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Purpose. Genetic immunization using “naked” plasmid DNA
(pDNA) has been shown to elicit broad humoral and cellular immune
responses. However, more versatile and perhaps cell-targeted deliv-
ery systems are needed. To this end, a novel process to engineer
cationic nanoparticles coated with pDNA for genetic immunization
was explored.
Methods. Cationic nanoparticles were engineered from warm oil-in-
water microemulsion precursors composed of emulsifying wax as the
oil phase and cetyltrimethylammonium bromide (CTAB) as the cat-
ionic surfactant. Plasmid DNA was coated on the surface of the cat-
ionic nanoparticles to produce pDNA-coated nanoparticles. An en-
dosomolytic lipid and/or a dendritic cell-targeting ligand (mannan)
were incorporated in or deposited on the nanoparticles to enhance
the in vitro cell transfection efficiency and the in vivo immune re-
sponses after subcutaneous injection to Balb/C mice. The IgG titer to
expressed �-galactosidase and the cytokine release from isolated
splenocytes after stimulation were determined on 28 days.
Results. Cationic nanoparticles (around 100 nm) were engineered
within minutes. The pDNA-coated nanoparticles were stable at 37°C
over 30 min in selected biologic fluids. Transmission electron micros-
copy showed the nanoparticles were spherical. Plasmid DNA-coated
nanoparticles, especially those with both an endosomolytic lipid and
dendritic cell-targeting ligand, resulted in significant enhancement in
both IgG titer (over 16-fold) and T-helper type-1 (Th1-type) cytokine
release (up to 300% increase) over “naked” pDNA.
Conclusion. A novel method to engineer pDNA-coated nanoparticles
for enhanced in vitro cell transfection and enhanced in vivo immune
responses was reported.

KEY WORDS: plasmid DNA; mannan; pullulan; T-helper cell;
�-galactosidase.

INTRODUCTION

Genetic immunization using either “naked” pDNA or
pDNA-laiden gold beads (gene gun) has gained considerable
interest since the first demonstration of both protective im-
munity and cytotoxic T lymphocyte (CTL) responses in mice
(1). The ability of pDNA-based vaccines to elicit both hu-
moral and cellular immune responses is a key advantage over
conventional subunit (protein) or whole-killed viral vaccines
(2–4). Vaccines that generate cellular immunity mediated by
the generation of CTL responses have been called the “the
immunologist’s grail” (5). These vaccines may be of prime
importance for protection from intracellular viral infections
and/or as potential immunotherapies for cancer. Immuniza-
tion with “naked” plasmid DNA has been found to induce

strong T-helper cell type-1 (Th1) immune responses as evi-
denced by the production of cytokines such as interleukin-2
(IL-2) and interferon-� (IFN-�) (6,7). In contrast, subunit, or
protein-based, vaccines tend to induce T-helper cell type-2
(Th2) immune responses as evidenced by the generation of
cytokines such as IL-4 and IL-10. Significantly, Th1 cells aid
in the regulation of cellular immunity whereas Th2 cells aid in
the production of antibodies. Improved immunization meth-
ods to enhance Th1-type immune responses in parallel with
enhanced (neutralizing) antibody production are needed in
the field.

Recent positive clinical data using the gene gun to ad-
minister submilligram amounts of pDNA into the skin epi-
dermis has both validated this technology as a viable clinical
vaccine modality and highlighted the rationale of targeting
vaccines to antigen presenting cells residing in either the skin
(Langerhan’s cells) or the draining lymph node (8). However,
it is unclear whether or not this technology will become com-
mercially viable because of potential scale-up and cost con-
siderations. Several reports have demonstrated enhanced im-
mune responses (cellular and humoral) using nanoparticles or
microparticles (9–15). For example, Singh et al. (12) demon-
strated both enhanced humoral and CTL responses in mice
over “naked” plasmid DNA after intramuscular injection of
pDNA-coated cationic polylactic acid-co-glycolic acid
(PLGA) microspheres having diameters from 300 nm to 30
�m. They also reported an inverse correlation between the
size of the microparticles and their elicited immune response,
wherein the smallest particles (300 nm) led to the highest
immune response (12).

