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Co-delivery of plasmid DNA and doxorubicin by solid
lipid nanoparticles for lung cancer therapy
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Abstract. The co-delivery of DNA and antitumor drugs has
the potential to treat cancer. In this study, we aimed to develop
surface-modified, co-encapsulated solid lipid nanoparticles
(SLN) containing enhanced green fluorescence protein plasmid
(pEGFP) and doxorubicin (DOX) in order to create a multifunc-
tional delivery system that targets lung cancer cells, in an effort
to improve the efficacy of cancer therapy. DOX- and pEGFP-
loaded SLN were prepared separately and then mixed to form
co-encapsulated SLN (SLN/DE). Transferrin (Tf)-containing
ligands were used for the surface coating of the vectors. The
in vitro transfection efficiency of the modified vectors was
evaluated using a human alveolar adenocarcinoma cell line
(A549 cells) and the in vivo transfection efficiency of the modi-
fied vectors was evaluated using mice bearing A549 tumors. The
Tf-modified DOX and pEGFP co-encapsulated SLN (T-SLN/
DE) had a particle size of 267 nm with a 42 mV surface charge.
The in vitro cytotoxicity of T-SLN/DE was low (cell viability
was between 80 and 100% compared with the controls). T-SLN/
DE displayed a remarkable therapeutic effect both in drug
delivery and gene therapy. In conclusion, our results demonstrate
that the multifunctional delivery system can improve the efficacy
of cancer therapy through the combination of gene therapy and
chemotherapy. In addition, the coating of active targeting ligands
can improve the efficacy of the carriers at targeting lung cancer
cells. Thus, the novel gene and drug delivery system offers an
effective strategy for lung cancer gene therapy.

Introduction
Lung cancer is the leading cause of cancer-related mortality

worldwide, and the majority of patients present with metastatic
stage IV disease at diagnosis (1,2). The American Cancer
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Society estimated that 221,130 individuals in the United States
developed lung cancer in 2011, with the number of deaths
reaching 156,940 that year (3). Moreover, the relative 5-year
survival ratio of patients with lung or bronchus cancer remains
relatively low. Therefore, novel treatment strategies for lung
cancer are urgently required (4).

Chemotherapeutics are the mainstream strategy for the
treatment of localized and metastasized cancers. However, the
development of multidrug resistance (MDR) of cancer cells,
and the systemic toxic side-effects resulting from the unspe-
cific localization of anticancer drugs to non-tumor areas are
major obstacles to the success of chemotherapy in many types
of cancer (5-7). A new combination therapeutic strategy for
cancer, having the advantages of the co-delivery of more than
one therapeutic agent in one delivery system, has recently been
shown to be more effective than monotherapy by providing
the potential synergistic effects of different treatment mecha-
nisms. The co-delivery of nucleic acids and chemotherapeutics
has been suggested to achieve the combined effect of gene
therapy and chemotherapy (8-11). To date, attempts have been
made to simultaneously deliver genes and drugs into cancer
cells using liposomes (12), polymeric nanoparticles (13,14),
dendrimers (15), etc.

Our group has also worked on nanoparticulate drug/gene
delivery systems (16-19). Solid lipid nanoparticles (SLN) have
been widely developed in our laboratory as they have certain
advantages, such as being less toxic, having low immuno-
genicity, and are easily modified (16,17). They also offer a
number of technological advantages, including better storage
stability in comparison to liposomes, the possibility of steam
sterilization and lyophilization, and large scale production
with qualified production lines (20,21).

