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bstract

Preparation of nano-sized particles using lyophilization, which is a standard drying technique for high-molecular-weight compounds such as
ioactive peptides, proteins, plasmid DNA and siRNA, often results in particle aggregation. In this study, spray-drying was applied for preparation of
ationic PLGA nanospheres as gene delivery vectors in order to minimize aggregation and loss of gene transfection efficiency. PLGA nanoparticle
mulsions were prepared by dropping an acetone/methanol mixture (2/1) containing PLGA and a cationic material, such as PEI, DOTMA, DC-
hol or CTAB, into distilled water with constant stirring. The PLGA nanosphere emulsion was dried with mannitol by spray-drying, and mannitol
icroparticles containing PLGA nanospheres were obtained. Mean particle diameter of spray dried PLGA particles was 100–250 nm, which was

imilar to that of the nano-emulsion before drying, whereas the lyophilized PLGA particles showed increased particle diameter due to particle
ggregation. PEI, DOTMA and DC-Chol were useful for maintaining nanoparticle size and conferring positive charge to nanospheres. Transfection

f pDNA (pCMV-Luc) using these spray-dried cationic PLGA nanospheres yielded high luciferase activity in COS-7 cells, particularly with
LGA/PEI nanospheres. The present spray-drying technique is able to provide cationic PLGA nanospheres, and may improve redispersal and
andling properties.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Gene delivery systems for DNA, oligonucleotides and small
nterfering RNA (siRNA) have been widely investigated in
asic research and in the pre-clinical/clinical gene therapy field.
ene delivery is limited by intracellular uptake and suscepti-
ility to degradation following uptake by endocytosis, resulting
n low gene expression efficiency. Various viral and non-viral
ectors have been used to enhance transfection and gene expres-
ion efficiencies. Although retrovirus and adenovirus vectors
re associated with efficient intracellular delivery and high
ene expression, they are also associated with immunogenic-

ty and toxicity, and a lack of tissue specificity. Non-viral
ectors, such as cationic lipids, liposomes (Kawakami et al.,
000, 2002; Nishikawa et al., 2000; Simoes et al., 2003),
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ationic polymers (Kakizawa and Kataoka, 2002; Otsuka et al.,
003) and dendrimers (Arima et al., 2001; Kihara et al., 2002;
anunta et al., 2004), are advantageous for their low toxicity,

ow immunogenicity, ease and scale of production, low tissue-
pecific targeting and good handling properties. Although these
on-viral vectors have been proposed as alternatives to viral vec-
ors, their low transfection and gene expression efficiencies must
e improved.

Upon mucosal DNA vaccination, induction of both humoral
nd cellular immune responses is essential. O’Hagan et al.
eported that cationic PLGA microspheres containing CTAB are
seful non-viral vectors for intranasal DNA vaccination (Briones
t al., 2001; Singh et al., 2000, 2002; Vajdy and O’Hagan, 2001).
hese microparticles comprising encapsulated pDNA elicited
ood IgG and IgM responses, and a modest IgA response (Chen

t al., 1998; Jones et al., 1997). Nanoparticles are useful for
ucosal administration due to their increased accumulation of
ucosal membranes on the surface, and they facilitate tran-

cellular penetration of genes through the cell membrane, thus

mailto:takasima@ps.toyaku.ac.jp
dx.doi.org/10.1016/j.ijpharm.2007.05.042
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Table 1
Operating conditions for spray-drying

Feed concentration (w/v%) 1.3
Inlet temperature (◦C) 60.0
Outlet temperature (◦C) 36.0
Feed rate (g/min) 5.0
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llowing efficient gene delivery (Akagi et al., 2003; Brooking
t al., 2001; Hawley et al., 1997a,b; Kawashima et al., 2000).
herefore, development of nano-sized non-viral vectors such as
anoparticles is important for mucosal DNA vaccination.