In this article, we report a method to engineer smaller
cationic nanoparticles from microemulsion precursors. The
method is based on the spontaneous formation of warm mi-
croemulsions that can easily be used as a template to form
cationic nanoparticles. This microemulsion precursor strategy
has advantages because 1) all ingredients are potentially bio-
compatible; 2) the natural engineering process can easily be
adapted to include many different excipients such as adju-
vants, endosomolytic agents; 3) well-defined and uniform
solid nanoparticles (<100 nm) may be reproducibly made
without the use of expensive and/or damaging high-torque
mechanical mixing, microfluidization, or homogenization; 4)
no organic solvents are used during the manufacturing pro-
cess; 5) very high entrapment efficiencies are achievable, es-
pecially for water-insoluble drugs; 6) the formed solid nano-
particles may have superior in vivo stability; and 7) cell-
specific ligands can easily be incorporated into the
nanoparticles (during or after the engineering process). The
overall objective of these studies was to develop and charac-
terize pDNA-coated nanoparticles and compare the humoral
and Th1-type immune responses of pDNA-coated nanopar-
ticles to those of “naked” pDNA after subcutaneous injection
to mice.

MATERIALS AND METHODS

Materials

Plasmid DNA containing a CMV promoter �-galactosi-
dase reporter gene (CMV-�-gal) and luciferase gene (CMV-
Luc) were generous gifts from Valentis, Inc. (The Woodlands,
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Texas). Emulsifying wax was purchased from Spectrum Qual-
ity Products, Inc. (New Brunswick, New Jersey). Nonionic
emulsifying wax is comprised of cetyl alcohol and polysorbate
60 in a molar ratio of about 20:1. Cetyltrimethylammonium
bromide (CTAB), �-galactosidase, normal goat serum, and
Sephadex G-75 were from Sigma Chemical Co. (St. Louis,
Missouri). Phosphate-buffered saline (PBS)/Tween 20 buffer
(20X) was obtained from Scyteck Laboratories (Logan,
Utah). Tetramethylbenzidine (TMB) Substrate Kit was from
Pierce (Rockford, Illinois). Anti-mouse IgG peroxidase-
linked species-specific F(ab�)2 fragment (from sheep) was
purchased from Amersham Pharmacia Biotech Inc. (Piscata-
way, New Jersey). {N-[2-(Cholesterylcarboxyamino)ethyl]
carbamoylmethyl}mannan or pullulan (cholesterol-mannan
or cholesterol-pullulan) were purchased from Dojindo Mo-
lecular Technologies, Inc. (Gaithersburg, Maryland). Mouse
IL-2, IL-4, and IFN-� ELISA Kits were purchased from En-
dogen, Inc. (Woburn, Massachusetts). Lipofectin® was pur-
chased from GibcoBRL Life Technologies (Gaithersburg,
Maryland). Dioleoyl Phosphatidylethanolamine (DOPE) was
from Avanti Polar Lipids, Inc. (Alabaster, Alabama).

Engineering of Cationic Nanoparticles from
Microemulsion Precursors

Microemulsion precursors and cationic nanoparticles
were engineered as described previously (15). Briefly, emul-
sifying wax (2 mg) was accurately weighed into 7-mL glass
scintillation vials and melted on a hot plate at 50–55°C. Re-
quired volumes of deionized and filtered (0.22 �m) water
were added to the melted wax while stirring to form homog-
enous milky slurries. Various volumes of a CTAB stock so-
lution (50 mM, in water) were added while stirring to obtain
final CTAB concentrations from 5 mM to 30 mM. Within
seconds, clear oil-in-water (O/W) microemulsions formed.
The droplet size of the microemulsion was measured at 55°C
using a Coulter N4 Plus Sub-Micron Particle Sizer (Coulter
Corporation, Miami, Florida) at 90-degree light scattering for
90 s. These microemulsions were then simply cooled down
(cured) to room temperature while stirring to form nanopar-
ticles. For particle sizing, the nanoparticle suspension was di-
luted 10-fold with deionized and filtered (0.22 �m) water and
the particle size was measured at 90-degree light scattering for
90 s at 25°C. The zeta potentials of engineered nanoparticles
were also measured using a Zeta Sizer 2000 from Malvern
Instruments, Inc. (Southborough, Massachusetts).

Stability of Engineered Cationic Nanoparticles in Aqueous
and Isotonic Vehicles

Cured nanoparticle suspensions were diluted 10-fold
with water, sealed, and stored at room temperature over 6
days. The particle size was measured each day for 6 days as
described above. To identify a suitable vehicle for injection,
cured nanoparticle suspensions were also diluted 10-fold with
either 10% lactose, 10 mM PBS (pH 7.4), or 150 mM NaCl,
and the particle size was measured over 30 min at 37°C.