Transferrin (Tf), an iron-binding glycoprotein, is a
well-studied ligand for delivering anticancer drugs/genes due
to the increased number of Tf receptors found in tumor cells as
compared to normal cells (22). This receptor-mediated endocy-
tosis may facilitate the delivery of drugs/genes into cells (23,24).
Polyethylene glycol (PEG)-phosphatidylethanolamine
(PEG-PE) conjugates with various PEG lengths and terminal-
targeted moieties can provide extremely stable, long-circulating,
and actively targeted nanocarriers, which spontaneously accu-
mulate at specific sites (25-27). In this study, Tf was linked to
PEG-PE to form Tf-PEG-PE as ligands for the surface modifi-
cation of nanocarriers.
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In the present study, Tf-PEG-PE was synthesized and
modified onto the surface of the gene- and drug-loaded SLN.
The in vivo transfection efficiency and antitumor effects of
the novel modified vectors were evaluated using mice bearing
AS549 (human alveolar adenocarcinoma cell line) tumors. This
system was expected to achieve stable drug and gene loading
capacity, prolong the circulation time by PEG shielding, be
recognized by the Tf receptor on A549 cells and internalized
through receptor-mediated endocytosis, and finally, to achieve
the co-delivery of both drug and gene therapeutic effects.

Materials and methods

Materials. Huoman Tf (iron-free), stearic acid, L-a-phos-
phatidylethanolamine (PE), 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT), 2-iminothiolane
(Traut's reagent), doxorubicin hydrochloride (DOX-HCI), and
dimethyldioctadecylammonium bromide (DDAB), were
purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA).
Injectable soya lecithin was obtained from Shanghai Taiwei
Pharmaceutical Co., Ltd. (Shanghai, China). Maleimide-
PEG,,-COOH was purchased from Shanghai Yare Biotech, Inc.
(Shanghai, China). The enhanced green fluorescence protein
plasmid (pEGFP)-N1 was provided by Shandong University
(Shandong, China). Quant-iT™ PicoGreen® dsDNA
quantification reagent was obtained from Invitrogen/Life
Technologies (Carlsbad, CA, USA). A549 cells were obtained
from the American Type Culture Collection (ATCC; Manassas,
VA, USA). All other chemicals were of analytical grade or
higher.

Animals. BALB/c mice (4-6 weeks old; weighing, 25-30 g) were
purchased from the Medical Animal Test Center of Shandong
Province and housed under standard laboratory conditions.
All animal experiments complied with the requirements of the
National Act on the Use of Experimental Animals (China).

Synthesis of Tf-PEG-PE. The Tf-PEG-PE ligands were
synthesized as described in a previous study of ours (17).
Briefly, maleimide-PEG,,,,-COOH was dissolved with
dimethyl sulfoxide (DMSO) and stirred with PE as a mixture.
1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo-
ride (EDC-HCI) and triethylamine (TEA) were dissolved in
DMSO and added dropwise into the mixture in an ice bath,
and stirred to produce maleimide-PEG-CO-NH-PE. Tf was
firstly modified with Traut's reagent to complete the thiolation
of Tf. The thiolated Tf was then added to the maleimide-
PEG,,,-COOH solution and the mixture was incubated
at room temperature with gentle stirring. The product was
dialyzed against Milli-Q water to form the Tf-PEG-PE solu-
tion. The mixture was centrifuged and then resuspended in
phosphate-buffered saline (PBS, pH 7.4).

Preparation of SLN and SLN/DE. The SLN/pEGFP complexes
were prepared as follows: blank SLN was prepared following
the nanoprecipitation method (solvent displacement technique)
as previouly described (16,17). Stearic acid (50 mg) and
injectable soya lecithin (30 mg) were accurately weighed and
dissolved in 10 ml acetone. The organic phase was added drop-
wise into the 0.5% DDAB solution being stirred at 600 rpm at
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room temperature. When complete evaporation of the organic
solvent occurred, the redundant stabilizers were separated by
ultracentrifugation at 1,000 x g, 4°C for 20 min. The pellet was
vortexed and resuspended in Milli-Q water, washed 3 times,
filtered through a 0.45-ym membrane, and adjusted to pH 7.0
with sodium hydroxide. The SLN/pEGFP complexes were
prepared by incubating the SLN with pEGFP. Briefly, pPEGFP
was mixed with SLN by vortexing the particles with a 5 mg/
ml solution of pEGFP for 30 sec. The mixture was incubated
for 30 min at room temperature to form SLN/pEGFP (Fig. 1).