A number of researchers have attempted to provide
iodegradable nanoparticle vectors formulated with poly(d,l-
actic/glycolic acid) (PLGA). PLGA is a biocompatible and
iodegradable polymer that can provide sustained release of
ncapsulated therapeutic agents, such as bioactive peptides, etc.
Hawley et al., 1997a,b; Kwon et al., 2001; Mathiowitz et al.,
997; Okada, 1997; Okada and Toguchi, 1995). Most PLGA
anoparticles are prepared by using a double emulsion-solvent
vaporation technique and are finally collected by lyophiliza-
ion. However, nanoparticles often form aggregates due to their
arge surface area and strong interparticle adhesion, and it is dif-
cult to prevent this aggregation. Lyophilization often facilitates
article aggregation as the ice press adheres to individual par-
icles. The aggregation of nano-sized particles causes problems
uch as poor redispersal, which results in low reproducibility
nd low gene delivery efficiency. Generally, solid preparations
re highly desirable from the standpoint of preserving stability,
nd ease of handling and transportation.

Our objective is to establish a preparation method for nano-
ized non-viral vectors possessing good reproducibility and high
fficiency for mucosal membrane pDNA vaccination. Mannitol
s already used for osmotic adjustment, as well as an excipi-
nt, in pharmaceutical preparations such as injection products,
nd would be a useful additive to disperse nanospheres without
nducing aggregation. In the present study, a spray-drying prepa-
ation method to obtain PLGA nanospheres without aggregation
as investigated and compared with a lyophilization method.
e designed micro-sized mannitol particles in which cationic

LGA nanospheres were uniformly dispersed.

. Materials and methods

.1. Materials

Plasmid DNA (pCMV-Luc), which comprised a subcloned
uciferase cDNA fragment at the Hind III and BamHI sites of
cDNA3.1, was amplified in E. coli (DH5�) and purified using
n Endfree Plasmid Maxi kit (QIAGEN, USA), followed by
thanol precipitation and dilution in Tris/EDTA buffer. DNA
oncentration was measured based on UV absorption at 260 nm.

Label IT nucleic acid labeling kit (MURUS label IT® Cy3
abeling kit, TAKARA BIO Inc., Japan) was used for fluores-
ent labeling of pDNA. In addition, pEGFP-N1 (4.7 kb; BD
iosciences Clontech, USA), which codes for green fluores-
ence protein, was used for fluorescence microscope obser-
ation.

PLGA having a lactic/glycolic acid ratio of 75/25 and a
olecular weight of 14,400, and mannitol were purchased

rom WAKO (Japan). Polyethylenimine (PEI, (C6H21N5)n, Mw

50 kDa; Sigma–Aldrich Co., USA), trimethyl [2,3-(dioleyloxy)
ropyl]-ammonium chloride (DOTMA, C42H84ClNO2, Mw
70.57; Tokyo Kasei Kogyo Co., Japan), cholesteryl 3�-N-
dimethylaminomethyl) carbamate (DC-Chol, C32H57N2O2Cl,

l
t
d
t

pray pressure (kgf/cm2) 3.0
rying air volume (m3/h) 24.0

w 537.27; Avanti Polar Lipid, USA) and cetyl trimethylammo-
ium bromide (CTAB, CH8(CH2)15N(Br)(CH8)8, Mw 364.45;
AKO, Japan) were used as cationic materials. Fugene 6®

Roche Diagnostics K.K., Japan) and Lipofectamine® (Invitro-
en Japan K.K., Japan) were used as transfection reagents. The
uciferase Assay system (Promega Co., Ltd., USA) was used

or determining luciferase activity.

.2. Preparation of cationic PLGA nanospheres

Cationic PLGA nanospheres were prepared by the oil-
n-water emulsion solvent-evaporation method, as reported
reviously, with some modification (Horisawa et al., 2002).
ne hundred twenty milliliters of acetone/methanol mixture

2/1) containing 2 g of PLGA and cationic material (0.04–4 g
f PEI, or 1 g of DOTMA, DC-Chol and CTAB) was dropped
nto 1000 mL of distilled water with constant stirring. After 5
o 25 g of mannitol (0.45–2.23%) was dissolved in this emul-
ion, spray-drying or freeze-drying was carried out using a
pray dryer (Pulvis Mini-Spray GA32, YAMATO Co., Japan)
r freeze dryer (FRD-82M, ASAHI TECHNO GLASS Co.,
apan). PLGA nanospheres containing cationic materials and
ispersed in mannitol microparticles were obtained by spray-
rying. Table 1 shows the operating conditions for spray-
rying.

