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Abstract
Previously, it was shown that microneedle-mediated transcutaneous immunization with plasmid
DNA can potentially induce a stronger immune response than intramuscular injection of the same
plasmid DNA. In the present study, we showed that the immune responses induced by
transcutaneous immunization by applying plasmid DNA onto a skin area pretreated with solid
microneedles were significantly enhanced by coating the plasmid DNA on the surface of cationic
nanoparticles. In addition, the net surface charge of the DNA-coated nanoparticles significantly
affected their in vitro skin permeation and their ability to induce immune responses in vivo.
Transcutaneous immunization with plasmid DNA-coated net positively charged anoparticles
elicited a stronger immune response than with plasmid DNA-coated net negatively charged
nanoparticles or by intramuscular immunization with plasmid DNA alone. Transcutaneous
immunization with plasmid DNA-coated net positively charged nanoparticles induced comparable
immune responses as intramuscular injection of them, but transcutaneous immunization was able
to induce specific mucosal immunity and a more balanced T helper type 1 and type 2 response.
The ability of the net positively charged DNA-coated nanoparticles to induce a strong immune
response through microneedle-mediated transcutaneous immunization may be attributed to their
ability to increase the expression of the antigen gene encoded by the plasmid and to more
effectively stimulate the maturation of antigen-presenting cells.
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1. INTRODUCTION
Microneedle-mediated transcutaneous immunization has evolved as a promising
immunization modality to induce strong immune responses using a very low dose of
antigen/vaccine [1]. Immunization with plasmid DNA is one of the most promising
applications of gene therapy [2]. Normally, DNA immunization is carried out by
intramuscular injection of naked plasmid DNA [3]. However, Mikszta et al. (2002) reported
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that microneedle-mediated transcutaneous immunization with naked plasmid DNA can
potentially induce a stronger immune response than hypodermic needle-based intramuscular
injection of the same plasmid DNA [4]. The present study was designed to test whether
microneedle-mediated transcutaneous immunization with plasmid DNA coated on the
surface of cationic nanoparticles will induce a stronger immune response than with plasmid
DNA alone. Data from numerous previous studies have shown that coating of plasmid DNA
onto cationic nanoparticles can significantly enhance the resultant immune responses,
including when plasmid DNA-coated nanoparticles are applied topically onto the skin [5–7].
However, it remains unknown whether microneedle-mediated transcutaneous immunization
with DNA carried by cationic nanoparticles is more effective than with the naked DNA
alone. Microneedle-mediated transcutaneous DNA immunization has mainly been
performed using plasmid DNA coated on solid microneedles [8–10], which allowed the
physical delivery of the DNA directly into the skin. Another method of microneedle-
mediated transcutaneous immunization is to apply vaccines or antigens onto a skin area
before or after treatment with solid microneedles. This method of transcutaneous
immunization allows the application of a large amount of antigens topically. Mass
production of solid microneedles is commercially feasible, and solid microneedle rollers are
currently being used in humans already. Moreover, data from several recent studies showed
that nanoparticles can permeate through the micropores created by microneedles [11, 12],
and transcutaneous immunization with protein antigens carried by nanoparticles onto a skin
area pretreated with microneedles is feasible [13–15]. Therefore, in the present study, we
carried out transcutaneous immunization by applying plasmid DNA coated on cationic
nanoparticles onto a skin area pretreated with microneedles.

The plasmid DNA was carried by cationic nanoparticles prepared with poly (lactic-co-
glycolic acid) (PLGA) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), both are
biocompatible. DNA is negatively charged under neutral pH. When mixed with cationic
nanoparticles, it binds to the nanoparticles by electrostatic interaction. The net charge of the
resultant plasmid DNA-cationic nanoparticle complexes is influenced by the ratio of the
plasmid DNA to cationic nanoparticles in the mixture. We prepared net positively charged
and net negatively charged plasmid DNA-nanoparticle complexes, which allowed us to
evaluate the effect of the surface charge of the DNA-nanoparticle complexes on (i) their in
vitro permeation through a skin area pretreated with microneedles and (ii) the immune
responses induced by plasmid DNA coated on the nanoparticles in vivo, which has rarely
been studied before.

2. MATERIALS AND METHODS
2.1. Materials

Dermaroller® microneedle roller was from Cynergy, LLC (Carson City, NV). There are 192
needles (1000 µm in length, 80 µm in base diameter) on the roller. The β-galactosidase gene-
encoding pCMV-β was from American Type Culture Collection (ATCC, Manassas, VA)
[16], and the anthrax protective antigen (PA63)-encoding pGPA plasmid was kindly
provided by Dr. Dennis Klinman [17]. Large scale plasmid preparation was performed by
GenScript (Piscataway, NJ). PLGA (Resomer RG 504H), acetone, pluronic F68, 3,3’,5,5’-
tetramethylbenzidine (TMB) solution, sodium bicarbonate, sodium carbonate, Tween 20,
phosphate-buffered saline (PBS) and fetal bovine serum (FBS) were from Sigma-Aldrich
(St. Louis, MO). Horse serum, penicillin, streptomycin and picogreen were from Invitrogen
(Carlsbad, CA). DOTAP and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
carboxyfluorescein (DOPE-fluorescein) were from Avanti Polar Lipids, Inc. (Alabaster,
AL). Mouse IL-4 and IFN-γ ELISA sets were from BD Biosciences (San Diego, CA). Goat
anti-mouse IgG, IgM, IgA, IgE, IgG1 and IgG2a were from Southern Biotechnology
Associates, Inc. (Birmingham, AL).
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2.2. Preparation of cationic PLGA nanoparticles
The cationic PLGA nanoparticles were prepared by the nanoprecipitation-solvent
evaporation method [18]. PLGA polymer (3–20 mg) and DOTAP (0–40 mg) were
accurately weighed and dissolved in acetone (2 ml). The organic phase was added drop wise
into 10 ml of 1% pluronic F68 (as a hydrophilic stabilizer) with moderate stirring (800 rpm)
for 3 h at room temperature until acetone is completely evaporated to form nanoparticles.
Unentrapped DOTAP was removed by ultracentrifugation (23,000 rpm, 4°C, 45 min). The
resultant nanoparticles were resuspended in 200 µl water. DOTAP-free nanoparticles were
prepared similarly, except that DOTAP was not included in the acetone. To fluorescently
label the nanoparticles, DOPE-fluorescein (5%, v/v) was included in the PLGA and DOTAP
mixture during the nanoparticle preparation. The size and zeta potential of the nanoparticles
were determined using a Malvern Zetasizer® Nano ZS (Westborough, MA). The
morphology and size of the cationic nanoparticles were examined as previously described
using an FEI Tecnai Transmission Electron Microscope (TEM) [19].

