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The objective of this study was to construct norcantharidin (NCTD)/tetrandrine (Tet) dual-drug loaded lipid nanoparticles
(FA-LP@Tet/(MSNs@NCTD)) based on mesoporous silica nanoparticles (MSNs) for controlling drug release and lowering
their systemic toxicity. In this study, MSNs were prepared and used for encapsulating anticancer drug NCTD; then
MSNs@NCTD and Tet were loaded into liposomes to construct dual-drug loaded lipid nanoparticles with folic acid (FA)
as the targeting moiety. The prepared dual-drug loaded lipid nanoparticles with a uniform particle size distribution of
153 17 ± 4 17 nm (PDI 0 191 ± 0 017, zeta potential -20 93 ± 1 75mV), had a visible core-shell structure under transmission
electron microscopy; the encapsulation efficiency of NCTD and Tet was 86.62% and 79.19%, respectively, with obvious in vitro
sustained release characteristics. The cellular uptake results suggested that FA modification could enhance intracellular
distribution of FA-LP@Tet/(MSNs@NCTD). Furthermore, cell apoptosis assays showed FA-LP@Tet/(MSNs@NCTD) had
better antitumor ability via reversing multidrug resistance. Therefore, FA-LP@Tet/(MSNs@NCTD) was a promising drug
delivery system for combination cancer therapy.

1. Introduction

According to Global Cancer Statistics, estimated 18.1 million
new cancer cases and 9.6 million cancer-related deaths
occurred in 2018 [1]. Norcantharidin (NCTD), as the anti-
cancer agent in the world to increase white blood cells, shows
a great potential in cancer treatment. NCTD, the first drug
with strong antitumor properties synthesized by China, is
mainly used to treat tumors in the digestive tract [2, 3]. It
possesses a broad spectrum of tumor inhibition capabilities
in primary hepatic cancer [4]. However, high doses of NCTD
fail to maintain an adequate blood concentration in the body
owing to its short half-life. In vivo toxicities to the urinary
system and drug resistance also limit its applications [5].

While chemotherapy has dominated the treatment of
malignant tumors, multidrug resistance (MDR) is a main
cause of chemotherapy failure [6–8]. Tetrandrine (Tet),
which shows good biological activities, is the main active

ingredient of tetrandra. Recent studies have shown that Tet
inhibits tumor growth by reversing P-gp-mediated MDR,
mitochondrial apoptosis, and exogenous apoptosis [9–12].
Moreover, Tet could combine with various drugs to reduce
their toxicity while improving therapeutic efficacy [13]. Thus,
Tet combination with NCTD was proposed to enhance che-
motherapeutic effects.

Mesoporous silica nanoparticles (MSNs) have become
the research hotspots for their unique characteristics, includ-
ing their high specific surface area and excellent biocompat-
ibility [14, 15]. MSNs present a high loading capacity via
adsorption drugs on their surfaces and in internal pores.
The MSN pore can control the drug release process to
achieve controlled drug release [16]. MSNs and lipid vesicles
are usually dispersed in aqueous solutions, then self-assemble
to form “core-shell” lipid particles (LPs) via van der Waals
forces, hydrophobic and charge-related interactions. The
encapsulation of lipid vesicles would prevent drug leakage
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and enhance MSN biocompatibility, which depends on the
special properties of liposomes, such as long circulation
in vivo, relatively nontoxic, and passive targeting [17, 18];
LPs also exhibit strong permeability and high drug loading
capability as the MSNs for core. Especially, the study on
mesoporous silica lipid nanoparticle loading NCTD has
never been reported previously.

Folic acid (FA), also known as vitamin B1, is a natural
ligand of a folate receptor, nontoxic, weakly immunogenic,
and highly biocompatible [19, 20]. This ligand shows a good
stability that could maintain high receptor affinity under
long-term storage or blood circulation. Thus, FA is widely
used as a targeting moiety in targeted drug delivery systems.

Herein, we reported the preparation and characterization
of novel MSN-based dual-drug loaded lipid nanoparticles
(Figure 1). In this work, MSNs were prepared to load the
anticancer drug NCTD. Then, MSNs@NCTD and Tet were
loaded into liposomes to construct dual-drug loaded lipid
nanoparticles with FA as the targeting moiety. Liposomes
and MSNs are easily accumulated in the liver and endocy-
tosed by mononuclear phagocytic cells to achieve passive
liver targeting, thereby causing an increased drug distribu-
tion in the liver and a decreased drug distribution in the
kidney. The slow, continuous release of NCTD would
enhance its therapeutic efficacy and reduce in vivo toxicity.
The ability of Tet to inhibit tumor MDR also improves the
antitumor effect of NCTD. In this study, we described the
formulation, particle size, zeta potential, encapsulation effi-
ciency, in vitro release, and in vitro therapeutic efficacy in
tumor cells of the proposed MSN-based dual-drug loaded
lipid nanoparticles.