.3. Preparation of PLGA/PEI microspheres

The two phases, consisting of distilled water (25 mL) and
mL of methylene chloride/methanol (2/1) containing PLGA

4 g) and PEI (2 g), were emulsified using a homogenizer (Poly-
ron PT3100, Kinematica AG, Switzerland) at 9000 rpm for
min. This emulsion was added to 250 mL of distilled water and
omogenized. The resulting double emulsion was then stirred for
h to allow the evaporation of the organic solvent. After adding
g of mannitol, the PLGA/PEI microspheres, which were dis-
ersed in the mannitol microparticles, were finally dried and
ollected by spray-drying.

.4. Particle size and zeta-potential of PLGA nanospheres

The PLGA nanospheres in the mannitol microparticles were
ispersed into distilled water. The particle size distribution of
LGA nanospheres was then analyzed by using a super dynamic
ight scattering spectrophotometer (DLS-7000, Otsuka Elec-
ronics Co., Ltd., Japan), and mean particle diameter (D50) was
efined as the median diameter on the cumulative curve of scat-
ering intensity-based particle size distribution.
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The zeta-potential of PLGA nanospheres was analyzed by
aser zeta electrometer (LASER ZEE model 501, Pen Kem, Inc.,
SA).

.5. Observation of PLGA nanospheres

The mannitol microparticles containing PLGA nanospheres
ere placed on a polycarbonate membrane filter (pore size,
.2 �m), and were dissolved by dropping distilled water. The
LGA nanospheres were then observed using a scanning elec-

ron microscope (SEM, S-2250N, Hitachi Ltd., Japan).

.6. Complex formation potential of cationic PLGA
anospheres and pDNA

pDNA-PLGA/PEI nanosphere complexes were prepared by
ombining 2 �g of pDNA and 20 mg of PLGA nanospheres
n 500 �L of TE buffer for 12 h at 4 ◦C. The supernatant was
ollected after centrifugation at 30,000 rpm for 3 h and was sub-
ected to agarose gel electrophoresis (1% agarose, TBE buffer,
00 V, 55 min, ethidium bromide staining for 15 min) in order to
onfirm complex formation. The pDNA in TE buffer and pDNA-
LGA nanosphere complexes without cationic materials were
lso analyzed as controls.

.7. DNase I protection assay

Complexes were prepared by combining 25 �g of pDNA and
.875 mg of PLGA/PEI nanospheres. pDNA alone (25 �g) and
omplexes were respectively incubated with 100 �L of aqueous
olution containing 5 �L of DNase I and 25 �L of reaction buffer
t 37 ◦C for 3 min. Following digestion, samples were analyzed
y 1% agarose gel electrophoresis for DNA fragments.

.8. Cell culture

COS-7 cells (African green monkey kidney epithelial-like
ells) were maintained at 37 ◦C and 5% CO2 in Dulbecco’s
odified Eagle Medium (DMEM) containing 10% FBS

GIBCO) and 1% penicillin/streptomycin (stock 10,000 U/mL,
0,000 �g/mL, GIBCO). Cells (2 × 105) suspended in 30 mL
MEM were then placed in a culture flask and were grown for

xperiments.

.9. In vitro transfection study

Complexes were prepared by combining PLGA/PEI nano-
pheres and pDNA in serum-free Opti-MEM medium (GIBCO)
t 4 ◦C for 12 h. The weight ratio ranged from 5/1 to 100/1.
ontrol complexes of pDNA (2 �g) and optimal amounts of
ther transfection reagents (PEI 20 �g, Fugene 6® 6 �L, or
ipofectamine® 25 �L) were prepared under the same condi-

ions.

COS-7 cells were seeded onto 6-well plates at a density of

× 105 cells per well (2 mL DMEM), and were transfected after
0–80% confluence was reached (∼24 h). Cells were washed
wice with phosphate buffered saline (PBS). pDNA (2 �g) or

P
t
9
d
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omplexes containing 2 �g of pDNA were added to each well
ith 2 mL of Opti-MEM medium. After 6 h incubation at 37 ◦C

n a humidified 5% CO2 atmosphere, cells were washed twice
ith PBS, 2 mL of fresh DMEM containing 10% FBS was

dded, and cells were incubated.
After 48 h, cells were washed three times with PBS, lysed by

ddition of 100 �L of lysis buffer per well, and left to stand
or 15 min at room temperature. Cell lysates were then col-
ected and centrifuged at 15,000 rpm for 3 min. After addition of
00 �L of luciferase substrate solution to 50 �L of cell lysate,
uciferase activity was measured using a chemiluminescence
nstrument (LumiCounter 1000, MICROTECH). Protein quan-
ification was performed on the same cell lysate using a standard
ioRad protein assay kit (BioRad, Hercules, USA). A 5-�L
liquot of cell lysate diluted 160 times with ultrapure water was
hen reacted with 40 �L of dye reagent for 1 h at room tempera-
ure, and absorbance was measured at 595 nm using a microplate
eader (SAFIRE, TECAN). The protein concentration of the cell
ysate was calculated using a calibration curve for BSA standards
2 mg/mL). The results are shown as relative light units (RLU)
er mg of protein.