2.3. Determination of the final concentration of DOTAP in cationic nanoparticles
The DOTAP concentration was determined according to a previously described colorimetric
method [20]. Briefly, 1% methyl orange (0.25 ml) was reacted with DOTAP in the presence
of chloroform (6.5 ml) and a buffer solution (1.25 ml, 0.5 M citric acid and 0.2 M disodium
hydrogen orthophosphate) to produce a yellow color complex. The intensity of the yellow
color is proportional to the concentration of the methyl orange-DOTAP complexes measured
spectrophotometrically at 415 nm.

2.4. Coating of plasmid DNA on the surface of the cationic nanoparticles
Plasmid DNA (pCMV-β or pGPA) was coated on the surface of the cationic nanoparticles
by gently mixing equal volumes of cationic nanoparticles in a suspension with plasmid DNA
in a solution to obtain a final DNA concentration of 200 µg/ml. To identify the appropriate
ratios for the preparation of the net positively and net negatively charged DNA-coated
PLGA nanoparticles, increasing amounts of nanoparticles (0.001–0.12 mg) were mixed with
a fixed amount of DNA (1 µg), and the mixtures were incubated for at least 30 min at room
temperature for the adsorption of the DNA onto the surface of the nanoparticles [5].

2.5. Stability of the plasmid DNA coated on the nanoparticles
To estimate the degree to which the plasmid DNA coated on the nanoparticles was protected
from DNase I digestion, net positively and net negatively charged pCMV-β-nanoparticle
complexes containing 10 µg of pCMV-β were treated with 1 unit of DNase I (Fermentas,
Glenn Burnie, MD) at 37°C in 400 µl reaction buffer (10 mM Tris–HCl, pH 7.5, 2.5 mM
MgCl2) for 30 min. The samples obtained were separated on a 1% agarose gel with ethidium
bromide for 1 h at 100 V. Images were acquired using a high performance UV trans-
illuminators (UVP LLC, Upland, CA). DNA alone, treated or untreated with DNase I, was
used as a control.

2.6. In vitro permeation of DNA-coated nanoparticles through mouse skin pretreated with
microneedles

In vitro permeation study was performed using jacketed Franz diffusion cells with a 0.64-
cm2 diffusion area [11]. The lower dorsal skin of BALB/c mice was used for all permeation
studies. Hair was trimmed 24 h before the collection of the skin. Skins were stored at −20°C
for a maximum period of one month. The fat layer of skin was carefully removed. The skin
was then placed onto the flat surface of a balance, and the microneedle roller was rolled in 4
perpendicular lines over the skin surface, 5 times each for a total of 20 times, with an
applying pressure of 350–400 g [13, 21]. The pressure was constantly monitored using the
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balance. Treated skin area was then clamped in between the donor and the receiver
compartments of the Franz diffusion cell (PermeGear, Inc., Hellertown, PA), dorsal side
facing the donor compartment. The donor compartment was filled with pCMV-β alone or
pCMV-β-coated net positively or net negatively charged nanoparticles in water (250 µl).
The amount of pCMV-β plasmid placed into the donor compartment was 50 µg. The
receiver compartment was filled with 5 ml of PBS (pH 7.4, 10 mM), which was constantly
stirred with a magnetic stirrer, and the temperature was maintained at 37°C with the help of
a Haake SC 100 Water Circulator from ThermoScientific (Wellington, NH). This
maintained the skin surface temperature at 32°C [22]. At various time points, samples (150
µl) were withdrawn from the receiver compartment and immediately replenished with the
same volume of fresh PBS. The amount of plasmid diffused into the receiver compartment
was determined using picogreen dye and a BioTek SynergyTM HT Multi-Mode Microplate
Reader (Winooski, VT). As a control, the permeation of DNA through intact skin was also
evaluated.

2.7. In vitro release of plasmid from the nanoparticles
Net positively charged and net negatively charged DNA-coated nanoparticles with 10 µg of
pCMV-β were incubated in 1 ml water at 37°C. At time points 2, 4, 10 and 24 h, the
particles were centrifuged to collect the supernatant. One milliliter fresh water was added
immediately back to the vials to resuspend the pellets. The amount of DNA in the
supernatant was determined using picogreen.

2.8. In vitro transfection of DC2.4 cells
DC2.4 cells were from ATCC and maintained in RPMI1640 medium with 10% FBS, 10 U/
ml of penicillin, and 100 µg/ml of streptomycin. On day 1, cells (20,000 per well) were
plated in a 24-well plate and incubated overnight at 37°C, 5% CO2. On day 2, cells were
incubated with the DNA formulations containing 0.3 µg/well of pCMV-β in a total volume
of 400 µl culture medium. Four hours later, the medium was replaced with fresh medium,
and the cells were incubated overnight. Cells were washed with PBS and harvested. Cell
pellets were resuspended in a lysis buffer (20 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.5%
Triton X-100) and then freeze-and-thawed 3 times. Insoluble materials were removed by
centrifugation (14,000 rpm, 4°C, 5 min), and supernatant was collected. β-Galactosidase
activity was measured in the supernatant using a β-gal assay kit following the
manufacturer’s instruction (Invitrogen). The total protein content in the supernatant was
determined using Bradford reagent (Sigma-Aldrich) [7].