2. Materials and Methods

2.1. Materials. N-Cetyltrimethylammonium bromide
(CTAB), tetraethylorthosilicate (TEOS), thiazolyl blue tet-
razolium bromide (MTT), fluorescein isothiocyanate
(FITC), dimethyl sulfoxide (DMSO), and Hoechst 33342
were purchased from Sigma-Aldrich (USA). Ammonia

(25%) and standard Tet (98%) were supplied by Aladdin
(Shanghai, China). Standard NCTD (100%) was obtained
from China’s Food and Drug Inspection Institute. NCTD
(99.16%) and Tet (98.7%) were obtained from Guokang
Bio-technology Co. Ltd. (China). Cholesterol (CHO-HP)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) were
purchased from A.V.T. (Shanghai, China). 1,2-Distearoyl-
sn-glycero-3-phosphocholine (DSPC) was obtained from
Shanghai Xibao Biological Technology Co. Ltd. Folate
(DSPE-PEG2000-FOLATE) was purchased from Nanosoft
Polymers (US). DMEM/F-12 (1 : 1) and 0.25% Trypsin-
EDTA were supplied by Gibco (US). Fetal bovine serum
(FBS) was obtained from GEMINI (USA). Penicillin-
streptomycin was purchased from Kino (Hangzhou, China).
Methanol (chromatographic pure) was supplied by Shanghai
Lingfeng Chemical Reagents Co. Ltd.

2.2. Cell Culture. Human liver cells (LO2), human hepatic
carcinoma cells (HepG2), and human breast cancer cells
(MCF-7) were supplied by Zhejiang Chinese Medical Uni-
versity (Hangzhou, China). Human drug-resistant liver can-
cer cells (HepG2/Adr) were purchased from Shanghai Saiqi
Biological Engineering Co. Ltd. MCF-7, HepG2, LO2, and
HepG2/Adr cells were cultured in DMEM supplemented
with 100 μg/mL streptomycin, 100U/mL penicillin, and
10% volume ratio of FBS in 5% CO2 at 37

°C in an incubator.
The culture medium was changed every other day.

2.3. Synthesis of MSNs. MSNs were synthesized according to
an optimized Stöber method. Firstly, 450mg CTAB was dis-
persed into a mixed solution (anhydrous ethanol: 45mL,
ultrapure water: 300mL). Ammonia (25%) was added to this
mixture until pH = 11 5. The mixture was heated to 75°C;
2.5mL TEOS was added dropwise. The solution was stirred
vigorously for 2 h and incubated for 24h at 25°C. The precip-
itant was collected by high centrifugation (12000 rpm,
15min) and washed twice with ultrapure water and ethyl
alcohol in sequence. The sample was dried in an oven at
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Figure 1: The synthetic route of FA-LP@Tet/(MSNs@NCTD).
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60°C overnight. The dried sample was calcined in a muffle
furnace at 550°C for 6 h to remove the surfactant, and the
final white powder was obtained as MSNs.

2.4. Preparation of MSNs@NCTD. The preparation of
MSNs@NCTD referred to the method called repeated
adsorption of saturated solution. Briefly, 50mg NCTD was
dissolved in 50mL ultrapure water to prepare a 1mg/mL sat-
urated solution. Exactly 50mg of dried MSNs was added to
this solution, and vigorous stirring at 25°C for 2 h. During
stirring, the solution was sonicated for 1min every 10min.
The white precipitant was collected by high-speed centrifu-
gation (15000 rpm, 30min) and washed repeatedly with ethyl
alcohol. The sample was dried in an oven at 75°C for 2 h to
obtain a white powder. These steps were repeated seven times
to prepare the final MSNs@NCTD.

2.5. Preparation of NCTD Solution, MSN Solution, and
LP@Tet/(MSNs@NCTD). NCTD solution contains NCTD
(2mg) dissolved into PBS buffer (10mL, pH7.4), and the
solution was transferred to 15mL centrifuge tubes.

MSN solution contains MSNs (2mg) dispersed into PBS
buffer (10mL, pH7.4), and the suspension was sonicated
until a uniformly dispersed white liquid was formed; this
solution was transferred to 15mL centrifuge tubes.

LP@Tet/(MSNs@NCTD) was prepared with a thin-film
dispersion method [21]. Briefly, DSPE-PEG2000 (0.9mg),
DSPC (6.3mg), cholesterol (2.8mg), and Tet (2mg) were
dissolved into a solution (5mL dichloromethane, 10mL
anhydrous ethanol) by sonication. The organic solvent in
the solution was removed by evaporation under vacuum at
40°C until a thin lipid film is formed. PBS buffer (10mL,
pH7.4) containing 2mg of MSNs@NCTD was added for
hydration at 40°C until the formation of a dual-drug loaded
liposome suspension. The obtained suspension was sonicated
(power: 40%; time: 4min), and a uniformly dispersed colloi-
dal solution was obtained.

2.6. Preparation of FA-LP@Tet/(MSNs@NCTD). FA-
LP@Tet/(MSNs@NCTD) was prepared with the thin-film
dispersion method. Briefly, FA-DSPE-PEG2000 (0.18mg),
PEG2000 (0.72mg), DSPC (6.3mg), CHO-HP (2.8mg),
and Tet (2mg) were dissolved into a solution (5mL dichloro-
methane, 10mL anhydrous ethanol) by ultrasound. Then,
FA-LP@Tet/(MSNs@NCTD) was prepared by repeating the
lipid encapsulation steps mentioned above.