.10. Cellular uptake and gene expression of
EGFP-cationic PLGA nanosphere complex

COS-7 cells were seeded onto cover glasses at a density of
× 105 cells per 2 mL of DMEM, and were incubated for 24 h
t 37 ◦C in a humidified 5% CO2 atmosphere. To determine the
ize-dependent cationic PLGA particle uptake and gene expres-
ion, cells were incubated with Cy-3 labeled pEGFP complexed
LGA/PEI nanospheres and with PLGA/PEI microspheres in
pti-MEM medium for 30 h under the same conditions. Cells
ere washed twice with PBS at different time intervals and
ere then fixed on cover glasses with 2% paraformaldehyde for
0 min. Mounting medium was dropped after washing and dry-
ng cover glasses. pEGFP uptake and GFP expression efficiency
ere observed by fluorescence microscopy.

.11. In vivo transfection study

Six- to eight-week-old Balb/c female mice were purchased
rom Japan SLC Inc. Mice were anesthetized with sodium pen-
obarbital (50 mg/kg, i.p.) before all procedures.

The complex of PLGA/PEI nanospheres and pCMV-Luc
50 �g/100 �L) was injected intravenously. The heart, lung,
iver, kidney and spleen were removed at 12 h after injec-
ion. Tissues were washed twice with cold PBS and weighed,
nd were then homogenized with 4 mL of lysis buffer (0.05%
riton X, 2 mM EDTA, 0.1 M Tris) per 1 g of tissue. After
freeze–thawing cycles, tissue lysates were centrifuged at

5,000 rpm and 4 ◦C for 15 min. Supernatants were collected
nd analyzed for luciferase activity.

Furthermore, the pCMV-Luc complex suspension with

LGA/PEI nanospheres or microspheres was administered into

he lung through a tracheal incision. The lung was removed at
h after instillation and was analyzed for luciferase activity, as
escribed above.
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Table 2
Mean particle diameter (D50) of nanospheres spray-dried with different amount
of mannitol to o/w suspension consisting of 1.79% PLGA and 0.83% PEI

Mannitol addition (%) D50 (nm)

0.00 297.4
0.45 199.2
0.89 158.5
1.34 138.7
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Table 4
Mean particle diameter (D50) and zeta potential of spray-dried PLGA/PEI
nanospheres prepared with different amounts of PEI in oil phase of o/w
suspension

PEI (%) D50 (nm) Zeta potential (mV)

0.03 1661.3 38.4
0.17 420.5 47.1
0
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.79 121.8

.23 122.9

. Results and discussion

.1. Effects of PEI and mannitol on particle size of
LGA/PEI nanospheres in mannitol

The mean particle diameter of PLGA/PEI nanospheres
n o/w emulsion before drying was determined. Particles
ere prepared using 2 g of PLGA (1.67%) with 0.04–4 g of
EI (0.03–3.33%) dissolved in 100 mL of acetone/methanol
olution. The nanospheres in o/w emulsion formulated at
.17–0.83% PEI were approximately 100 nm in diameter, which
s suitable for mucosal DNA vaccines. Table 2 shows the mean
article diameter of PLGA/PEI nanospheres consisting of 1.67%
LGA and 0.83% PEI spray-dried with various amounts of man-
itol. Particle diameter of spray-dried nanospheres increased
ith decreasing mannitol concentration, and was smallest (ca.
20 nm) when mannitol was added at more than 1.79%, indi-
ating that mannitol acts as an anti-aggregating agent. This
ndicates that mannitol efficiently suppresses particle aggre-
ation because mannitol uniformly surrounds the PLGA/PEI
anospheres.