Purification of Engineered Cationic Nanoparticles

To separate free CTAB from the nanoparticles, gel per-
meation chromatography (GPC) using Sephadex G-75 was
performed. Sephadex G-75 was pre-soaked with de-ionized

and filtered (0.22 �m) water overnight and then packed in a
14 × 230 mm plastic column. The column was equilibrated
with 10% w/v lactose. Five hundred microliters of the cured
nanoparticle suspension was applied to the column, and the
eluent was collected in 1-mL fractions in plastic vials. The
collected fractions were then analyzed by laser light scattering
using the N4 Plus Sub-Micron Particle Sizer to identify the
fraction containing nanoparticles. In all cases, the seventh
fraction contained greatest number of nanoparticles, as evi-
denced by laser light scattering and zeta potential measure-
ments.

The Preparation and Stability of
pDNA-Coated Nanoparticles

Plasmid DNA (CMV-�-gal or CMV-Luc) was coated on
the surface of the GPC purified nanoparticles by gently mix-
ing required amounts of pDNA with nanoparticles in suspen-
sion. At least 30 min at room temperature was allowed for
complete adsorption of pDNA to the surface of the nanopar-
ticles before particle sizing and zeta potential measurements
were performed. Net negatively charged pDNA-coated nano-
particles were obtained by coating pDNA on the surface of
nanoparticles prepared from emulsifying wax (2 mg/mL) and
CTAB (15 mM) to obtain a final pDNA concentration of 75
�g/mL. The physical stability of pDNA-coated nanoparticles
was assessed over 30 min at 37°C by “challenging” pDNA-
coated nanoparticles with 150 mM NaCl, 10% fetal bovine
serum (FBS) in 150 mM NaCl, or 10% lactose. For particle
size measurements, 100 �L of pDNA-coated nanoparticles
was diluted with 900 �L of the media, and the particle size
was measured at 37°C immediately after dilution (0 min) and
after 30 min.

The incorporation of DOPE (5% w/w) into the nanopar-
ticles was accomplished by mixing the DOPE with emulsify-
ing wax before microemulsion preparation (15). Cell-specific
ligands, cholesterol-mannan and cholesterol-pullulan, were
also deposited on the surface of the nanoparticles. Verifica-
tion of the deposition of cholesterol-mannan was completed
by a simple in vitro ConA agglutination assay as previously
described (15), and that of the cholesterol-pullulan was com-
pleted by in vitro cell transfection described below. Briefly,
each ligand (250 �g/mL) was mixed with nanoparticles (2
mg/mL) at room temperature under stirring overnight. ConA
agglutination assay with GPC-purified mannan-coated nano-
particles demonstrated that 50% (125 �g) of the cholesterol-
mannan ligand was associated with the nanoparticles. Nano-
particles with an endosomolytic lipid (DOPE) and/or the cell-
specific ligands (cholesterol-mannan or cholesterol-pullulan)
were purified by GPC and pDNA was coated on their surface
as described above for cell transfection and immunization
studies in mice.

Transmission Electron Micrographs (TEMs)

The size and morphology of nanoparticles were observed
using TEM (Philips Tecnai 12 Transmission Electron Micro-
scope) in the Electron Microscopy & Imaging Facility at the
University of Kentucky Medical Center. A carbon-coated
200-mesh copper specimen grid (Ted Pella, Inc., Redding,
California) was glow-discharged for 1.5 min. Nanoparticle
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suspension deposition on the grid and uranyl acetate staining
was completed as described previously (16).