2.7. Synthesis of FITC-Labeled Nanoparticles.MSNs (200mg)
were dispersed into 100mL ethanol. Then, 0.5mL ultrapure
water and 0.5mL APTES were added to the mixture in suc-
cession before stirring at 45°C for 8 h. The prepared MSNs-
NH2 was collected by centrifugation (13000 rpm, 30min)
and washed with ethanol thrice. Afterwards, 25mg MSNs-
NH2 was dispersed into 5.0mL DMF and stirred with
1.0mg FITC in the dark for 12 h under room temperature.
The FITC-labeled MSNs-NH2 (MSNs-FITC) was obtained
by centrifugation (15000 rpm, 10min) and eluted with etha-
nol. LP-MSNs-FITC and FA-LP-MSNs-FITC were prepared
by repeating the lipid encapsulation steps.

2.8. Characterizations of MSNs, MSNs@NCTD,
LP@Tet/(MSNs@NCTD), and FA-LP@Tet/(MSNs@NCTD).
The particle sizes, polydispersity index, and zeta potentials
of MSNs, MSNs@NCTD, LP@Tet/(MSNs@NCTD), and
FA-LP@Tet/(MSNs@NCTD) were measured by dynamic
light scattering measurements using a Zetasizer Nano Series
system (Nano-ZS90, Malvern Instruments Ltd., Malvern,
United Kingdom). Morphologies of the nanoparticles were
observed by transmission electron microscopy (TEM, H-
7650, Hitachi, Japan), and their surface areas and pore size
distributions were characterized via the Barrett–Joyner–
Halenda and Brunauer–Emmett–Teller methods, separately.
A dispersion stability test was performed by dispersing
5mg/mL of MSNs, LP-MSNs, and FA-LP-MSNs in PBS solu-
tions and determined the particle sizes of each nanoparticle
for 14 days. Meanwhile, the Tyndall phenomenon was
observed. The drug loading (DL) capabilities of NCTD and
Tet were detected via HPLC using an Agilent-C18 column
(5 μm in 4 6 × 250mm, Agilent, USA).

2.9. Drug Loading Amount of MSNs@NCTD. Briefly, 2mg
MSNs@NCTD was dispersed into 5mL ultrapure water and
ultrasonicated for 10min until all of the NCTD was released
from it. The NCTD concentration in the supernatant was
determined by HPLC (chromatographic column: Agilent-
C18 (5 μm in 4 6 × 250mm); mobile phase: 0.025mol/L;
KH2PO4 :methanol = 85 : 15, adjusted to pH3.0 by the
addition of phosphoric acid; flow rate: 1.0mL/min; column
temperature: 30°C; detection volume: 20mL; detection
wavelength: 210 nm). The linear range, precision, and
recovery of the methods were then evaluated.

The DL amount of MSNs@NCTD was calculated
as follows:

DL =
CNCTD ×V supernatant

WMSNs NCTD
× 100%, 1

where CNCTD represents the NCTD concentration in the
supernatant, V supernatant is the volume of the supernatant,
and WMSNs NCTD is the theoretical amount of the
MSNs@NCTD added.

2.10. Drug Entrapment Efficiency (EE) of FA-
LP@Tet/(MSNs@NCTD). Briefly, FA-LP@Tet/(MSNs@NCTD)
was ultracentrifuged (13000 rpm, 20min) in a TGL-16G
high-speed tabletop centrifuge (Shanghai, China). The
supernatant was collected; the NCTD and Tet concentra-
tions in the supernatant were measured by HPLC. The
HPLC method for detecting NCTD was identical to that
described above. To detect Tet, the following HPLC con-
ditions were applied: chromatographic column—Agilent-
C18 (5 μm in 4.6× 250mm); mobile phase—methano-
l : ultrapure water = 80 : 20; flow rate—1.0mL/min; column
temperature—25°C; detection volume—20mL; and detec-
tion wavelength—282 nm. FA-LP@Tet/(MSNs@NCTD)
was also sampled after demulsification, and the NCTD
and Tet concentrations in the liposome were measured
by HPLC. The linear range, precision, and recovery of
the methods were then evaluated.
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The drug EE of FA-LP@Tet/(MSNs@NCTD) was calcu-
lated as follows:

EENCTD =
Cliposome × V liposome − Csupernatant × V supernatant

Cliposome × V liposome
× 100%,

EETet =
Cliposome′ ×V liposome′ − Csupernatant′ × V supernatant′

Cliposome′ × V liposome′ × 100%,

2

where Cliposome and Cliposome′ represent the NCTD and Tet
concentrations in the liposome, respectively; Csupernatant and

Csupernatant′ represent the NCTD and Tet concentrations in

the supernatant, separately; V liposome and V liposome′ are the

volumes of the liposome; and V supernatant and V supernatant′ are
the volumes of the supernatant.

2.11. In Vitro Drug Release Study. An in vitro drug
release study was performed by the dialysis method.
The NCTD and Tet formulations (NCTD, Tet,
MSNs@NCTD, and LP@Tet/(MSNs@NCTD, 2mL) and
FA-LP@Tet/(MSNs@NCTD) were placed in a dialysis
bag. The dialysis bag was placed in a beaker filled with
50mL release medium containing 40mL PBS and 10mL
ethanol at 37°C. At predetermined sampling time points
(0, 15, 30, and 45min; 1, 2, 4, 6, 8, 12, 24, and 48 h),
1mL of the sample (each 0.5mL of the sample was used
to determine NCTD and Tet, separately) was withdrawn
from release medium for analysis by HPLC and replaced
by an equal volume of fresh medium (same temperature).
All the procedures were performed for three times.