.2. Particle size and zeta potential of nanoparticles by
pray-drying and freeze-drying

Table 3 shows the mean particle diameter (D50) of PLGA
anospheres with cationic materials before and after spray-
rying or freeze-drying and zeta potential of spray-dried
anospheres. These nanospheres were also formulated from
.67% PLGA, 0.83% cationic material (PEI, DOTMA, DC-Chol
r CTAB) and 1.79% mannitol. In the case of spray-drying,
he mean particle diameter of nanospheres with any cationic

aterial was approximately equal to that of the nano-emulsion

efore drying. In the case of freeze-drying, particles showed
arger particle diameters, possibly due to agglomeration of par-
icles by compression during ice growth. The zeta potentials of
LGA nanospheres with PEI, DOTMA and DO-Chol confirmed

p
a
a
c

able 3
ean particle diameter (D50) of PLGA nanospheres with cationic materials before an

ationic materials Before drying, D50 (nm) Freeze-dried, D

EI 99.8 342.6
OTMA 183.8 442.7
C-Choi 263.4 784.2
TAB 216.8 1281.2
.33 196.1 54.8

.83 124.1 57.2

igher positive charges. After spray-drying, cationic nanoparti-
les were obtained as mannitol microparticles having diameters
f ca. 10 �m, as shown in Fig. 1A. The nanoparticles observed
fter dissolving mannitol with water on the filter were spherical
n shape and were well dispersed, as shown in Fig. 1B–D. The
LGA/PEI nanospheres were smaller than the PLGA/DOTMA
nd PLGA/DC-Chol nanospheres.

Table 4 shows the mean diameter (D50) and zeta potential of
LGA/PEI nanospheres prepared with different amounts of PEI.
he mean diameter decreased with increasing amounts of PEI,
hile zeta potential gradually increased. PLGA/PEI nanopar-

icles with 0.83% PEI had the smallest diameter (124.1 nm).
tronger agitation during homogenization of the o/w emul-
ion might have provided finer nanospheres, even with smaller
mounts of PEI. These results indicate that spray-drying is
seful for preparation of cationic PLGA nanospheres with-
ut aggregation. The spray-drying method in this study allows
mprovements in handling properties, production efficiency and
tability of nanoparticles without increasing size. The particle
ize of obtained nanoparticles corresponded to the respirable
article fraction, which can be delivered to the bronchioles and
lveoli of the lung, and therefore mannitol microparticles con-
aining PLGA nanospheres may be applicable to the dry powder
nhaler (DPI) and pulmonary administration of DNA, siRNA
nd poorly-soluble compounds.

.3. In vitro complex formation potential and DNase
esistance of pDNA and PLGA/PEI nanospheres

Fig. 2 depicts the results of agarose gel electrophoresis of
he supernatants collected by centrifuging TE buffer contain-
ng pDNA and nanospheres in order to evaluate the complex
ormation ability of cationic nanospheres. pDNA was unde-
ectable in the supernatant if the complex was formed. Free

DNA was detected in the supernatant of mixture of pDNA
nd PLGA nanospheres without PEI, indicating no complex-
tion with negatively charged PLGA nanospheres (lane 3). In
ontrast, pDNA was not present in the supernatant containing

d after freeze-drying or spray-drying, and zeta potential after spray-drying

50 (nm) Spray-dried, D50 (nm) Zeta potential (mV)

124.1 57.2
189.1 50.8
278.3 52.4
219.1 −7.5
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ig. 1. SEM photographs of (A) mannitol microparticles including nanospheres
hol nanospheres in mannitol microparticles.
LGA/PEI nanospheres, indicating that PLGA/PEI nanospheres
ere bound to pDNA (lane 4). Fig. 3 shows the results of DNase
rotection assay in vitro. Although the naked pDNA (lane 3) was
ompletely degraded rapidly after treatment with DNase at 37 ◦C

ig. 2. Electrophoresis for pDNA uncomplexed with PLGA nanospheres. Lane
is molecular weight marker. Lane 2 shows naked pDNA. Lane 3 is supernatant

rom the mixture of pDNA and PLGA nanospheres without PEI. Lane 4 is super-
atant from the mixture of pDNA and PLGA/PEI nanospheres. Supernatants
ere analyzed by 1% agarose gel electrophoresis. pDNA was not detected if
DNA complexes were formed with PLGA nanospheres.