The SLN/DOX complexes were prepared as follows:
DOX-HCI was stirred with TEA in DMSO overnight to obtain
the DOX base (28). DOX (5 mg) and stearic acid (50 mg) and
injectable soya lecithin (30 mg) were dissolved in 10 ml warm
ethanol. The resultant organic solution was rapidly dispersed
into distilled water under mechanical stirring at 600 rpm in
a water bath at 70°C for 5 min. The obtained solution was
then cooled to room temperature to facilitate the formation of
SLN/DOX. The SLN/pEGFP solution was then added drop-
wise into the SLN/DOX solution and stirred at 400 rpm to
obtain SLN/DE (Fig. 1).

Preparation of T-SLN/DE. The Tf-PEG-PE ligands were
dissolved in 20 ml of PBS. The solution was then added drop-
wise into 40 ml of SLN/DE complexes and stirred at 400 rpm
at room temperature, leading to the immediate modification.
Subsequently, free Tf-PEG-PE was removed from the modi-
fied SLN/DE by gel chromatography using a Sephadex® G-50
column (GE Healthcare Life Sciences, Piscataway, NJ, USA).
The obtained complexes was resuspended in Milli-Q water and
filtered through a membrane with 0.45 ym pore size to obtain
T-SLN/DE. The T-SLN was prepared by the same procedure
using blank SLN without loading pEGFP and DOX (Fig. 1).

Characterization of SLN, SLN/DE and T-SLN/DE

Physical-chemical characteristics. The mean particle size,
polydispersity index (PDI) and zeta potential of SLN, SLN/DE
and T-SLN/DE were analyzed by photon correlation spec-
troscopy (PCS) using a Zetasizer 3000 instrument (Malvern
Instruments, Malvern, UK). The average particle size was
expressed as the volume mean diameter.

Gene loading capacity. The PicoGreen-fluorometry assay
was used to quantify the amount of pEGFP carried by SLN/DE
and T-SLN/DE. The concentration of pEGFP was determined
by fluorescence, comparing with the supernatant from blank
SLN. The amount of pEGFP loaded in the SLN was calculated
according to the linear calibration curve of pEGFP as follows:
gene loading quantity (%) = (total amount of pEGFP - the
amount of free pEGFP)/total amount of pEGFP x100.

Drug loading (DL) ability encapsulation efficiency (EE)
assay. The DL and EE of the SLN/DE and T-SLN/DE were
determined by a subtraction method. Briefly, 0.2 ml of
T-SLN/DE complexes solution was centrifuged through a filter
(EMD Millipore, Billerica, MA, USA) with a molecular weight
cut-off of 3 kDa. Free DOX could pass through the filter, but
T-SLN/DE could not pass through the filter. Unincorporated
DOX in the solution was quantified by determining the absor-
bance at 485 nm using a spectrophotometer, as previously
described (29). DL and EE were calculated using the following
equations: DL = [concentration of (total DOX - free DOX)] x
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Figure 1. General scheme of the preparation of T-SLN/DE. SLN, solid lipid nanoparticles.

[concentration of (polymer + total DOX - free DOX)]"' x100%
(Equation 1); EE = concentration of (total DOX - free DOX) x
concentration of total DOX' x100% (Equation 2).

In vitro release assays. The in vitro gene release of SLN/
DE and T-SLN/DE was analyzed in PBS (pH 7.4). Typically,
aliquots of complexes were suspended in 1 ml of PBS (in
Eppendorf® tubes) and vortexed for 30 sec. The tubes were
then placed in a 37°C shaking water bath (100 rpm). Separate
tubes were used for different data points. The suspensions
were centrifuged at pre-determined time intevals (1,000 x g
for 30 min) and the amount of pEGFP released into the super-
natant was analyzed using the PicoGreen assay mentioned
above. Background readings were obtained using the super-
natants from the blank SLN.