2.9. In vitro cellular uptake study
DC2.4 cells (2.5 × 104/well) were seeded in a 24-well plate and incubated at 37°C, 5% CO2
overnight. The pCMV-β plasmid, labeled using a Label IT® fluorescein nucleic acid
labeling kit (Mirus, Madison, WI), was complexed with cationic nanoparticles to form net
positively and net negatively charged nanoparticles. Cells were incubated with the
nanoparticles for 4 h at 37°C, 5% CO2, washed 3 times with warm PBS, and re-suspended in
200 µl cell lysis buffer. The amount of pCMV-β added was 2 µg/well. The cell lysates were
transferred to a clear bottom black side 96-well plate (Corning, NY), and the fluorescence
intensities of the samples were measured at 485/528 nm using BioTek Synergy® Multi-
Mode Microplate Reader. Data are reported as % cell uptake, which was calculated using a
standard curve generated from known concentrations of fluorescein-labeled DNA [23].

2.10. Fluorescence microscopy
DC2.4 cells (1.5 × 105) were seeded on poly-D-lysine-coated glass cover slips and incubated
in 6-well plates at 37°C, 5% CO2 for 24 h. After the cells were adhered to the cover slips,
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they were treated with fluorescein-labeled pCMV-β alone or fluorescein-labeled pCMV-β-
coated nanoparticles and incubated for 4 h at 37°C, 5% CO2. For the net positively charged
nanoparticles, cells were incubated for only 1 h. After the incubation, cells were washed
three times with PBS and fixed with paraformaldehyde (3% in PBS) for 20 min at room
temperature. The cover slips were again washed with warm PBS for 3 times and mounted
onto clean glass slides using Vectashield H-1200 with 4´,6-diamidino-2-phenylindole
(DAPI) (Vector laboratories, Burlingame, CA). Slides were observed under an Olympus
BX60 microscope (Olympus America, Inc., Center Valley, PA).

2.11. Immunization studies
All animal studies were carried out following the National Institutes of Health guidelines for
animal care and use. The animal protocol was approved by the Institutional Animal Care and
Use Committee at The University of Texas at Austin. Female BALB/c (8–10 weeks), female
hairless SKH1-Elite mice (14–16 weeks) or female C57BL/6 mice (8–10 weeks) were from
Charles River (Wilmington, MA). Mice (n = 5/group) were immunized 3 times with either
plasmid DNA or DNA-coated nanoparticles topically on an area treated with the
microneedle roller. Briefly, 24 h prior to the initiation of the immunization, hair, if any, in
the dorsal side of mice was carefully trimmed. Mice were anesthetized, the targeted skin
area was wiped with an alcohol swab, and a 2-cm2 area was marked on the lower dorsal skin
surface. Mice were placed onto the flat surface of a balance, and the microneedle roller was
rolled in two perpendicular lines over the marked skin surface, 10 times each, for a total of
20 times [13, 24], with an applying pressure of 350–400 g, which was measured using the
balance. Plasmids alone or plasmid-coated nanoparticles in water were carefully dripped
onto the microneedle-treated area, which were then covered with a piece of self-adhesive
Tegaderm® patch (3 M, St. Paul, MN) [25]. The Tegaderm patch was carefully removed 24
h later. Immunization was repeated 10 or 14 days apart for two more times. As a positive
control, a group of mice were intramuscularly (gastrocnemius muscles) injected 3 times with
plasmid alone or plasmid-coated net positively charged nanoparticles. Three weeks (or as
where mentioned) after the last immunization, mice were bled to collect serum samples.
Antibody response in blood serum was determined using enzyme-linked immunosorbent
assay (ELISA) as previously described [26, 27].

2.12. In vitro cytokine release and splenocyte proliferation assays
Splenocyte preparation, cytokine release, and splenocyte proliferation assays were
performed as previously described [7, 28]. Splenocytes (3 × 106 per well) were stimulated
with 0 or 10 µg/ml of β-galactosidase for 48 h at 37°C, 5% CO2 before measuring cytokines
(IL-4 and IFN-γ) in the supernatant using ELISA kits. Splenocytes (3 × 106 per well) were
stimulated with 0 or 10 µg/ml of β-galactosidase for 120 h at 37°C, 5% CO2 before
measuring cell numbers using an MTT assay [29].

2.13. Expression of MHC I/II and CD80/86 molecules on BMDCs
Bone marrow dendritic cells (BMDCs) were generated from bone marrow precursors
obtained from femur bones of C57BL/6 mice [30]. Fully grown BMDCs were seeded into 6-
well plate (10,000 cells/well) and incubated overnight at 37°C, 5% CO2. Cationic
nanoparticles (200 µg per well), net positively charged DNA coated nanoparticles (5 µg
pCMV-β/well), net negatively charged DNA coated nanoparticles (5 µg plasmid/well), or
DNA alone (5 µg well) were added in the well, and the cells were incubated for 15 h at
37°C, 5% CO2. As controls, cells were also treated with PBS or lipopolysaccharide from E.
coli (LPS, 200 ng/well, Sigma-Aldrich). Cells were washed with a staining buffer (1% FBS
and 0.1% NaN3 in PBS, BD Pharmingen), stained with anti-CD80, anti-CD86, anti-I-A[b]
MHC II, or anti-H-2Kb MHC I Ab for 20 min at 4°C, washed again with staining buffer,
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and analyzed with a Guava EasyCyte 8HT microcapillary flow cytometer (Millipore
Corporation, Hayward, CA).