f
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w
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F
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PLGA/PEI nanospheres, (C) PLGA/DOTMA nanospheres and (D) PLGA/DO-

or 3 min, pDNA complexed with PLGA/PEI nanospheres (lane

) remained intact. This suggests that the pDNA complexed
ith PLGA/PEI nanospheres would be stable against nucle-

ses in the plasma during intravenous injection of the comp-
exes.

ig. 3. Resistance of pDNA-PLGA/PEI nanosphere complex to DNase I degra-
ation. Lane 1 is molecular weight marker. Lane 2 is naked pDNA. Lane 3 is
igestion of naked pDNA with DNase I. Lane 4 is pDNA-PLGA/PEI nanosphere
omplexes. Lane 5 is digestion of pDNA-PLGA/PEI nanosphere complexes with
Nase I.
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ig. 4. Effects of cationic vector/pDNAratio on transfection efficiency in COS-
ach bar represents the mean ± S.D. (n = 5).

.4. In vitro transfection activity of pDNA-nanosphere
omplexes

The transfection activities of cationic PLGA nanospheres
ere determined using COS-7 cells. As shown in Fig. 4,
DNA-PLGA/PEI nanospheres (50/1 and 75/1, PLGA/PEI)
howed markedly higher luciferase activity than complexes
ith PLGA nanospheres containing DO-Chol and DOTMA.
or 75/1 PLGA/PEI nanospheres, luciferase activity was par-

icularly high when compared with other transfection reagents
PEI, Fugene 6), but was lower than Lipofectamine. Further-

ore, PLGA/PEI nanospheres showed significantly higher gene

xpression than PLGA/PEI microspheres (∼1 �m in diame-
er), indicating that particle size affects transfection activity
nd that nano-sized particles are easily transfected into COS-

c
a
c
p

ig. 5. Fluorescence microscopy of COS-7 cells transfected with Cy3-labeled pEGF
y-3-labeled pEGFP; green: expressed GFP.
s. Vector/pDNA ratio: �, 5/1; , 10/1; , 25/1; , 50/1; � , 75/1; , 100/1.

cells. Fig. 5 shows fluorescence microscopy images of
OS-7 cells transfected with Cy-3-labeled pEGFP complexed
ith PLGA/PEI nanospheres and PLGA/PEI microspheres.
t 5 h after transfection, cellular localization by PLGA/PEI
anosphere complexes was markedly greater than that by
LGA/PEI microsphere complexes (red color), suggesting that

ntracellular uptake was improved by using nanospheres having
iameters of approximately 100 nm. At 30 h after transfection,
FP (green color) was more strongly expressed when pDNA was

ransfected with PLGA/PEI nanospheres when compared with
icrospheres. These results indicate that cationic PLGA parti-
les should be of nanosize in order to maximize gene expression,
nd that the present spray-dry technique with mannitol to give
ationic nanospheres results in good transfection potential of
DNA.

P complexed with PLGA/PEI nanospheres or PLGA/PEI microspheres. Red:
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ig. 6. Luciferase activity in mouse tissues after i.v. injection of pDNA-PLG
LGA/PEI nanospheres and microspheres (B). (A) i.v. administration (50 �g pD
pleen. (B) Intratracheal administration (25 �g pDNA/50 �L TE buffer, after 9

.5. In vivo gene expression study

Fig. 6 shows the luciferase activity following in vivo trans-
ection with pDNA using PLGA/PEI nanospheres as a vector.
ig. 6A and B show the gene expression in various mouse tis-
ues after i.v. administration and in the lung after intratracheal
dministration, respectively. Luciferase activity was highest in
he lung tissue, as shown in Fig. 6A. This was due to the
act that particle size of the complexes increased by interaction
etween pDNA and serum protein, and therefore the complexes
ere temporarily trapped in the capillary bed of the lung. As

hown in Fig. 6B, luciferase activity in the lung was higher with
LGA/PEI nanospheres than with PLGA/PEI microspheres,

ndicating that particle size affects gene expression efficiency
n vivo. This suggests that suppressing increases in particle size
uring preparation is important in obtaining higher gene expres-
ion in vivo.