The in vitro drug release of SLN/DE and T-SLN/DE was
analyzed using a modified dialysis method (30,31). Briefly,
0.5 ml complexes were transferred into a dialysis membrane
(MWCO 3000), and 0.5 ml of free DOX solution in water
(0.25 mg/ml) was used as the control. The solutions were then
dialyzed against 20 ml acetic acid sodium buffer at pH 5.5 and
PBS, both containing Tween-20 (0.5%), at 37°C with gentle
shaking. A total of 20 ml of the surrounding dialysis medium
was removed at pre-determined time points for analysis, and
20 ml of fresh buffer at the relevant pH were added to the
dialysis medium. The released DOX from the vectors was able
to infiltrate through the dialysis bag as the molecular weight
of the DOX was <3,000. The released DOX was quantified by
determining the absorbance at 485 nm using a spectrophotom-
eter (F-2500; Hitachi, Tokyo, Japan).

In vitro cytotoxicity evaluation. To examine the cytotoxicity,
A549 cells were seeded in 48-well plates at 1x10° cells/well
and incubated for 24 h to allow cell attachment. The cells were
incubated with SLN and T-SLN complexes at various concen-
trations (10, 20, 50, 100 and 200 pug/ml) for 48 h at 37°C and a
5% CO, atmosphere. The cells without incubation were used as
the negative controls. Cell viability was assessed by MTT assay
according to the manufacturer's instructions and the absorbance
was measured at 570 nm using a microplate reader (Model 680;
Bio-Rad, Hercules, CA, USA). Cells without the addition of
MTT reagents were used as the blank to calibrate the spectro-
photometer to zero absorbance. The relative cell viability (%)
was calculated as (Absg, e = AbSyu ) (AbS 01 = AbSyy ) X100.

In vitro transfection analysis. For transfection efficiency
analysis, the A549 cells were seeded into 24-well plates at a

density of 1x10* cells/well and transfected the following day
at 80-90% confluency. Prior to transfection, the media were
replaced with 500 pl transfection media containing T-SLN/DE.
Naked pEGFP, blank SLN and SLN/DE were used as controls.
The original incubation medium was replaced with 1 ml of
complete medium following incubation at 37°C for 4 h under
a 5% CO, atmosphere. The cells were incubated and examined
until 72 h post-transfection. To quantify the transfection effi-
ciency, the cells were washed with 1 ml of PBS (100 g, 4°C for
5 min) and were detached with trypsin/EDTA. The supernatant
was discarded and resuspended with 300 ul of PBS, mixed well
and subjected to flow cytometry to determine the amount of
A549 cells which has been successfully transfected.

In vivo antitumor effects. Tumor-bearing mice were prepared
by inoculating (subcutaneously) a suspension of A549 cells
(1x10° cells) into the right armpit of BALB/c mice (32). Briefly,
the mice were acclimatized at a temperature of 25+2°C and a
relative humidity of 70+5% under natural light/dark conditions
for 1 week before dosing. The mice were then subcutaneously
injected in the right armpit with A549 cells suspended in PBS.
Tumors were allowed to reach 4-5 mm in diameter before
initiation of the experiments.

The in vivo anticancer activity of T-SLN/DE was
evaluated against A549 solid tumors in mice. Five groups of
tumor-bearing mice (6 mice per group) were used. The mice
were injected with 10 mg/kg of T-SLN/DE, SLN/DE, SLN,
free DOX solution, and 0.9% sodium chloride solution (blank
control). All drugs were diluted with 0.9% sodium chloride
(100 ul), and all were administered through direct intratu-
moral injection. Following drug administration, mortality was
monitored daily and tumor growth was determined by caliper
measurement every 3 days. The tumor volume was calculated
as follows, according to a previously described method (33):
tumor volume (mm?) = (length x width?)/2 (Equation 3).