2.14. In vivo uptake and expression of pCMV-β plasmid, alone or coated on nanoparticles
Mice (n = 3/group) were treated with microneedles as mentioned previously, and pCMV-β
alone or coated on nanoparticles (20 µg/mouse), was carefully applied onto the microneedle-
treated area. Twenty-four hours later, the treated skin area was washed with water for 5 min
and then carefully dissected. One half of the skin was used for the extraction of total RNA,
while the other half was used to extract total DNA. Total cellular RNA was isolated from
skin tissues using TRIzol reagent (Invitrogen). Isolated RNA was reverse transcribed with
random hexamers using the SuperScript first-strand synthesis system (Invitrogen). Real-time
PCR of β-galactosidase gene was carried out using the Power SYBR Green PCR Master
Mix kit (Applied Biosystems, Foster City, CA) with the following primers: 5′-TTG ATC
CGT TGT TCT TGT CA-3′ (forward) and 5′-GGC CAG GAA ATA CAA GAC AA-3′
(reverse). All samples were normalized to β-actin (5′-TTG ATC CGT TGT TCT TGT
CA-3′ (forward) and 5′-GGC CAG GAA ATA CAA GAC AA-3′ (reverse)). Data were
analyzed using the Applied Biosystems ViiATM 7 Software (Applied Biosystems). Genomic
DNA was extracted from skin tissues using DNAzol reagent (Qiagen, Valencia, CA). Real-
time PCR was carried out as mentioned above. Each 20-µl reaction contained 500 ng of
genomic DNA, 100 nM of each primer, and 10 µl of 2× SYBR Premix (Applied
Biosystems).

2.15. Statistical analysis
Statistical analyses were performed using analysis of variance followed by Fisher’s
protected least significant difference procedure. A P value of ≤ 0.05 (two-tailed) was
considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Preparation and characterization of cationic PLGA nanoparticles

Plasmid DNA-coated nanoparticles were prepared by coating pre-prepared cationic PLGA
nanoparticles with plasmid DNA. PLGA nanoparticles were prepared by the
nanoprecipitation-solvent evaporation method. As shown in Fig. 1A, the size of PLGA
nanoparticles was dependent on the concentration of PLGA used. Decreasing the
concentration of PLGA resulted in smaller nanoparticles, in agreement with findings by
Chorny et al. [31] and Nafee et al. [32]. With 1.5 mg/ml of PLGA, nanoparticles of 46 ± 1
nm were obtained (Fig. 1A). Nanoparticles prepared with less than 1.5 mg/ml PLGA were
not reproducible. Therefore, 1.5 mg/ml of PLGA was used to prepare cationic nanoparticles
by including various amount of the cationic DOTAP lipid. As shown in Fig. 1B, the
concentration of DOTAP significantly affected the size and zeta potential of the resultant
nanoparticles; increasing the concentration of DOTAP increased the size and zeta potential
of the resultant nanoparticles. The size and zeta potential of the nanoparticles stopped
increasing when about 1 mg/ml of DOTAP was used (i.e., between 0.62 mg/ml and 1.25 mg/
ml) (Fig. 1B). In the end, the PLGA nanoparticles prepared with 20 mg/ml of DOTAP were
selected to coat plasmid DNA, because in our pilot studies, nanoparticles prepared using less
than 20 mg/ml DOTAP were not able to bind a sufficient amount of plasmid DNA onto their
surface, which is required for in vivo studies [33]. The final amount of DOTAP remaining in
the PLGA nanoparticles was determined to be 1.5 %. Thus, the theoretical PLGA/DOTAP
ratio in the nanoparticles was 5:1 (w/w). Fig. 1C is a typical TEM picture of the cationic
PLGA nanoparticles, which were spherical and uniform in size, with a diameter of less than
100 nm. The size of the cationic nanoparticles did not significantly change after one month
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of storage at room temperature or at 4°C (data not shown). The polydispersity index of
nanoparticles did not change as well (data not shown).

3.2. Preparation and characterization of plasmid DNA-coated PLGA nanoparticles
A study was performed to identify the effect of the ratio of the cationic nanoparticles to
plasmid DNA on the size and zeta potential of the resultant DNA-nanoparticle complexes.
To accomplish this, increasing amounts of cationic nanoparticles (0.001–0.12 mg) were
mixed with a fixed amount of pCMV-β (1 µg), and the size and zeta potential of the
resultant complexes were determined. The sizes of the resultant DNA-nanoparticle
complexes were around 115 nm for all ratios tested, except that for the 10:1 ratio (i.e., 0.01
mg NPs), a relatively larger size was observed (Fig. 2A). In fact, at the 10:1 ratio, the zeta
potential of the DNA-nanoparticle complexes was close to zero, suggesting that the larger
particle size was likely a result of particle aggregation [5]. The DNA-nanoparticle
complexes prepared at 2:1 and 40:1 ratios were used to prepare net negatively charged ((−)
NP) and net positively charged ((+) NP) plasmid DNA-coated nanoparticles, respectively,
for further studies. At room temperature, both net positively and net negatively charged
DNA-coated nanoparticles were stable in an aqueous suspension (data not shown). In order
to evaluate whether the DNA coated on the surface of the nanoparticles was protected from
enzymatic degradation, the DNA-coated nanoparticles were incubated with DNase I for 30
min. As shown in Fig. 2B, free DNA was completely digested after incubation with DNase
I, while the DNA that was coated on the surface of the nanoparticles was protected, to a
certain extent, from DNase digestion. The level of protection was higher for the net
positively charged pCMV-β-coated nanoparticles (lane 1) than for the net negatively
charged nanoparticles (lane 2).