2.12. Hemolysis Test. A hemolysis test of prepared nano-
particles was carried out as a previous study [22]. In brief,
5mL fresh anticoagulant blood was isolated from the ear
vein of New Zealand white rabbits. Then, it was centri-
fuged (1500 rpm, 5min) and washed with physiological
saline for 6-8 times until the supernatant became color-
less. The red blood cells were diluted with physiological
saline to obtain 2% (v/v) red cell suspensions. Different
concentrations of MSNs, LP-MSNs, and FA-LP-MSNs
were incubated with red cell suspensions for 1 h at 37°C.
Simultaneously, equal volumes of ultrapure water and
physiological saline were selected as positive (hemolysis
rate: 100%) and negative (hemolysis rate: 0%) controls,
separately. After incubation, samples were centrifuged
(1500 rpm, 10min), and the absorbance of the supernatant
was measured at 414 nm by a microplate reader (1510,
Thermo Fisher Scientific, USA). The hemolysis rates of
each sample were calculated as follows:

Hemolysis rate % =
ODsample −ODnegative control

ODpositive control −ODnegative control
× 100%

3

2.13. Cellular Uptake Experiments. The cellular uptake of
MSNs, LP-MSNs, and FA-LP-MSNs labeled with FITC
was determined as follows [23]: HepG2 cells were cultured
in six-well plates at a seeding density of 1 5 × 104 cells per
well and incubated overnight under 37°C. Subsequently,
HepG2 cells were treated with MSNs-FITC, LP-MSNs-
FITC, and FA-LP-MSNs-FITC at an FITC concentration
of 4 μM. After being cultured with the nanoparticles for
4 h, HepG2 cells were washed thrice with PBS (500μL),
fixed with 4% (v/v) paraformaldehyde for 10min, and
then washed thrice with PBS (5min/time). Afterwards,
the cells were stained with 5μg/mL DAPI for 10min.
The stained samples were observed under a fluorescence
microscope.

For flow cytometry experiment, HepG2 cells were cul-
tured in six-well plates at 6 × 105 cells per well and incubated
for 12 h at 37°C. Next, HepG2 cells were treated with culture
medium containing FITC-labeled nanoparticles (blank,
MSNs-FITC, LP-MSNs-FITC, and FA-LP-MSNs-FITC, at
an FITC concentration of 4 μM) for 4 h. Afterwards, cells
were washed with PBS thrice and harvested. The fluorescence
intensity was measured by flow cytometry (Guava Easycyte,
Merck Millipore, Darmstadt, Germany).

The amount of Tet taken up by HepG2 cells was
quantitatively determined by HPLC, as described above
(i.e., drug EE of FA-LP@Tet/(MSNs@NCTD)). The meth-
odology of the method was also evaluated. Briefly, HepG2
cells were seeded into a six-well plate at a density of
1.0× 106 cells per well for 12h. The medium was replaced
with 16 μg/mL nanoparticles (LP@Tet/(MSNs@NCTD) and
FA-LP@Tet/(MSNs@NCTD)) containing culture medium.
At predetermined time points (2, 4, 8, and 16 h), the
medium was removed, and cells were collected for further
determination. HepG2 cells were washed, lysed, vortexed,
and ultracentrifuged [24]. The supernatant was sampled,
and Tet concentrations at different time points were
assayed by HPLC.

2.14. In Vitro Cytotoxicity Experiments. MTT assays were
carried out to test the cytotoxicity of carriers (MSNs,
LP-MSNs, and FA-LP-MSNs) and drug formulations
(NCTD, LP-MSNs@NCTD, LP@Tet/(MSNs@NCTD), and
FA-LP@Tet/(MSNs@NCTD)) on LO2, MCF-7, HepG2,
and HepG2/Adr cells [24–27]. Briefly, 3 × 103 cells were
plated in 100 μL medium per well in a 96-well plate and incu-
bated for 12h in 5% CO2 at 37

°C. The cells were incubated
with culture medium, which contains the drug carriers or
drug formulations for 48 h. Following incubation, 20 μL
MTT solution (5mg/mL) was added to each well; then the
cells were incubated at 37°C for another 4 h. Afterwards, the
supernatant was removed, the precipitate was dissolved into
200μL DMSO, and the absorbance of the sample solution
was measured at 570nm with a microplate reader (Synergy
TM2, BIO-TEK Instruments Inc., USA). Each concentration
was determined for three times.

2.15. Cell Apoptosis Experiments. Cell apoptosis was observed
by nucleus staining with DAPI. Briefly, HepG2 and Hep-
G2/Adr cells were seeded into 24-well plates at a density of
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5 × 104 cells per well in 5% CO2 at 37
°C. After cells adhered

to the wall, Jatamanvaltrate P was added to the wells,
followed by 500 μL of drug-containing culture medium
(FA-LP@Tet/(MSNs@NCTD)). The plates were then incu-
bated for 24h. After the removal of the culture medium, cells
were washed with 500μL of PBS, fixed with 4% (v/v) parafor-
maldehyde for 15min, washed thrice with PBS, and stained
with 5μg/mL DAPI at 37°C for 20min. Finally, the stained
sample was observed using the fluorescence microscope.