Statistical analysis. All experiments were repeated 3 times
and all measurements were carried out in triplicate. The
results are reported as the means + standard deviation (SD).
Statistical significance was analyzed using the Student's t-test.
The differences between experimental groups was considered
significant when the P-value was <0.05 (P<0.05).

Results

Characterization of T-SLN/DE. The mean particle size,
PDI, zeta potential, gene loading ability, DL and EE of SLN,
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Table I. Particle size, zeta potential and gene loading quantity
of the different vectors.

Sample characteristics SLN SLN/DE  T-SLN/DE
Mean particle size (nm) 82.1+29 2455+32  286.5+£39
Polydispersity index (PDI)  0.13+0.03  0.15£0.03  0.14+0.02
Zeta potential (mV) +41.5+2.6  +28.3+23  +19.1x1.8
Gene loading quantity (%) N/A 82 81
DL (%) N/A 8.9+0.8 8.7£0.9
EE (%) N/A 82.6+1.5 81.9+1.3
SLN, solid lipid nanoparticles.
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Figure 2. The in vitro gene release profiles of T-SLN/DE and SLN/DE.
SLN, solid lipid nanoparticles.
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Figure 3. The in vitro drug release profiles of T-SLN/DE and SLN/DE. SLN,
solid lipid nanoparticles.

SLN/DE and T-SLN/DE were characterized and are summa-
rized in Table 1.
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Figure 4. In vitro viability of A549 cells transfected with T-SLN and SLN.
SLN, solid lipid nanoparticles.
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Figure 5. In vitro transfection efficiencies of the different systems in A549 cells.

In vitro release assays. The in vitro gene and drug release
profiles of T-SLN/DE and SLN/DE are illustrated in Figs. 2
and 3. The gene and drug release of T-SLN/DE and SLN/DE
reached over 80% at the time point of 72 h.

In vitro cytotoxicity evaluation. The in vitro cytotoxicity of
T-SLN and SLN at various concentrations was evaluated by
MTT assay in the A549 cells. As illustrated in Fig. 4, the cell
viability of the A549 cells transfected with the vectors at the
examined concentration range (10-200 ug/ml) was above 80%
compared with the controls (cells without incubation).

Invitro transfection analysis. The in vitro transfection efficien-
cies of T-SLN/DE and SLN/DE were evaluated in the A549
cells until 72 h of transfection (Fig. 5). T-SLN/DE showed a
higher transfection efficiency than SLN/DE and naked pEGFP
at 48 and 72 h post-transfection (P<0.05).

In vivo anticancer efficacy. The in vivo antitumor efficiency
of T-SLN/DE and SLN/DE was observed against A549 solid
tumors in mice. The tumor growth curves of each group are
presented in Fig. 6. The results indicated that treatment with
SLN/DE resulted in smaller tumor volume compared with free
DOX; treatment with T-SLN/DE resulted in a smaller tumor
volume compared with the vectors. These results illustrate that
the encapsulation of DOX in SLN enhances the anticancer
activity of DOX in vivo; Tf-modified SLN/DE exerts more
enhanced antitumor effects compared with the vectors not
modified with Tf.
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Figure 6. The tumor growth curves of T-SLN/DE and SLN/DE SLN, solid lipid
nanoparticles.

Discussion

SLN have been previously developed by our group for anti-
cancer drug/gene delivery therapy (16-19). This has a number
of technological advantages, including rapid uptake by cells,
protection of the incorporated compound against chemical
degradation and potential for large-scale production (34,35).
This study aimd to develop surface-modified, co-encapsulated
SLN containing pPEGFP and DOX in order to create a multi-
functional delivery system that will target lung cancer cells and
increase the therapeutic efficacy.