3.3. Cationic PLGA nanoparticles facilitated the cellular uptake of plasmid DNA coated on
their surface

To evaluate the extent to which the cationic PLGA nanoparticles can deliver plasmid DNA
coated on their surface into antigen-presenting cells (APC), the uptake of fluorescein-labeled
pCMV-β, alone or coated on the cationic PLGA nanoparticles, by dendritic cells (DC2.4)
was measured. As expected, the uptake of free pCMV-β by DC2.4 cells was minimal (Fig.
3A). However, coating of pCMV-β on the nanoparticles significantly increased its uptake by
DC2.4 cells, especially for the net positively charged pCMV-β-coated nanoparticles (Fig.
3A).

Fluorescence microscopic data also confirmed the enhancement of the uptake of the pCMV-
β by coating it on the cationic PLGA nanoparticles. As shown in Fig. 3B, the green
fluorescence signal was significantly stronger in DC2.4 cells that were incubated with the
net positively charged pCMV-β-coated PLGA nanoparticles for only 1 h than in C2.4 cells
that were incubated with the net negatively charged pCMV-β-coated PLGA nanoparticles
for even 4 h. For a comparison, a green fluorescence signal was not detected in DC2.4 cells
incubated with the free fluorescein-labeled pCMV-β alone (Fig. 3B).

Finally, the ability of the cationic PLGA nanoparticles to deliver plasmid DNA coated on
their surface into cells was further evaluated by measuring the expression of β-galactosidase
gene in DC2.4 cells. As expected, β-galactosidase activity was not detected in cells
incubated with pCMV-β alone, but was significantly higher in cells that were incubated with
pCMV-β coated on PLGA nanoparticles (Fig. 3C). The β-galactosidase activity in cells
transfected with the net negatively charged pCMV-β-coated PLGA nanoparticles was
comparable to that in cells transfected with the net positively charged pCMV-β-coated
PLGA nanoparticles (Fig. 3C), despite that the uptake of the DNA in the net positively
charged pCMV-β-coated PLGA nanoparticles was significantly higher than that in the net
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negatively charged pCMV-β-coated PLGA nanoparticles (Fig. 3A). This is likely because
the incubation time with the nanoparticles in cell uptake experiment was only up to 4 h,
whereas the transfection study was performed for a longer time period (24 h). In addition, in
the transfection study, we measured the β-galactosidase activity, not the amount of β-
galactosidase. It is possible that above a certain level, the amount of β-galactosidase protein
in a sample and its activity measured are not directly proportional.

Taken together, it is clear that the cationic PLGA nanoparticles increased the cellular uptake
of plasmid DNA coated on their surface in vitro, and the net positively charged DNA-coated
PLGA nanoparticles were more effective than the net negatively charged DNA-coated
nanoparticles in increasing the cellular uptake of the plasmid DNA, likely because of the
strong electrostatic interactions between the net positively charged nanoparticles and the
negatively charged cell surface [34].

3.4. Pretreatment of mouse skin with microneedles allowed the permeation of plasmid
DNA coated on the surface of cationic PLGA nanoparticles through the skin in vitro

To evaluate the extent to which plasmid DNA coated on the surface of the cationic PLGA
nanoparticles can permeate into mouse skin pretreated with microneedles, the diffusion of
pCMV-β, alone or coated on the cationic PLGA nanoparticles, through a mouse skin area
pretreated with microneedles was measured. As shown in Fig. 4A, pCMV-β, alone or coated
on the nanoparticles, was not able to permeate through intact skin (i.e., skin that was not
pretreated with microneedles), but it can permeate through the skin that was pretreated with
microneedles. The permeation of the naked pCMV-β plasmid was more extensive than the
pCMV-β coated on the cationic PLGA nanoparticles (Fig. 4A). Moreover, the permeation of
pCMV-β on the net negatively charged pCMV-β-coated PLGA nanoparticles through the
skin pretreated with microneedles was more extensive than the permeation of pCMV-β on
the net positively charged pCMV-β-coated PLGA nanoparticles (Fig. 4A). For example,
19.6 ± 3.5% of pCMV-β that was on the net negatively charged pCMV-β-coated PLGA
nanoparticles permeated through the microneedle-treated mouse skin within 8 h, as
compared to only 12.1 ± 2.8% for the pCMV-β on the net positively charged pCMV-β-
coated PLGA nanoparticles during the same period (Fig. 4A).

To confirm that it was the DNA-coated nanoparticles that permeated through micropores,
not the DNA alone released from the DNA coated nanoparticles, the permeation of the
fluorescein-labeled net positively charged nanoparticles (i.e., nanoparticle were labeled with
fluorescein) was also monitored. As shown in Fig. 4B, almost 6.5 ± 1.1% of net positively
charged nanoparticles permeated through the microneedle-treated mouse skin within 8 h,
which indicates that it was the DNA-coated nanoparticles that permeated through the skin,
not just the DNA alone released from the nanoparticles. The permeation of net positively
charged nanoparticles determined by this method was found less, as compared to the
permeation of net positively charged nanoparticles determined by measuring plasmid DNA
using picogreen (Fig. 4A), likely because some of the DNA may have been released from
the nanoparticles in the donor compartment and permeated to the receiver compartment
themselves through the micropores.