Cell apoptosis was also detected by FACS with an
annexin V-FITC/PI apoptosis-detection kit (BD, US).
LO2, HepG2, and HepG2/Adr cells were analogously
seeded into six-well plates at a density of 5 × 105 cells
per well. After cells adhered, Jatamanvaltrate P was added,
followed by 2mL drug-containing culture medium (FA-
LP@Tet/(MSNs@NCTD)). The plate was then incubated
for 24 h. The cells were washed; then pancreatin without
EDTA was added to digest cells. Cell suspension solution
was collected into 1.5mL EP tubes. Afterwards, 500 μL
of 1x binding buffer was added to cells, and 100μL cell
suspension solution was collected into new EP tubes. The
cells were stained with 5μL of annexin V-FITC and 5μL
of PI for 15min in succession. Finally, cells were mixed
with 400μL of 1x binding buffer and then analyzed with
a BD FACSCalibur system [24].

2.16. Western Blotting Analysis. HepG2/Adr cells at the
logarithmic growth phase were seeded at a density of
8× 105 cells/well in 5% CO2 at 37°C. After adherent
growth for 24h, the original media were removed, fresh
drug-containing culture media (FA-LP@Tet/MSNs, FA-
LP/(MSNs@NCTD), FA-LP@Tet/(MSNs@NCTD) (con-
centrations: 0, 8, and 16 μg/mL)) were added to the wells,
and the cells were incubated for another 24h. Total pro-
teins were extracted, and protein samples were prepared.

HepG2/Adr cells were lysed in RIPA buffer with protease
inhibitors (PMSF), and a BCA kit (Takara) was used to
quantitate proteins. Subsequently, SDS-PAGE gels were
used to perform electrophoresis analysis.

2.17. Statistical Analysis. All data were reported as the
mean ± standard deviation. Statistical significances were
analyzed by one-way analysis of variance (ANOVA) with
SPSS software (SPSS 17.0, Chicago, IL, USA). Addition-
ally, P < 0 05 was considered statistically significant, and
P < 0 01 was considered extremely significant.

3. Results

3.1. Synthesis of FA-LP@Tet/(MSNs@NCTD). Firstly, we
synthesized MSNs according to an optimized Stöber
method. Considering the fact that NCTD could be easily
released from MSNs and the biocompatibility of formula-
tions, a lipid bilayer was employed to coat MSNs. To
reverse the MDR of NCTD, Tet was loaded into the lipid
bilayer. Finally, FA was modified onto the lipid bilayer to
achieve active targeted drug delivery. The common lipid
bilayer consisted of cholesterol, DSPC, and DSPE-PEG2000,
and the tumor active-targeting function was implemented
by anchoring FA-DSPE-PEG2000 in the lipid bilayer. The
proposed synthesis route is shown in Figure 1.

3.2. Characterization of MSNs, MSNs@NCTD,
LP@Tet/(MSNs@NCTD), and FA-LP@Tet/(MSNs@NCTD).
The synthesized MSNs showed uniform size distributions
and favorable dispersity, with average diameters of
114 67 ± 1 67 nm and PDI of 0 069 ± 0 007 (Figure 2(a)).
TEM images suggested that the MSNs had a spherical
structure with a smooth surface (Figure 2(a)). After NCTD
loading, the average diameter of MSNs@NCTD increased
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Figure 2: The particle size and PDI (a) and zeta potential (b) of MSNs, MSNs@NCTD, LP@Tet/(MSNs@NCTD), and FA-
LP@Tet/(MSNs@NCTD), respectively.
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to 124 33 ± 2 33 nm (PDI = 0 130 ± 0 016) (Figure 2(a)),
and the zeta potential increased from −31 07 ± 0 43mV for
MSNs to −8 77 ± 0 59mV for MSNs@NCTD (Figure 2(b)).
These results indicated that NCTD was successfully
loaded into MSNs. MSNs@NCTD was coated by the
lipid bilayer, and Tet was concomitantly entrapped. In
this procedure, the particle size of the obtained nano-
particles, LP@Tet/(MSNs@NCTD), was 145 67 ± 2 67 nm
(PDI = 0 212 ± 0 024) (Figure 2(a)), and its zeta potential
was −16 43 ± 1 37mV (Figure 2(b)). Finally, FA was
modified on the lipid bilayer for active targeted drug
delivery. The final product, FA-LP@Tet/(MSNs@ NCTD),
displayed a spherical structure with a smooth surface sim-
ilar to that of MSNs and had a lipid bilayer around the
MSNs (Figure 3(b)). The particle size and zeta potential
of FA-LP@Tet/(MSNs@NCTD) were 153 17 ± 3 17 nm
(PDI = 0 191 ± 0 017) and −20 93 ± 1 75mV, respectively
(Figures 2(a) and 2(b)). These results confirmed that the
targeting moiety, FA, was successfully modified.