In Vitro Transfection of Hep G2 Cells

Hep G2 cells were from American Type Culture Collec-
tion (ATCC, Rockville, Maryland) and were maintained in
Eagle’s Minimum Essential Medium (EMEM; Gibco, BRL)
media containing 10% FBS and 1% penicillin-streptomycin
(Gibco, BRL). Transfections were performed with cells that
were approximately 80% confluent. Cells were plated in 48-
well plates at a cell density of 5 × 105 cells/well and incubated
overnight. The cells were incubated further with the formu-
lations having a plasmid dose of 2.5 �g/well and were har-
vested after 52 h by removing the media, washing with 1X
PBS buffer, and then adding 200 �L 1X Lysis buffer (Pro-
mega, Madison, Wisconsin) for 5–10 min before freeze-
thawing three times. Luciferase activity was assayed as de-
scribed previously (14). Net positively charged pDNA-
nanoparticles (prepared with 6 mg/mL of emulsifying wax and
15 mM CTAB) were used for all cell transfection studies
because previous studies showed that net negatively charged
pDNA-nanoparticles did not transfect well in vitro (15). The
pDNA-coated nanoparticles (N) had particle size and zeta
potential of 220 ± 5 nm and 44 ± 2 mV, respectively. The
particle size and zeta potential of other modified pDNA-
coated nanoparticles (with either DOPE or cell-targeting li-
gands) were comparable (i.e., particle sizes ranged from 205–
225 nm, and zeta potentials ranged from +40–44 mV). Statis-
tical analysis was completed using a two-sample t test
assuming unequal variances. A P value < 0.05 was considered
to be statistically significant.

Mouse Immunization Studies

Ten- to 12-week-old female mice (Balb/C) from Harlan
Sprague–Dawley Laboratories were used for all animal stud-
ies. National Institutes of Health guidelines for the care and
use of laboratory animals were observed. Mice (n � 5/group)
were immunized with either “naked” pDNA or pDNA-
coated nanoparticles subcutaneously on day 0, day 7, and day
14 with 5 �g of pDNA. Mice were anesthetized using pento-
barbital (i.p.) before each immunization. One-hundred micro-
liters of each formulation was injected on one site on the
back. “Naked” pDNA was injected in 150 mM NaCl and
pDNA-coated nanoparticles were administered in 10% lac-
tose. On day 28, the mice were anesthetized and bled by
cardiac puncture. Sera were separated and stored as de-
scribed previously (14). Spleens from all naive and immu-
nized mice were also removed, pooled for each group, and
processed as described previously (15). �-galactosidase-
specific serum IgG titer was quantified by ELISA (14). Sple-
nocyte preparation and cytokine release were performed as
described previously (15). Briefly, isolated splenocytes (5 ×
106/well) with three replicates were stimulated with �-galac-
tosidase protein (3.3 �g/well) for 60 h at 37°C. Cytokine re-
lease was quantified using ELISA kits from Endogen. Statis-
tical analysis was completed using a two-sample t test assum-
ing unequal variances. A P value < 0.05 was considered to be
statistically significant.

RESULTS

Engineering of Cationic Nanoparticles from
Microemulsion Precursors

Cationic nanoparticles were engineered directly from
O/W microemulsion precursors in a single vial, one-step pro-
cess. When the required volume of CTAB (50 mM in water)
was added into the homogenous milky slurry of melted emul-
sifying wax in water at 50–55°C, the suspension turned clear
within seconds if the final CTAB concentration was over 10
mM. For samples having a final CTAB concentration of �5
mM, the turbidity of the samples decreased but did not turn
clear even after prolonged stirring at 55°C. For all samples,
the microemulsion droplet sizes at 55°C were in the range of
30–70 nm, as shown in Fig. 1. Systems made without CTAB
were not sized because O/W microemulsions were not formed
and the emulsifying wax precipitates were greater than the
upper limit of the particle sizer (i.e., >3 microns). By simple
cooling of the O/W microemulsions to room temperature
while stirring, cationic nanoparticles were formed having di-
ameters <100 nm when the final CTAB concentration was
�10 mM. In general, the diameters of cured cationic nano-
particles were 12–105% larger than the corresponding micro-
emulsion droplet size and most often about 50% larger.

Stability of the Cured Nanoparticles in Aqueous and
Isotonic Vehicles

The final CTAB concentration used to form the micro-
emulsion precursor had a large effect on the stability of cured
cationic nanoparticles in water. Cationic emulsifying wax
nanoparticles (2 mg/mL) engineered with final CTAB con-
centrations ranging from 5–30 mM were diluted 1:10 v/v with
water, sealed, and stored at room temperature over 6 days.
The particle size of cured nanoparticles, made with a final
CTAB concentration of either 5 mM or 30 mM, increased by
more than 60% from day 1 to day 6 (Fig. 2A). However, the