Fig. 4C shows the cumulative release of pCMV-β from the pCMV-β-coated net positively
and net negatively charged nanoparticles. It is clear that the release of the pCMV-β from net
negatively charged nanoparticles was faster than from the net positively charged
nanoparticles (Fig. 4C). Therefore, it is likely that the relatively more extensive permeation
of pCMV-β in the net negatively charged nanoparticles through the skin that was pretreated
with microneedles was partially due to the direct diffusion of pCMV-β that was released
from the PLGA nanoparticles in the donor compartment of the Franz diffusion apparatus.
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3.5. Microneedle-mediated transcutaneous immunization using the plasmid DNA-coated
cationic PLGA nanoparticles induced strong immune responses

In a pilot study, female BALB/c mice were transcutaneously immunized with an anthrax
protective antigen (PA63) gene-encoding plasmid, pGPA (10 µg/mouse/dose), three times,
10 days apart. Six weeks after the last immunization, anti-PA IgG response was detected
only in mice that were pretreated with microneedles before the transcutaneous immunization
(data not shown), and the pGPA-coated net positively charged PLGA nanoparticles induced
the strongest anti-PA IgG response (see Fig. 5A for anti-PA IgG titer). Therefore, further
transcutaneous immunization studies were carried out only on a mouse skin area that was
pretreated with microneedles. In the second immunization study, the β-galactosidase-
encoding pCMV-β plasmid, alone or coated on the cationic PLGA nanoparticles, was used
to immunize the immunocompetent hairless SKH-1 Elite mice [35]. The SKH-1 mice were
used because the hair (and hair follicle) density in them is significantly lower than that in the
hairy BALB/c or C57BL/6 mice and close to that of humans [36]. Mice were dosed every
two weeks for three times with 20 µg of pCMV-β per mouse per dose. Shown in Fig. 5B are
the anti-β-gal IgG levels in mouse serum samples 21 days after the last immunization.
Transcutaneous immunization with pCMV-β alone induced an anti-β-gal IgG response, but
it was significantly weaker than when the pCMV-β was coated on the PLGA nanoparticles
(Fig. 5B), supporting our hypothesis that microneedle-mediated transcutaneous
immunization with plasmid DNA coated on cationic nanoparticles can induce a stronger
immune response than with plasmid DNA alone. Moreover, the net positively charged
pCMV-β-coated PLGA nanoparticles induced a stronger anti-β-gal IgG response than the
net negatively charged pCMV-β-coated PLGA nanoparticles (Fig. 5B). Importantly, the
anti-β-gal IgG level in mice that were transcutaneously immunized with the net positively
charged pCMV-β-coated PLGA nanoparticles was higher than in mice that were
intramuscularly injected with the same amount of pCMV-β alone (p = 0.009). Therefore, we
further characterized only the immune responses induced by transcutaneous immunization
with the net positively charged pCMV-β-coated PLGA nanoparticles.

Shown in Figs. 5C–E are the anti-β-gal IgG1, IgG2a, and IgA responses in the serum
samples of SKH-1 Elite mice 42 days after the last immunization with the net positively
charged pCMV-β-coated PLGA nanoparticles. Both strong IgG1 and IgG2a were induced.
As expected, the antibody response induced by intramuscularly injected pCMV-β alone was
slightly IgG2a biased [37]. Anti-IgA was detected in the transcutaneously immunized mice,
but not in mice intramuscularly injected with the pCMV-β (Fig. 5E), indicating that
transcutaneous immunization with the net positively charged pCMV-β-coated PLGA
nanoparticles also induced a specific mucosal response. The skin is an integrated part of the
mucosal immune system. It was previously reported that transcutaneous immunization can
induce mucosal immunity [38, 39]. Anti-β-gal IgE was not detected in any of the immunized
mice (data not shown), indicating the lack of allergic responses.

Data in Figs. 5F–G showed that the splenocytes isolated from mice that were
transcutaneously immunized with the net positively charged pCMV-β-coated PLGA
nanoparticles, after re-stimulation with β-galactosidase, secreted high levels of both IL-4
and IFN-γ which in combination with the IgG1/IgG2a subtypes in Figs. 5C–D, show that
the immune responses induced by transcutaneous immunization with the net positively
charged pCMV-β-coated PLGA nanoparticles were CD4+ T helper (Th) type Th1 and Th2
balanced. Furthermore, data in Fig. 5H showed that the splenocytes isolated from mice that
were transcutaneously immunized with the net positively charged pCMV-β-coated PLGA
nanoparticles also proliferated significantly after in vitro re-stimulation with β-
galactosidase.
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Data in Fig. 5 showed that transcutaneous immunization with the net positively charged
pCMV-β-coated PLGA nanoparticles induced a stronger immune response than
intramuscular immunization with the same dose of the pCMV-β plasmid alone. In order to
understand whether the pCMV-β-coated on the PLGA nanoparticles are as immunogenic
when dosed by transcutaneous immunization as when dosed by intramuscular injection, a
third immunization study was carried out by dosing C57BL/6 mice with the net positively
charged pCMV-β-coated PLGA nanoparticles by the transcutaneous route (after
pretreatment with microneedles) or by intramuscular injection (every two weeks for 3 times,
20 µg of pCMV-β per mouse per dose). When measured 21 days after the last immunization,
the serum total anti-β-galactosidase IgG levels induced by both routes were not significantly
different (Fig. 6A), although there were a couple of weak responders in the transcutaneously
immunized mice (Fig. 6A). This is significant considering that only a small fraction of the
pCMV-β coated on the PLGA nanoparticles had likely entered the skin after transcutaneous
immunization, whereas all the pCMV-β coated on the PLGA nanoparticles were injected
into mice by the intramuscular route. We expect that transcutaneous immunization using a
lower dose of pCMV-β coated cationic nanoparticles (e.g., 1 or 5 µg/mouse/dose) will
induce a stronger immune response than intramuscular injection of the same DNA coated
cationic nanoparticles due to dose sparing effect [1]. In addition, data shown below are
supportive of the immunological advantages of transcutaneous immunization using the
DNA-coated nanoparticles over intramuscular injection.