To overcome the barriers of the cellular membrane and
achieve efficient gene therapy, Tf-PEG-PE was applied as a
modifier that was coated on the nanoparticle surface after
the preparation of the gene- and drug-loaded cationic SLN
(SLN/DE). Tf is an iron-binding glycoprotein, which is partic-
ularly useful in targeting cancer cells, as many cancer cells
overexpress Tf receptor (TfR) on their surface (22,23,36). In
this study, T-SLN/DE had a size of 287 nm and a zeta potential
of +19 mV (Table I).

PicoGreen-fluorometry assay was carried out to determine
the binding ability and in vitro gene release of T-SLN/DE and
SLN/DE. The gene loading efficiency of T-SLN/DE was 81%,
which did not differ significantly from that of SLN/pEGFP
(82%) (Table I). The results proved that the binding of the
Tf-PEG-PE ligand did not detach the pEGFP from the
complexes. The in vitro release profile of T-SLN/DE had
almost the same behavior with SLN/DE (Fig. 2). During the
first 12 h, T-SLN/DE showed a slightly slower release activity
than SLN/DE. This phenomenon may be due to the surface
coating of ligands initially hindering the release of pEGFP.
After 12 h and until the end of the release analysis, the total
amount of pEGFP delivered from the 2 types of vehicles was
almost the same (over 80%). The DL and EE of T-SLN/DE and
SLN/DE were determined by a subtraction method. The DL of
SLN/DE and T-SLN/DE were approximately 9% and the EE
of both vectors was approximately 82% (Table I). The results
demonstrated that the binding of the Tf-PEG-PE ligand did
not detach the DOX from the complexes and that the modi-
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fied vectors were stable. The in vitro drug release profile of
T-SLN/DE a showed slightly slower release than that of SLN/
DE during the first 24 h (Fig. 3). At the end of the release
analysis, the total amount of drugs delivered from the 2 types
of vehicles was almost the same.

In vitro cytotoxicity and transfection analyses were carried
out using A549 cells. The viability of the cells transfected with
T-SLN and SLN at the examined concentration range was over
80% compared with the controls (Fig. 4). T-SLN did not show a
higher cytotoxicity than SLN at all concentrations. In compar-
ison to naked pEGFP and SLN/DE, T-SLN/DE had a greater
transfection efficiency at 48 and 72 h (P<0.05) (Fig. 5). This
may be explained by the receptor-mediated active targeting
mechanism: Tf on the SLN/DE surface was more likely to bind
to the A549 cells through the TfR on the cells and deliver the
gene more easily into the cells.

The antitumor efficacy of T-SLN/DE was further examined
in tumor-bearing mice. The mice were injected with 10 mg/
kg of T-SLN/DE, SLN/DE, SLN, free DOX solution into the
tumor site; 0.9% sodium chloride solution was used as the
blank control. The tumor growth rate was not found to signifi-
cantly decrease with free DOX treatment and SLN (similar
results were observed with 0.9% sodium chloride solution).
The tumor growth rate was significantly decreased in the
group treated with SLN/DE. Furthermore, T-SLN/DE showed
a greater antitumor effect than the unmodified SLN/DE in vivo.
These results indicate that Tf-modified drug- and gene-loaded
SLN have improved antitumor effects and an excellent gene
transfection efficiency. Therefore, T-SLN/DE can be used as a
promising vehicle for the delivery of antitumor drugs and genes
and may significantly contribute to cancer therapy.

In conclusion, in the current study, Tf-modified co-encap-
sulated DOX- and pEGFP-loaded SLN were prepared and
characterized according to their size, loading efficiency and
in vitro drug release. The results revealed that T-SLN/DE
may significantly improve the gene transfection efficiency
of the vector and successfully control the tumor growth rate
in tumor-bearing mice. Conclusively, Tf may function as an
excellent active targeting ligand to improve the cell targeting
ability of carriers. Furthermore, the modified co-delivery
system may function comprehensively to improve the efficacy
of anticancer therapy. Our data indicate that this system may be
an excellent carrier for the delivery of both plasmid DNA and
DOX, leading to the enhanced efficacy of antitumor therapy.
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