. Conclusion

In this study, we investigated methods for the prepara-
ion of cationic PLGA nanoparticles as non-viral vectors. The
pray-drying method was useful for preparing cationic PLGA
anospheres designed to enhance the electrostatic interaction
etween pDNA and the cell membrane. PLGA and cationic
aterials were dissolved in an acetone-based organic solvent

ontaining methanol in order to dissolve the water-soluble
ationic materials. By dropping the organic solution into dis-
illed water, a PLGA nanosphere emulsion was obtained as a
esult of spontaneous ionic interaction between the basic imino
roups of the cationic materials and terminal carboxylic anions
f PLGA. By spray-drying the emulsion with mannitol, cationic
LGA nanospheres were collected without aggregation as man-
itol microparticles, which have good handling properties. The
ean particle diameter of nanospheres was smallest when PEI
as used as a cationic material. The obtained cationic PLGA/PEI
anospheres formed strong complexes with pDNA, and pDNA

as thus protected from nucleases such as DNase. In an in vitro

ransfection study using COS-7 cells, PLGA/PEI nanospheres
omplexed with pDNA gave significant luciferase expression
hen compared with other cationic PLGA nanospheres as a

K

I nanosphere complexes (A) and in lung after intratracheal administration of
00 �L TE buffer, after 12 h). **P < 0.01 compared with heart, liver, kidney and
P < 0.01 compared with naked pDNA.

esult of good uptake into COS-7 cells. This technology would
llow the preparation of nano-sized particles as gene carriers
ithout aggregation or loss of gene transfection potential, and
ay enable the large-scale production of such particles.

cknowledgements

This work was supported in part by the Uehara Memorial
oundation and a grant from the Promotion and Mutual Aid
orporation for Private Schools of Japan.

eferences

kagi, T., Kawamura, M., Ueno, M., Akashi, M., Baba, M., 2003. Mucosal
immunization with inactivated HIV-1 capturing nanospheres induces a sig-
nificant HIV-1-specific vaginal antibody response in mice. J. Med. Virol. 69,
163–172.

rima, H., Kihara, F., Hirayama, F., Uekama, K., 2001. Enhancement of gene
expression by polyamidoamine dendrimer conjugates with alpha-, beta-, and
gamma-cyclodextrins. Bioconjug. Chem. 12, 476–484.

riones, M., Singh, M., Ugozzoli, M., Kazzaz, J., Klakamp, S., Ott, G., O’Hagan,
D., 2001. The preparation, characterization, and evaluation of cationic
microparticles for DNA vaccine delivery. Pharm. Res. 18, 709–712.

rooking, J., Davis, S.S., Ilium, L., 2001. Transport of nanoparticles across the
rat nasal mucosa. J. Drug Target 9, 267–279.

hen, S.C., Jones, D.H., Fynan, E.F., Farrar, G.H., Clegg, J.C.S., Green-
berg, H.B., 1998. Protective immunity induced by oral immunization with
a rotavirus DNA vaccine encapsulated in microparticles. J. Virol. 72,
5757–5761.

awley, A.E., Ilium, L., Davis, S.S., 1997a. Preparation of biodegradable, sur-
face engineered PLGA nanospheres with enhanced lymphatic drainage and
lymph node uptake. Pharm. Res. 19, 657–661.

awley, A.H., Ilium, L., Davis, S.S., 1997b. Lympho node localization of
biodegradable nanospheres surface modified with poloxamer and poloxam-
ine block co-polymer. FEBS Lett. 400, 319–323.

orisawa, E., Hirota, T., Kawazoe, S., Yamada, J., Yamamoto, H., Takeuchi,
H., Kawashima, Y., 2002. Prolonged anti-inflammatory action of dl-
lactide/glycolide copolymer nanospheres containing betamethasone sodium
phosphate for an intra-articular delivery system in antigen-induced arthritic
rabbit. Pharm. Res. 19, 403–410.

ones, D.H., Corris, S., McDonald, S., Clegg, J.C.S., Farrar, G.H., 1997.

Poly(dl-lactide-co-glycolide)-encapsulated plasmid DNA elicits systemic
and mucosal antibody responses to encoded protein after oral administration.
Vaccine 15, 814–817.

akizawa, Y., Kataoka, K., 2002. Block copolymer micelles for delivery of gene
and related compounds. Adv. Drug Deliv. Rev. 54, 203–222.



rnal o

K

K

K

K

K

M

M

N

O

O

O

S

S

S

Y. Takashima et al. / International Jou

awakami, S., Fumoto, S., Nishikawa, M., Yamashita, F., Hashida, M., 2000. In
vivo gene delivery to the liver using novel galactosylated cationic liposomes.
Pharm. Res. 17, 306–313.