Fig. 1. The preparation of cationic emulsifying wax nanoparticles (2
mg/mL) from microemulsion precursors using CTAB as the cationic
surfactant. The microemulsion droplet size at 55°C (black bars) and
the cured nanoparticle size at 25°C (white bars) were shown as a
function of the final CTAB concentration. One-milliliter microemul-
sion precursors were prepared at 55°C with emulsifying wax (2 mg/
mL) in water using CTAB (5–30 mM) as the surfactant. Emulsifying
wax nanoparticles were engineered by simple cooling of the micro-
emulsion precursor. The data reported for droplet size and nanopar-
ticle size are the mean ± standard deviation for three replicates.
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particle size of cured nanoparticles made with final CTAB
concentrations of 15–20 mM increased by only 20%. As
shown in Fig. 2B, there was a strong correlation between the
percent increase in cured nanoparticle size from day 1 to day
6 and the final CTAB concentration in the O/W microemul-
sion precursors used to engineer the cationic nanoparticles.
The correlation was a second-order polynomial with an R2

value of 0.9948. To identify a suitable vehicle for injection, the
stability of cationic nanoparticles (2 mg/mL) in three different
vehicles was investigated at 37°C over 30 min. There was no
change in particle size of the nanoparticles in 10% lactose, 10
mM PBS, pH 7.4, or 150 mM NaCl at 37°C over 30 min (data
not shown).

Purification of Nanoparticles

Free CTAB, if any, may cause agglomeration of cured
nanoparticles over time. Furthermore, free CTAB in the
nanoparticle preparations may interfere with the ability to

efficiently coat nanoparticles with pDNA by the formation of
complex or micelle aggregates. CTAB has a critical micelle
concentration of 1 mM in water. Thus, free CTAB was re-
moved by GPC (Sephadex G-75) using 10% lactose as the
mobile phase. It was confirmed that free CTAB could be
easily removed from cationic nanoparticles using GPC with
no significant effect on cationic nanoparticle size. As ex-
pected, after removing free CTAB, the overall zeta potentials
decreased from +60–65 mV to +50–55 mV.

The Stability of pDNA-Coated Nanoparticles in
Biologic Milieu

Cationic nanoparticles were engineered as described
above, purified to remove free CTAB if any, and sterile fil-
tered through a 0.22-�m filter before pDNA coating. To pre-
pare net negatively charged pDNA-coated nanoparticles,
pDNA was added to a suspension of cationic emulsifying wax
nanoparticles (2 mg/mL) so that the final pDNA concentra-
tion was 75 �g/mL. The particle size and zeta potential of net
negatively charged pDNA-coated nanoparticles in water was
223 ± 37 nm and −22 ± 1 mV, respectively. Coating the nano-
particles with pDNA increased the particle size by a factor of
about 2 to 2.5-fold. GPC of the pDNA-nanoparticles con-
firmed the association of pDNA with the nanoparticles (data
not shown). The results of the stability study, as shown in Fig.
3, demonstrated that the nanoparticles with pDNA were
stable over 30 min at 37°C in normal saline, 10% FBS/150
mM NaCl, and 10% lactose.

TEM

Figure 4A shows a typical TEM micrograph of the un-
purified nanoparticles engineered using emulsifying wax (2
mg/mL) and CTAB (15 mM). As expected, the nanoparticles
were spherical and their size determined by TEM agreed well
with that measured by laser light scattering using Photon Cor-
relation Spectroscopy (∼100 nm). Figure 4B is a TEM micro-
graph of the pDNA-coated nanoparticles. In contrast to the

Fig. 2. (A) The stability of cationic emulsifying wax nanoparticles (2
mg/mL) in aqueous suspension stored at room temperature over 6
days. The nanoparticles were engineered as described in Fig. 1. For
particle size measurements, 100 �L of each sample was diluted with
900 �L of water. (B) The percent increase in cured nanoparticle size
from day 1 to day 6 as a function of final CTAB concentration in the
O/W microemulsion precursors used to engineer the nanoparticles.
Cured nanoparticle suspensions were diluted 10-fold with deionized
and filtered (0.22 �m) water in order to maintain the total light
scattering intensity (in counts per second, cps) in the required range
of the N4 Plus Sub-Micron Particle Sizer (5 × 104 to 1 × 106 cps).
Diluted samples were kept sealed from air in polystyrene cuvettes
and stored at room temperature. The data were fitted to a second
order polynomial.