Shown in Fig. 6B is the anti-β-gal IgA response in the serum samples 49 days after the last
immunization with the net positively charged pCMV-β-coated PLGA nanoparticles. Anti-β-
gal IgA was detected only in the transcutaneously immunized mice, but not in the
intramuscularly injected mice (Fig. 6B), again indicating the ability of transcutaneous
immunization to induce specific mucosal responses. Figs. 6C–D showed that high levels of
IL-4 and IFN-γ were secreted by the splenocytes isolated from the mice immunized with net
positively charged pCMV-β-coated PLGA nanoparticles transcutaneously or
intramuscularly. However, IL-4 secretion in transcutaneously immunized mice was
significantly higher than in the intramuscularly immunized mice (Fig. 6C), which is also
advantageous considering that there is a need to increase the humoral immune responses
induced by intramuscularly injected plasmid DNA, especially in large animals and humans
[40]. Finally, the splenocytes isolated from transcutaneously immunized mice and
intramuscularly immunized mice both proliferated at comparable levels, after in vitro re-
stimulation with β-galactosidase (Fig. 6E). Taken together, transcutaneous and
intramuscular immunizations with net positively charged pCMV-β-coated nanoparticles
induced comparable levels of total IgG and proliferative responses, but transcutaneous
immunization induced mucosal response as well, which is significant, considering mucosal
immunity is needed to prevent infection through the mucosa.

It was noted that the values of IgG, IgA, IFN-γ and proliferation index are all relatively
lower in Fig. 6 than in Fig. 5; this is likely because in Fig. 6, the mice used were C57BL/6,
whereas in Fig. 5, the immuno-competent hairless SKH-1 mice were used. As expected, the
anti-β-gal IgA levels in mouse serum samples were low (Fig. 5E and 6B). This is likely
because IgA is mainly in the mucous secretion, and only small amount is in the blood. In
fact, in an ongoing experiment, we immunized C57BL/6 mice with net positively charged
plasmid DNA-coated nanoparticles transcutaneously on a skin area pretreated with
microneedles (every two weeks for 3 times, 4 µg of an OVA-encoding plasmid, pCI-neo-
sOVA, per mouse), anti-OVA IgA with a titer of 80–160 was detectable in the mouse fecal
sample extracts, but not in the serum samples (data not shown).
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3.6. Net positively charged DNA-coated nanoparticles more effectively up-regulated the
expression of CD86 on BMDCs

To evaluate the effect of nanoparticles on the expression of major histocompatibility
complex (MHC) and co-stimulatory molecules on dendritic cells, the expression of MHC I,
MHC II, CD80 and CD86 on mouse BMDCs was measured after in vitro stimulation with
cationic nanoparticles, net positively charged DNA-coated nanoparticles and net negatively
charged DNA-coated nanoparticles. Plasmid DNA alone and LPS were used as controls. As
shown in Fig. 7, all formulations effectively up-regulated the expression of CD86 molecules.
However, it appears that the net positively charged pCMV-β-coated nanoparticles were
more effective than the others, suggesting that net positively charged DNA-coated
nanoparticles can more efficiently stimulate the maturation of DCs. There was no difference
in the expression of CD80, MHC I and MHC II among all the treatments (data not shown).

3.7. Net positively charged DNA-coated nanoparticles significantly enhanced the
expression of the antigen encoded by the plasmid applied topically onto a skin area
pretreated with microneedles

As shown in Fig. 8A, a significant amount of pCMV-β plasmid was recovered in the skin
area pretreated with microneedles after the administration of net positively charged pCMV-
β-coated nanoparticles, net negatively charged pCMV-β-coated nanoparticles or pCMV-β
alone, but there was no difference among them. However, the net positively charged pCMV-
β-coated nanoparticles led to a significantly higher level of β-galactosidase mRNA
expression in the skin samples, as compared to the net negatively charged pCMV-β-coated
nanoparticle or pCMV-β alone (Fig. 8B).

Taken the data in Fig. 7 and Fig. 8 together, it seems that the ability of the net positively
charged DNA-coated nanoparticles to induce a strong immune response after transcutaneous
immunization is related to their ability to increase the expression of the antigen gene
encoded by the plasmid coated on them and to more effectively stimulate dendritic cell
maturation.