The synthesis process of different nanoparticles was char-
acterized in terms of N2 adsorption-desorption isotherms
and pore size distributions. In Figure 4, MSNs displayed a

type IV isotherm reference to IUPAC classification and a
mesoporous pore size of 2.58 nm. The isotherm obtained
indicated that the mesopores of MSNs were encapsulated
by a lipid bilayer, which was reflected by the substantial
reduction of the surface area from 1158.80m2/g for MSNs
to 85.90m2/g for LP-MSNs (Figure 4(a)). As the final nano-
particles were synthesized, the pore volumes and pore sizes
of the products in each step gradually decreased (Figure 4).

Dispersion stability tests were performed by determin-
ing the particle size changes of MSNs, LP-MSNs, and
FA-LP-MSNs in PBS, separately. In Figure 5, the MSNs
aggregated and their size increased to above 300nm after
incubation for 14 days. However, lipid coating nanoparti-
cles (LP-MSNs and FA-LP-MSNs) were relatively stable
with obvious Tyndall phenomenon during 14 days.
Therefore, the physical stability of MSNs was improved
greatly after lipid capping.

3.3. Drug Loading and Drug Release of FA-
LP@Tet/(MSNs@NCTD). The drug loading amount of
MSNs@NCTD and entrapment efficiency of FA-
LP@Tet/(MSNs@NCTD) were determined by HPLC. The
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standard curve equations of NCTD and Tet were Y =
0 6056X–0.1248 (R2 = 0 9998) at a linear concentration
range of 4–128 μg/mL and Y = 13 85X–0.152 (R2 = 0 9997)
at the linear concentration range of 6–40μg/mL, respectively.

The precision and recovery of the methods fit the require-
ments of specimen analysis. MSNs could load approximately
7.95% NCTD by electrostatic interactions in their mesopo-
rous structure. After coating with the lipid bilayer, the EEs
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Figure 8: Fluorescence images of HepG2 cell incubation with MSNs-FITC, LP-MSNs-FITC, and FA-LP-MSNs-FITC containing medium for
4 h. Scale bar: 50 μm.
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of NCTD and Tet in LP@Tet/(MSNs@NCTD) increased to
86.62% and 79.19%, respectively. After modification of
FA on the lipid bilayer, the EEs of NCTD and Tet in
LP@Tet/(MSNs@NCTD) were slightly reduced to 85.74%
and 78.36%, respectively.

PBS buffer (pH7.4) containing 10% ethanol was
employed as the release medium to evaluate the controlled
drug release capability of FA-LP@Tet/(MSNs@NCTD). As
presented in Figure 6, the release rates of NCTD and Tet
solutions were fast and complete (approximately 90%
within 6 h). Compared with the NCTD and Tet solutions,
the other NCTD- and Tet-loaded nanoparticles exhibited
obvious controlled release characteristics. Approximately
83.34% of NCTD was released from the MSNs within
12 h, much faster than the recorded release rate from
LP-MSNs (73.40%). This result revealed that the lipid
bilayer contributed to the controlled drug release. Com-
pared with LP@Tet/(MSNs@NCTD), the final formulation,
FA-LP@ Tet/(MSNs@NCTD), displayed a slightly higher
release rate, implying that the liposomes became slightly
instable after modification with FA.

3.4. Hemolysis Test. A hemolysis test was performed by using
the fresh blood of a rabbit. As presented in Figure 7, the
hemolysis rate of unmodified MSNs was up to 32% at the
concentration of 2mg/mL after being incubated with red
cells for 1 h. Notably, the hemolysis toxicity of lipid-coated
MSNs (LP-MSNs and FA-LP-MSNs) was remarkably
reduced to 0.60% and 1.44%, separately. The results showed
that the lipid-coated MSNs could significantly decrease the
toxicity of MSNs, which indicated that the modification of
MSNs was necessary.

3.5. Cellular Uptake and Intracellular Distributions. HepG2
cells were cultured with different FITC-labeled nanoparticles
(MSNs-FITC, LP-MSNs-FITC, and FA-LP-MSNs-FITC)
to investigate the cellular endocytosis and subcellular
localization of the nanoparticles. Three groups of HepG2
cells were observed with a fluorescence microscope after
4 h incubation. In Figure 8, the LP-MSNs-FITC and FA-
LP-MSNs-FITC exhibited strong fluorescence signals,
whereas those of MSNs-FITC were weak, which revealed
that the lipid encapsulation nanoparticles were internalized
by endocytosis. Moreover, compared with the fluorescence
intensity of LP-MSNs-FITC, that of FA-LP-MSNs-FITC
was much higher, which suggests that modification of FA sig-
nificantly improves the endocytosis of FA-LP-MSNs-FITC
via its binding with the folic acid receptors on a tumor
cell membrane.

The targeting ability of carriers on HepG2 cells was
also measured by flow cytometry. As shown in
Figure 9, after 4 h incubation with HepG2 cells, the aver-
age fluorescence intensity of all groups could be ordered
as follows: FA − LP −MSNs − FITC > LP −MSNs − FITC >
MSNs − FITC, because lipid coating could improve the affin-
ity between carriers with the cell membrane, thereby promot-
ing the cellular uptake in some degree. Additionally, the
modification of FA could further improve the endocytosis
of carriers with its targeting role to tumor cells.