Fig. 3. The particle size of the pDNA-coated nanoparticles (net nega-
tively charged) in various media at 37°C immediately after dilution (0
min) and after 30 min. Plasmid DNA was added to a suspension of
GPC purified and filter-sterilized cationic emulsifying wax nanopar-
ticles so that the final pDNA concentration was 75 �g/mL and the
final zeta potential of the pDNA-coated nanoparticles was −22 ± 1
mV. For particle size measurements, 100 �L of each sample was
diluted with 900 �L of 150 mM NaCl, 10% FBS/150 mM NaCl, or
10% lactose.
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nanoparticles alone (Fig. 4A), some of the nanoparticles
coated with pDNA in the micrograph (Fig. 4B) were associ-
ated with one another.

In Vitro Transfection of Hep G2 Cells

Commercially available dendritic cells (DC cells) from
BioWhittaker were transfected in culture with the pDNA-
coated nanoparticles without success (data not shown). Even
Lipofectin®, a commercially available cell transfection re-
agent, did not result in significant levels of transfection.
Therefore, a Hep G2 cell line was chosen to investigate the in
vitro transfection ability of the pDNA-coated nanoparticles
with or without cell-targeting ligands or/and endosomolytic

lipid. Hep G2 cell is an ideal cell line to demonstrate cell
targeting with pullulan-coated nanoparticles because it has
been reported previously that pullulan can act as a liver tar-
geting ligand in vivo (17). Further, pullulan has been used to
target antigens and liposomes and nanoparticles containing
antigens to immune cells, resulting in enhanced humoral and
cellular immune responses (18–20). Figure 5 shows that coat-
ing of pDNA on the surface of the cationic nanoparticles
significantly enhanced the in vitro cell transfection compared
to that of “naked” pDNA. As expected, the incorporation of
DOPE, an endosomolytic lipid, increased the transfection
ability of the nanoparticles by over 5-fold (N + D vs. N) (P �

0.008). Surface coating of a Hep G2 cell-targeting ligand, pul-
lulan, a polysaccharide of glucose, increased the transfection
ability of the pDNA-coated nanoparticles by over 40-fold (PN
vs. N; P � 0.03) to levels that were comparable to that of the
Lipofectin® (Fig. 5). The enhanced cell transfection ability of
the pDNA-coated nanoparticles with pullulan can be at least
partially attributed to receptor-mediated endocytosis since
pre-incubation of the Hep G2 cells with free cholesterol-
pullulan for 30 min significantly reduced the transfection ef-
ficiency of the pullulan-coated pDNA-nanoparticles, in pro-
portion to the amount of the free cholesterol-pullulan added.

Fig. 4. TEM of the nanoparticles. (A) TEM of unpurified nanopar-
ticles. The nanoparticles were prepared with emulsifying wax (2 mg/
mL) and CTAB (15 mM) as in Fig. 1. (B) TEM of purified, pDNA-
coated nanoparticles. The nanoparticles in (A) were purified by GPC,
and pDNA was coated on their surface to obtain a final pDNA con-
centration of 75 �g/mL and final zeta potential of –22 ± 1 mV.

Fig. 5. In vitro transfection of liver HepG2 cells (50,000 cells) (n � 3)
in the presence of 10% FBS after 52 h with: pDNA, Lipofectin®

(LPFN), nanoparticles (N) with 5% (w/w) DOPE (N + D), and pul-
lulan-coated nanoparticles (PN). For PN-2 and PN-3, 50 �g and 250
�g free cholesterol-pullulan was added 30 min before pullulan-coated
nanoparticles to block the glucose receptors. The pDNA dose was 2.5
�g for all samples. As recommended by Dynatech, luciferase expres-
sion data were reported as the ratio of the full integral of the samples
to that of the negative control (Neg) divided by the total amount of
protein in the 20 �L of samples assayed. As mentioned in the Mate-
rials and Methods section, the pDNA-coated nanoparticles used for
cell transfection study were net positively charged and prepared with
emulsifying wax (6 mg/mL) and CTAB (15 mM) (15). The pDNA-
coated nanoparticles (N) had particle size and zeta potential of 220 ±
5 nm and 44 ± 2 mV, respectively. The particle size and zeta potential
of other modified pDNA-coated nanoparticles (with either DOPE or
cell-targeting ligands) were comparable (i.e., particle sizes ranged
from 205–225 nm, and zeta potentials ranged from 40-44 mV). *In-
dicates that the result of PN is significantly different from that of N,
N+D, PN-2, and PN-3. §Indicates that the result of N + D is signifi-
cantly different from that of N. ��ndicates that the result of PN-2 is
significantly different from that of PN-3. In addition, the result of
pDNA alone is significantly lower than that of all other groups, ex-
cept the negative control. Statistical analysis was completed using a
two-sample t test assuming unequal variances. A result of P < 0.05
was considered statistically significant.
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Immune Responses after Subcutaneous Administration

