOX/Cur-NPs could
induce enhanced apoptosis in HepG?2 cells.

In vivo tumor growth inhibition

To explore the efficacy of DOX/Cur-NPs on liver cancer
in vivo, a well-established model induced by DEN was
employed. Results of cell growth inhibition and apoptosis
indicated that more effective efficacy was achieved by
drug-loaded lipid NPs (DOX-NPs, DOX/Cur-NPs) than by
the free base (free DOX, DOX+Cur). Thus, the efficacy of
free DOX and DOX+Cur on liver cancer in vivo was not
considered in this study. The optimal weight ratio of DOX
and Cur was 1:1 according to the cell growth inhibition
analysis; therefore, DOX/Cur-NPs (1:1) were employed for
the in vivo tumor growth inhibition analysis. Several visible
nodules appeared on the liver surface after treatment with
DEN (Figure 9A). Treatment with DOX-NPs significantly
reduced the number (Figure 9B; 4.2+0.4 to 2.4+0.5; P<<0.05)
and size (Figure 9C; diameter, 5.410.8 mm to 2.8+0.6 mm;
P<0.05) (The pairs of values in the first set of parentheses
correspond to the tumor number in saline group and DOX-
NPs group, respectively. The pairs of values in the second
set of parentheses correspond to the maximum tumor size
in saline group and DOX-NPs group, respectively) of these
nodules compared with the saline group, illustrating the
anticancer efficacy of DOX. In the DOX/Cur-NPs group, the
growth of tumor nodules was further significantly suppressed
when compared with DOX-NPs (P<0.05), indicating the
synergistic efficacy of DOX and Cur on liver cancer.

Histopathological analysis

Histopathological examination showed well differentiated
hepatocellular carcinoma of the trabecular type and severe
hepatic steatosis in the saline group (Figure 10). Treatment
with DOX-NPs reduced the differentiation of hyperplastic
nodules, but their inflammatory cell infiltration and hepato-
cyte necrosis were noted in the adjacent tissues. However,
treatment with DOX/Cur-NPs decreased the development of
tumor nodules. Meanwhile, the adjacent tissues showed near
normal architecture that was identical to the control group.
These results indicated the enhanced antitumor effect of DOX
by codelivery with Cur in lipid nanoparticles.

Conclusion

In the present study, DOX and Cur codelivery lipid NPs (DOX/
Cur-NPs) were successfully prepared using a high-pressure
microfluidics technique. The developed DOX/Cur-NPs were
nontoxic, as determined by a cell cytotoxicity study. In vitro
release studies revealed a sustained-release pattern of DOX/
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Figure 8 Annexin-V/Pl double-staining assay in HepG2 cells.

Notes: After treating with DOX, DOX+Cur (I:1), DOX-NPs, and DOX/Cur-NPs (1:1) for 24 hours, HepG2 cells were stained with Annexin V-FITC and Pl and analyzed
by fluorescence microscopy. Green: stained with Annexin V-FITC; red: stained with Pl; mixture: stained with both Annexin V-FITC and PI. Apoptotic cells were highlighted

by FITC, Pl, and their merged images. Scale bar =50 um.

Abbreviations: FITC, fluorescein isothiocyanate; Pl, propidium iodide; DOX, doxorubicin; DOX+Cur, physical mixture of doxorubicin and curcumin; DOX-NPs,
doxorubicin-loaded lipid nanoparticles; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles.

Cur-NPs when compared to DOX-NPs. Synergistic effects
of DOX/Cur-NPs compared with DOX-NPs were found, as
assessed by in vitro enhanced cytotoxicity and apoptosis in
HepG2 cells, reduced cytotoxicity in L02 cells, and in vivo
enhanced tumor growth inhibition. Our studies suggest that
the simultaneous delivery of DOX and Cur by DOX/Cur-NPs

might be a promising treatment for liver cancer.
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Figure 9 In vivo tumor growth inhibition.

Notes: (A) Representative images of livers from different treatment groups at the 36th week. The red arrow pointed to the tumor nodule. (B) Number of tumors on the
liver surface (diameter =1 mm). Five livers in each group were calculated. (C) Maximum tumor size (diameter, mm). Maximum tumor size on the surface of each liver was
measured. The results represented the mean value of the maximum tumor size in five livers from each group. The results are expressed as the mean + SEM (n=5). *P<0.05,
*#P<0.01, ¥*P<0.001, one-way ANOVA.

Abbreviations: DOX-NPs, doxorubicin-loaded lipid nanoparticles; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles; SEM, standard error of the
mean; n, number; ANOVA, analysis of variance.
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Figure 10 Histological analysis of livers from the control group, saline group, DOX-NP group, and DOX/Cur-NP group.
Notes: Histological analysis of the livers was performed by hematoxylin and eosin staining. Tumor nodules were highlighted by a red outline. Scale bar =100 pum.
Abbreviations: DOX-NPs, doxorubicin-loaded lipid nanoparticles; DOX/Cur-NPs, doxorubicin and curcumin codelivery lipid nanoparticles.
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