The amount of Tet taken up by HepG2 cells was mea-
sured by HPLC as mentioned above (i.e., drug EE of FA-
LP@Tet/(MSNs@NCTD)). The standard curve of Tet was
Y = 11 267X–1.2246 (R2 = 0 9990) at a linear concentration
range of 0.5–8 μg/mL. The precision and recovery of the
method fit the requirements of the biological specimen
analysis. Figure 10 displays the amount of Tet uptake in
HepG2 cells at different times after being treated with
LP@Tet/(MSNs@NCTD) and FA-LP@Tet/(MSNs@NCTD).
The drug content in cells initially increased with treat-
ment time. FA-LP@Tet/(MSNs@NCTD) showed higher
uptake by the HepG2 cells at earlier stages than
LP@Tet/(MSNs@NCTD). However, the amount of Tet
in HepG2 cells showed a downward trend after incubation
with FA-LP@Tet/(MSNs@ NCTD) for 4 h, which was earlier
than that incubated with LP@Tet/(MSNs@NCTD).
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3.6. Cytotoxicity of FA-LP@Tet/(MSNs@NCTD). The drug
carriers (MSNs, LP-MSNs, and FA-LP-MSNs) were incu-
bated with LO2, HepG2, HepG2/Adr, and MCF-7 cells for
48 h to assess the cytotoxicity of the functionalized nano-
particles. Figure 11 shows that over 80% of cells survived
when the concentration of the drug carriers was below
20 μg/mL. This result revealed that all drug carriers
exhibited excellent biocompatibility. Compared with LP-
MSNs and FA-LP-MSNs, MSNs showed higher cytotoxic-
ity, which indicated that lipid coating could markedly
reduce toxicity.

LO2, HepG2, HepG2/Adr, andMCF-7 cells were incubated
with NCTD, LP-MSNs@NCTD, LP@Tet/(MSNs@NCTD),
and FA-LP@Tet/(MSNs@NCTD) for 48h to determine the
cytotoxicity of drug-containing nanoparticles. As pre-
sented in Figure 12, with increasing NCTD concentra-
tion, the cell viability decreased; with the improvement
of the formulations, the inhibition effect also increased.
In Figure 13, the IC50 values of NCTD against HepG2,
HepG2/Adr, MCF-7, and LO2 cells were 13 677 ± 0 982
μg/mL, 16 280 ± 0 863 μg/mL, 19 329 ± 1 297 μg/mL, and
49 369 ± 1 835 μg/mL, respectively. These results suggested
that NCTD had better cytotoxicity against HepG2, Hep-

G2/Adr, andMCF-7 cells comparedwith LO2 cells. LO2 cells
showed high survival rates (75%–85%) at the IC50 of tumor
cells induced by the above nanoparticles. Moreover, the
final formulation, FA-LP@Tet/(MSNs@NCTD), exhibited
the best antitumor efficiency compared with other formula-
tions, especially in HepG2/Adr cells. In summary, the pre-
pared formulations were appropriate to treat hepatic
carcinoma with good biocompatibility.

3.7. FA-LP@Tet/(MSNs@NCTD) Induced Cell Apoptosis.
HepG2 and HepG2/Adr cells were treated with FA-
LP@Tet/(MSNs@NCTD) at the concentrations from
0 μg/mL to 16μg/mL for 24 h, stained with DAPI, and
observed using a fluorescence microscope. In Figure 14,
concentration-dependent apoptotic body formation and
nuclear fragmentation could be easily found in treatment
groups (8 and 16μg/mL). An integrated nucleus was
observed in the control group (0μg/mL), which indicated
that FA-LP@Tet/(MSNs@NCTD) could induce apoptosis of
cancer cells (HepG2, HepG2/Adr cells). Compared with the
nuclear fragmentation in HepG2 cells, more extensive
nuclear fragmentation was observed in HepG2/Adr cells
(treatment groups), thus confirming the initial finding that
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Figure 11: MTT assay of LO2, HepG2, HepG2/Adr, and MCF-7 cells after being treated with culture medium containing MSNs, LP-MSNs,
and FA-LP-MSNs at the concentrations from 0.1μg/mL to 100μg/mL for 48 h (n = 3).
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FA-LP@Tet/(MSNs@NCTD) induced stronger apoptosis in
HepG2/Adr cells than in HepG2 cells.

Cell apoptosis was also determined with flow cytome-
try. As shown in Figure 15, no significant apoptosis
occurred in the control group (0μg/mL); the survival cell
rates of LO2, HepG2, and HepG2/Adr were 93.21%,
97.01%, and 88.34%, respectively. With the increasing
concentration of FA-LP@Tet/(MSNs@NCTD) from
8μg/mL to 16μg/mL, the apoptosis rates of the three cell
lines also increased. Thus, the nanoparticles showed a
concentration-dependent cytotoxic effect. Apoptosis could
be ordered as follows: HepG2/Adr cells > HepG2 cells >
LO2 cells. Taken together, the results confirmed that FA-
LP@Tet/(MSNs@NCTD) was suitable for treating hepatic
carcinoma.

3.8. FA-LP@Tet/(MSNs@NCTD) Inhibited P-gp Expression.
The expression of the P-gp protein in HepG2/Adr cells
treated with different formulations is shown in Figure 16.
Compared with the control group, FA-LP@Tet/(MSNs@

NCTD) and LP@Tet/(MSNs@NCTD) showed the significant
P-gp inhibition which confirmed that the Tet-containing
formulations could reverse MDR.