As shown in Fig. 6, the total antigen specific IgG titer in
serum of mice immunized with pDNA-nanoparticles was en-
hanced by 3-fold over that of “naked” pDNA, although the
result was not statistically significant. Surface deposition of
mannan, a DC-targeting ligand, enhanced the immune re-
sponse by 10-fold over that of “naked” pDNA. Again, this
enhancement was not statistically significant (P � 0.065) be-
cause one of the five mice in the nanoparticle group (group 2,
Fig. 6) was a very low responder. Interestingly, a combination
of both DOPE and cholesterol-mannan on the pDNA-
nanoparticles (group 3, Fig. 6) enhanced the IgG titer by
more than 16-fold over that of “naked” pDNA (group 4, Fig.
6; P � 0.005).

In vitro cytokine release from isolated splenocytes (5 ×
106/well) after stimulation with �-galactosidase (3.3 �g/well)
was also investigated to further characterize the breadth of
the immune responses. Immunization with pDNA-coated
nanoparticles resulted in a strong Th1-biased cytokine release
(Table I) as demonstrated by the significant increase (up to
300%) of Th1-type cytokines IL-2 and IFN-�. As expected,
“Alum”-adjuvanted �-galactosidase protein resulted in very
low levels of IL-2 and IFN-�. The incorporation of DOPE in
the nanoparticles as well as the coating of the nanoparticles
with mannan significantly enhanced Th1-type cytokine re-
lease over that of the DOPE-free and mannan-free nanopar-
ticles. In contrast, “Alum”-adjuvanted �-galactosidase pro-
tein resulted in high levels of IL-4 release, whereas all nano-
particle groups and “naked” pDNA resulted in significantly
lower, although still positive, IL-4 release.

DISCUSSION

Positive results with the delivery of (genetic) vaccines
and ex vivo loading of DCs with antigen has strengthened the
movement towards directly targeting antigen presenting cells
as a means to amplify, control, and mediate the immunologic
consequences of prophylactic and/or therapeutic vaccines (2–
4). Of particular interest is targeting antigens to the lymph
nodes via the skin or subcutaneous routes wherein a rich
population of DCs are located (21,22). Moreover, specifically
targeting dendritic cells in the skin (Langerhan’s cells) or
draining lymph node would theoretically have advantages in
eliciting stronger T cell-mediated immunity. The work by
Singh et al. using pDNA coated on PLGA microspheres dem-
onstrated an enhancement in immune responses using smaller
microspheres (300 nm > 1 �m > 30 �m), which was attributed
to the ability of the smaller particles to be taken up by anti-
gen-presenting cells (12). Thus, it was hypothesized that even
smaller and more readily engineered nanoparticles may pref-
erentially target antigen-presenting cells, such as DCs, in the
skin and draining lymph nodes.

It was demonstrated in this current study that stable cat-
ionic nanoparticles having diameters around 100 nm could be
engineered from O/W microemulsion precursors formed at
increased temperatures (i.e., 40–55°C) and then simply cooled
to form stable nanoparticles. Nonionic emulsifying wax (com-
posed of cetyl alcohol and polysorbate 60 in a molar ratio of
about 20:1) was selected as the oil phase since it is an ap-
proved material and has a melting point of ∼50°C. The wax is
typically used in cosmetics and topical pharmaceutical formu-
lations and is generally regarded as a nontoxic and nonirritant
material. For example, cetyl alcohol is currently used as an
excipient in the marketed product Exosurf Neonatal®. In ad-
dition, polysorbate 60 is used in many pharmaceutical prod-
ucts including parenteral products. In these present and pre-
vious studies using the engineered nanoparticles, no gross
inflammatory, allergic, or toxic affects have been observed in
mice after administration of these nanoparticles by the sub-
cutaneous, intramuscular, and topical routes (15).