awakami, S., Yamashita, F., Nishida, K., Nakamura, J., Hashida, M., 2002.
Glycosylated cationic liposomes for cell-selective gene delivery. Crit. Rev.
Ther. Drug Carrier Syst. 19, 171–190.

awashima, Y., Yamamoto, H., Takeuchi, H., Kuno, Y., 2000. Mucoadhesive dl-
lactide/glycolide copolymer nanospheres coated with chitosan to improve
oral delivery of elcatonin. Pharm. Dev. Technol. 5, 77–85.

ihara, F., Arima, H., Tsutsumi, T., Hirayama, F., Uekama, K., 2002. Effects
of structure of polyamidoamine dendrimer on gene transfer efficiency of
the dendrimer conjugate with alpha-cyclodextrin. Bioconjug. Chem. 13,
1211–1219.

won, H.Y., Lee, J.Y., Choi, S.W., Kim, J.H., 2001. Preparation of PLGA
nanoparticles containing estrogen by emulsification-diffusion method. Col-
loids Surf. A: Physicochem. Eng. Aspects 182, 123–130.

anunta, M., Tan, P.H., Sagoo, P., Kashefi, K., George, A.J., 2004. Gene delivery

by dendrimers operates via a cholesterol dependent pathway. Nucleic Acids
Res. 32, 2730–2739.

athiowitz, E., Jacob, J.S., Jong, Y.S., Carino, G.P., Bassett, M., Morrell, C.,
1997. Biologically erodable microspheres as potential oral drug delivery
systems. Nature 386, 410–414.

V

f Pharmaceutics 343 (2007) 262–269 269

ishikawa, M., Yamauchi, M., Morimoto, K., Ishida, E., Takakura, Y., Hashida,
M., 2000. Hepatocyte-targeted in vivo gene expression by intravenous
injection of plasmid DNA complexed with synthetic multi-functional gene
delivery system. Gene Ther. 7, 548–555.

kada, H., 1997. One and three-month release injectable microspheres of LH-
RH superagonist leuprorelin acetate. Adv. Drug Deliv. Rev. 28, 43–70.

kada, H., Toguchi, H., 1995. Biodegrable microspheres in drug delivery. Crit.
Rev. Ther. Drug Carrier Syst. 12, 1–99.

tsuka, H., Nagasaki, Y., Kataoka, K., 2003. PEGlated nanoparticles for biolog-
ical and pharmaceutical applications. Adv. Drug Deliv. Rev. 55, 403–419.

imoes, S., Pires, P., Duzgunes, N., 2003. Gene delivery by cationic liposome-
DNA complexes containing transferring or serum albumin. Methods
Enzymol. 373, 369–383.

ingh, M., Briones, M., Ott, G., O’Hagan, D., 2000. Cationic microparticles: a
potent delivery system for DNA vaccines. Proc. Natl. Acad. Sci. U.S.A. 18,
811–816.

ingh, M., Vajdy, M., Gardner, J., Briones, M., O’Hagan, D., 2002. Mucosal

immunization with HIV-1 gag DNA on cationic microparticles prolongs
gene expression and enhances local and systemic immunity. Vaccine 20,
594–602.

ajdy, M., O’Hagan, D., 2001. Microparticles for intranasal immunization. Adv.
Drug Del. Rev. 51, 127–141.


	Spray-drying preparation of microparticles containing cationic PLGA nanospheres as gene carriers for avoiding aggregation of nanospheres
	Introduction
	Materials and methods
	Materials
	Preparation of cationic PLGA nanospheres
	Preparation of PLGA/PEI microspheres
	Particle size and zeta-potential of PLGA nanospheres
	Observation of PLGA nanospheres
	Complex formation potential of cationic PLGA nanospheres and pDNA
	DNase I protection assay
	Cell culture
	In vitro transfection study
	Cellular uptake and gene expression of pEGFP-cationic PLGA nanosphere complex
	In vivo transfection study

	Results and discussion
	Effects of PEI and mannitol on particle size of PLGA/PEI nanospheres in mannitol
	Particle size and zeta potential of nanoparticles by spray-drying and freeze-drying
	In vitro complex formation potential and DNase resistance of pDNA and PLGA/PEI nanospheres
	In vitro transfection activity of pDNA-nanosphere complexes
	In vivo gene expression study

	Conclusion
	Acknowledgements
	References