4. Conclusions

In this study, NCTD/Tet dual-drug loaded lipid nano-
particles with controlled release and targeted transport
characteristics were successfully constructed. The novel
liver active-targeting drug delivery system (FA-
LP@Tet/(MSNs@NCTD)) presented a high DL amount
and drug EE. The particle size, polydispersity index,
and zeta potential of FA-LP@Tet/(MSNs@NCTD) were
153.17± 3.17 nm, 0.191± 0.017, and −20.93± 1.75mV,
respectively. The prepared nanoparticles had a visible core-
shell structure under transmission electron microscopy.
The intracellular distribution experiments suggested that
FA could enhance the cellular uptake. Cell apoptosis assays
showed FA-LP@Tet/(MSNs@NCTD) had good antitumor
ability via reversing multidrug resistance. Therefore, FA-
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Figure 12: The viability of HepG2, HepG2/Adr, MCF-7, and LO2 cells after being treated with NCTD, LP/(MSNs@NCTD),
LP@Tet/(MSNs@NCTD), and FA-LP@Tet/(MSNs@NCTD) during a certain concentration range (n = 3).
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LP@Tet/(MSNs@ NCTD) was a promising drug delivery
system for combination cancer therapy.

5. Discussion

The particle size, dispersity, and zeta potential of nanopar-
ticles are key considerations in the preparation process. A
suitable particle size enables adaptation of the administra-
tion route (intravenous injection) and passive targeting of

the drug delivery system to lesion locations. Particles with
diameters less than 200 nm are able to pass through the
fenestrae between endothelial cells and accumulate within
tumors. Good dispersity could reduce or eliminate the
agglomeration of nanoparticles [28], as nonspecific interac-
tions between positively charged particles and anionic
components (such as serum components) could result in
their severe aggregation and rapid elimination from the
circulation by the reticuloendothelial system [29, 30]. As
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Figure 14: The effect of different concentrations of FA-LP@Tet/(MSNs@NCTD) on HepG2 and HepG2/Adr cell apoptosis, respectively.
HepG2 and HepG2/Adr cells were treated with FA-LP@Tet/(MSNs@NCTD) at the concentrations from 0 μg/mL to 16 μg/mL for 24 h
and then stained with DAPI.

0
HepG2 HepG2/adr MCF-7 LO2

10

20

30

40

50

60

NCTD

LP/(MSNs@NCTD)

LP@Tet/(MSNs@NCTD)

FA-LP@Tet/(MSNs@NCTD)

⁎⁎

⁎
⁎

⁎⁎

#
⁎⁎

##
⁎⁎ ##

⁎⁎ ##
⁎⁎

##
⁎⁎ ##

⁎⁎

##
⁎⁎

##
⁎⁎

⃤

IC
50

 (�휇
g/

m
L)

Figure 13: IC50 values (μg/mL) of HepG2, HepG2/Adr, MCF-7, and LO2 cells induced by various formulations. ∗P < 0 05 and ∗∗P < 0 01 vs.
the NCTD group; #P < 0 05 and ##P < 0 01 vs. the LP/(MSNs@NCTD) group; △P < 0 05 vs. the LP@Tet/(MSNs@NCTD) group (n = 3).

12 Journal of Nanomaterials



such, the effects of varying ratios of CTAB to TEOS, with
or without ethanol, were investigated in our study. The
former could affect the mesoporous pore and particle sizes
of the MSNs, while the latter could improve the dispersity
of MSNs [31].

The cellular uptake results were consistent with the
expected objective that modification of FA significantly
improves the endocytosis of nanoparticles by its targeting
role. A folate receptor is a glycoprotein on the surface of cell
membranes with high affinity to FA and overexpresses on
the surface of tumor cells [32, 33]. Thus, FA could deliver
formulations to tumor cells and achieve the goal of targeted
therapy. The cytotoxicity results showed that LP-MSNs and
FA-LP-MSNs have higher safety and lower toxicity than

MSNs, likely because the lipid bilayer could enhance the bio-
compatibility of drug delivery systems [17, 18]. The large
specific surface area of MSNs may destroy the stability of
the cell membrane when the particles come into contact with
cells [34]. FA-LP@Tet/(MSNs@NCTD) demonstrated the
strongest inhibitory activity among the formulations tested,
which could be caused by the high accumulation of drugs
in tumor cells.

The drug carrier toxicity results indicated that over 80%
of cells survived when the concentration of the drug carriers
was below 20 μg/mL. Thus, we selected 8 and 16μg/mL as
low and high dosages to perform cell apoptosis assays and
Western blot experiments. The cell apoptosis results sug-
gested that the effect of FA-LP@Tet/(MSNs@NCTD)-
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induced cell apoptosis exhibited concentration dependence.
FA-LP@Tet/(MSNs@NCTD) showed excellent antitumor
efficiency, especially in HepG2/Adr cells. The western blot
results indicated that Tet could inhibit the expression of the
P-gp protein, which was in accordance with a previous liter-
ature showing that Tet reversed tumor MDR caused by P-gp
overexpression [35]. Therefore, the NCTD/Tet dual-drug
loaded lipid nanoparticles could significantly improve the
antitumor efficiency of NCTD.
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