Microemulsion precursors were engineered using CTAB
as the cationic surfactant. Although additional insight is still
needed into the relative concentration of CTAB associated
with the particles or free in solution, the stability studies of
nanoparticles demonstrated both the function and the effect
of CTAB in engineering smaller nanoparticles and their re-
sulting stability in suspension over time. Ideally, the system
can be optimized so that nanoparticles may be engineered
with the most appropriate concentration of CTAB providing
small and stable nanoparticles and having only trace amounts
of free CTAB. This optimization could lead to an engineering
process that avoids the necessity of removing CTAB by GPC,
although it was shown that the GPC process had no effect on
nanoparticle size. In these present studies, we used net nega-
tively charged pDNA nanoparticles to dose mice because pre-
vious studies have shown that net negatively charged nano-
particles elicited stronger immune response than net posi-
tively charged nanoparticles (15).

Although the final pDNA concentration was adjusted to
75 �g/mL in this study, the pDNA concentration can easily be
increased to 400 �g/mL or even greater by adjusting the
amount of the emulsifying wax used to prepare the nanopar-
ticles (15). TEMs showed that the nanoparticles engineered

Fig. 6. Antigen-specific total IgG titer in serum to expressed �-ga-
lactosidase 28 days after subcutaneous administration. One-hundred
microliters containing 5 �g of pDNA was administered to anesthe-
tized Balb/C mice on day 0, day 7, and day 14. Plasmid DNA was
added to a suspension of cationic emulsifying wax nanoparticles (2
mg/mL) so that the final pDNA concentration was 75 �g/mL. The
particle size and zeta-potential of these nanoparticles (group 1) was
245 ± 25 nm and –42 ± 1 mV, respectively. The size and zeta potential
of other modified nanoparticles (group 2 and 3) were comparable.
Groups: (1) pDNA-coated nanoparticles; (2) mannan-coated pDNA-
nanoparticles; (3) mannan-coated pDNA-nanoparticles with DOPE
(5% w/w); (4) “naked” pDNA. (5) 10 �g of �-galactosidase protein
adjuvanted with 15 �g “Alum”. The data reported are the mean ±
standard deviation of n � 5 mice/group. * Indicates that the IgG titer
of group 3 is significantly different from that of the group 1, 4, and 5.
Statistical analysis was completed using a two-sample t test assuming
unequal variances. A result of P < 0.05 was considered statistically
significant.
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from O/W microemulsions were spherical having a diameter
around 100 nm. Thus, the TEM results agreed well with the
results obtained from laser light scattering using photon cor-
relation spectroscopy. Interestingly, when pDNA was coated
on the nanoparticles, the surface of the nanoparticles showed
an apparent change (Fig. 4B). In contrast to nanoparticles
without pDNA, some pDNA-coated nanoparticles appeared
to be cross-linked or agglomerated with one another (Fig.
4B). This may be due to the ionic interaction of one pDNA
molecule with multiple cationic nanoparticles.

It was shown using Hep G2 cells that the transfection
efficiency of pDNA-coated nanoparticles could be enhanced
5- to 10-fold by the inclusion of DOPE (Fig. 5). DOPE had
been shown to enhance the transfection efficiency of cationic
liposomes, possibly due to disruption of the endosomal mem-
brane (23,24). Further, the inclusion of pullulan as a ligand for
hepatocyte specific targeting on the surface of the pDNA-
coated nanoparticles was shown to enhance the transfection
efficiency by 40-fold to levels that were comparable to that of
the reagent, Lipofectin®. As a whole, these results demon-
strated the potential versatility of these nanoparticles in that
both endosomolytic lipids and cell-targeting ligands could be
incorporated into this system.

Mouse and human DCs have been shown to express a
mannose-receptor, and this receptor has been exploited to
deliver antigens resulting in more robust Th1 and CTL re-
sponses (25–28). It was demonstrated in this present study
that a hydrophobized mannan derivative (cholesterol-
mannan) coated on the surface of these nanoparticles resulted
in a further enhancement of total IgG titer (Fig. 6) and both
Th1-type and Th2-type cytokine release (Table I). More in-
terestingly, a combination of an endosomolytic lipid (DOPE)
and the mannan-ligand on the pDNA-coated nanoparticles
significantly enhanced serum antigen-specific IgG titer and
Th1-type cytokine release over pDNA alone.

The overall improvement of the mannan-coated nano-
particles over nanoparticles alone was modest as compared to
previous studies using mannan-coated liposomes (28). How-
ever, our studies investigated only one concentration of man-
nan coating and only one route of administration. Additional
studies investigating alternative concentrations and routes
(i.e., topical or intradermal) are currently underway. Further,
alternative ligands having even greater affinity for DCs (such
as peptides derived from phage display) may be of further
interest for coating on the surface of these nanoparticles for
immunization.
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