4. CONCLUSION
A biodegradable PLGA-DOTAP nanoparticle-based plasmid DNA delivery system for
microneedle-mediated transcutaneous immunization was successfully developed. To our
best knowledge, this represents the first report showing that microneedle-mediated
transcutaneous immunization with plasmid DNA carried by the nanoparticles induced a
stronger immune response than with the plasmid DNA alone. Moreover, we also found that
the net surface charge of the DNA-coated nanoparticles affected their in vitro skin
permeation and ability to induce immune responses in vivo. Transcutaneous immunization
with plasmid DNA-coated net positively charged nanoparticles induced a stronger immune
response than with plasmid DNA-coated net negatively charged nanoparticles. Furthermore,
transcutaneous immunization was able to induce specific mucosal immunity as well. The
ability of the net positively charged plasmid DNA-coated nanoparticles to induce a strong
immune response after transcutaneous immunization is likely related to their ability to
increase the expression of the antigen gene encoded by the plasmid and to stimulate
dendritic cell maturation.
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Fig. 1.
(A) The effect of the concentration of PLGA on the size of PLGA nanoparticles. (B) The
effect of the concentration of DOTAP on the size and zeta potential of the cationic
nanoparticles. (C) A typical TEM of cationic nanoparticles (bar = 200 nm). Data reported in
A + B are mean ± S.E.M. (n = 3).
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Fig. 2.
(A) The size and zeta potential of pCMV-β-cationic nanoparticle complexes at various
nanoparticles to plasmid ratios. Increasing amounts of cationic nanoparticles (0.001–0.12
mg) were mixed with a fixed amount of DNA (1 µg) in equal volumes and allowed to
incubate at room temperature for at least 30 min before measuring size and zeta potential.
All data reported are mean ± S.E.M. (n = 3). (B) Agarose gel electrophoresis assessing the
stability of pCMV-β coated on the cationic nanoparticles. (+) NP, pCMV-β-coated net
positively charged nanoparticles; (−) NP, pCMV-β-coated net negatively charged
nanoparticles; DNA, pCMV-β alone; Ctl, pCMV-β not treated with DNase I.
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Fig. 3.
In vitro uptake of plasmid DNA coated on nanoparticles by DC2.4 cells. (A) DC2.4 cells
were incubated with fluorescein-labeled pCMV-β-coated nanoparticles or fluorescein-
labeled pCMV-β alone for 4 h, and the extent of nanoparticle uptake was determined by
measuring the fluorescence intensity. (B) Fluorescent microscopic images of DC2.4 cells
after up to 4 h of incubation with pCMV-β-coated nanoparticles or pCMV-β alone. For the
net positively charged pCMV-β-coated nanoparticles, cells were incubated for only 1 h. Cell
nucleus was stained with DAPI (blue). pCMV-β was labeled with FITC (green). (C) In vitro
transfection of DC2.4 cells with pCMV-β-coated nanoparticles, pCMV-β alone, or pCMV-β
complexed with Lipofectamine. (*, p = 0.94, (+) NP vs. Lipo; **, p = 0.34, (−) NP vs. Lipo).
Data shown are mean ± S.E.M. (n = 4 in A, 8 in C). Lipo, pCMV-β complexed with
lipofectamine; Unt, Untreated.
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Fig. 4.
Permeation of plasmid DNA alone or coated on nanoparticles (A), and permeation of net
positively charged DNA-coated nanoparticles (B) through a mouse skin area treated or
untreated with microneedles. (C) Release of DNA from net positively charged and net
negatively charged DNA coated nanoparticles after incubation in vitro at 37°C. Plasmid
used was pCMV-β. MN = microneedle. All data reported are mean ± S.E.M. (n = 3).
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Fig. 5.
(A) Anti-PA IgG titers in the sera of mice transcutaneously immunized with net positively
charged pGPA-coated nanoparticles or intramuscularly injected with pGPA alone. BALB/c
mice were dosed on days 0, 10, and 20 with 10 µg pGPA plasmid. Data reported are 42 days
after last immunization. (B) Serum anti-β-gal IgG induced by pCMV-β, alone or coated on
nanoparticles, applied onto a skin area pre-treated with microneedles (a, p = 0.009, MN, (+)
NP vs. IM, DNA, 10K dilution; b, p = 0.196, MN, (−) NP vs. IM, DNA, 10K dilution; c, p =
0.008, MN, (+) NP vs. IM, DNA, 100K dilution). (C.E) Anti-β-gal IgG1 (C), anti-β-gal
IgG2a (D), and anti-β-gal IgA (E) induced by pCMV-β-coated net positively charged
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nanoparticles applied onto a skin area pre-treated with microneedles. (F.G) In vitro release
of IL-4 (F) and IFN-γ (G) from splenocytes after in vitro restimulation with β-galactosidase
for 48 h. (d, p = 0.004, MN, (+) NP vs. IM, DNA; e, p = 0.0001, MN, (+) NP vs. IM, DNA).
(H) In vitro proliferation of splenocytes after restimulation with β-galactosidase for 120 h (f,
p = 0.0007, MN, (+) NP vs. IM, DNA). In B-H, SKH-1 Elite mice were dosed on days 0, 14,
and 28 with 20 µg pCMV-β plasmid per mouse. Data in B are 21 days after the last
immunization. Data in C.H are 42 days after the last immunization. All data are reported as
mean ± S.E.M (n = 5). (MN, microneedle; IM, intramuscular; Unt, untreated).
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Fig. 6.
(A–B) Serum anti-β-gal IgG (from individual mice after 10,000-fold dilution) (A) and anti-
β-gal IgA (B) induced by pCMV-β-coated net positively charged nanoparticles applied onto
a skin area pre-treated with microneedles or injected intramuscularly. (C–D) In vitro release
of IL-4 and IFN-γ from splenocytes restimulated with β-galactosidase for 48 h. (E) In vitro
proliferation of splenocytes restimulated with β-galactosidase for 120 h. C57BL/6 mice
were dosed on day 0, 14, and 28 with 20 µg pCM-β plasmid per mouse. Data in A are 21
days after the last immunization, while data in B–E are 49 days after the last immunization.
All data reported are mean ± S.E.M. from 5 mice per group. (MN, microneedle; IM,
intramuscular; Unt, untreated).
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Fig. 7.
Flow cytometric graphs showing the expression of CD86 on mouse BMDCs after 15 h
incubation with cationic PLGA nanoparticles (NP), pCMV-β-coated net positively charged
nanoparticles ((+) NP), pCMV-β-coated net negatively charged nanoparticles ((−) NP),
pCMV-β alone (DNA), or LPS. Experiment was repeated three times with similar results.
Peaks in the left are cells incubated with fresh medium.
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Fig. 8.
In vivo uptake of pCMV-β plasmid (A) and expression of β-galactosidase gene (mRNA
level) (B) 24 h after pCMV-β, alone or coated on nanoparticles, was applied on a mouse
skin area pretreated with microneedles. A 100 µl (20 µg pCMV-β) of each formulation was
applied on C57BL/6 mice (8–10 weeks) at 0 h. pCMV-β recovered from the skin samples
and the β-galactosidase mRNA level in the skin samples were determined 24 h later using
qRT-PCR. MN, microneedles. Data reported are mean ± S.E.M. (n = 3). (*, p = 0.005, MN,
(+) NP vs. MN, (−) NP; MN, (+) NP vs. MN, DNA).
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