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Abstract

The design of optimized nanoparticles offers a promising strategy to enable DNA vaccines to cross various physiological
barriers for eliciting a specific and protective mucosal immunity via intranasal administration. Here, we reported a new
designed nanoparticle system through incorporating anionic liposomes (AL) into chitosan/DNA (CS/DNA) complexes. With
enhanced cellular uptake, the constructed AL/CS/DNA nanoparticles can deliver the anti-caries DNA vaccine pGJA-P/VAX
into nasal mucosa. TEM results showed the AL/CS/DNA had a spherical structure. High DNA loading ability and effective
DNA protection against nuclease were proved by gel electrophoresis. The surface charge of the AL/CS/DNA depended
strongly on pH environment, enabling the intracellular release of loaded DNA via a pH-mediated manner. In comparison to
the traditional CS/DNA system, our new design rendered a higher transfection efficiency and longer residence time of the
AL/CS/DNA at nasal mucosal surface. These outstanding features enable the AL/CS/DNA to induce a significantly (p,0.01)
higher level of secretory IgA (SIgA) than the CS/DNA in animal study, and a longer-term mucosal immunity. On the other
hand, the AL/CS/DNA exhibited minimal cytotoxicity. These results suggest that the developed nanoparticles offer a
potential platform for DNA vaccine packaging and delivery for more efficient elicitation of mucosal immunity.
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Introduction

The development of efficient and safe vaccines remains a major

goal in globe public health. Recently, considerable attention has

been focused on the development of DNA vaccines as an effective

immunogenic strategy to induce both humoral and cellular

immune responses. DNA vaccines are considered to be inexpen-

sive, stable, relatively safe compared to attenuated viral vaccines

[1,2,3,4] and flexible to integrate genes encoding antigens and

immunostimulatory sequences. Thus, DNA vaccines are in favor

of worldwide transportation and vaccination. Though intramus-

cular (i.m.) vaccination is still widely used, unfortunately, it usually

failed in inducing local immunity at mucosal sites where

tremendous infectious agents enter the body [5]. Interestingly,

nasal mucosa is an attractive site for DNA vaccines to evoke both

systemic and mucosal immune response [6,7,8,9], due to its

accessibility, lower enzyme distribution compared to the oral route

and dense population of immune cells, often referred to as the

nasal associated lymphoid tissue (NALT).

It is believed that development of vaccine against Streptococuus

mutans (S. mutans) might be an effective strategy to prevent and

control the occurrence of dental caries. In previous studies [10],

the DNA vaccine pGJA-P/VAX against dental caries has been

successfully constructed by encoding a GLU domain of GTF

enzymes along with the A and P regions of surface protein antigen

(PAc) of S. mutans. The pGJA-P/VAX can induce specific saliva

SIgA response and serum IgG response via i.n. or i.m.

immunization in animals, including adult mice, rats, rabbits and

monkeys [10,11,12]. In addition, the increase of the specific saliva

SIgA is found to be correlated with reduction of dental caries

[13,14]. However, without adjuvants or delivery system, the single

DNA vaccine (pGJA-P/VAX included) displayed low efficacy via

i.n. administration [15,16], possibly attributed to poor antigen

delivery, as a result of various physiological hurdles, including

mucociliary clearance, enzyme degradation and poor internaliza-

tion by antigen presenting cells (APCs).

Nanoparticles (NPs) may provide an ideal solution to alleviate

problems associated with the nasal delivery of DNA vaccines.

Chitosan (CS) NPs are of special interest in nasal DNA vaccine

delivery because of its unique properties, including bioadhesive-

ness, effectiveness in transport of antigens by transiently opening

tight junctions of cells, biocompatibility and low toxicity [17,18].

More evidences have shown that DNA vaccine complexed with

the CS significantly improved mucosal sIgA levels via i.n.

administration [19,20]. As a DNA vaccine delivery system, the

CS NPs are expected to increase the uptake and expression

efficiency of the DNA vaccine in target cells. However, as

compared to other non-viral carriers, the CS NPs mediated
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transfection efficiency is still relatively low [21,22]. It has been

suggested that the strength of electrostatic interactions between CS

and DNA prevents their dissociation within cells, thus precluding

transcription of DNA and resulting in low transfection [23].

To improve the transfection efficiency of CS/DNA complexes,

additive incorporation of negative charged component to reach a

balance between DNA protection and DNA release is an effective

strategy [24]. It has been reported that a core-shell nanoparticle

system comprised of an anionic PLGA core and a glycol CS/DNA

shell surface has been shown for enabling intracellular release of

the loaded DNA via a pH-mediated manner, so as to facilitate

DNA vaccine transfection in target cells [25]. Anionic lipids, the

natural component of eukaryotic cell membranes, have been

shown to significantly increase the gene transfection efficiency in

cell lines, even better than commercial cationic liposomes [26]. In

addition to powerful membrane fusion ability, the anionic

liposomes exhibit more advantages compared with the cationic

liposomes, especially in cytotoxicity. It has been reported that

cationic liposomes are extremely toxic to phagocytic cells, and thus

should be used with caution in vivo [27,28]. Interestingly, mucosal

immunization with liposomes seems to be limited and especially

dependent on co-administration of other co-stimulants, which is

caused by the modulation interaction of liposomes with mucosa

and the instability of liposomes under physiological conditions

[29]. These results inspired us whether a new system comprised of

the AL and CS/DNA could render the transfection efficiency, and

further improve the mucosal immunity of DNA vaccine. To our

knowledge, very little has been focused on the combined use of

bioadhesive CS with AL in nasal DNA vaccine delivery.

In the present study, we used plasmid pGJA-P/VAX as our test

DNA vaccine to prepare the CS/DNA and AL/CS/DNA NPs.

We characterized the size and zeta potential of the two NPs under

different pH conditions, as well as the morphology using

transmission electron microscopy (TEM). The novel AL/CS/

DNA delivery system exhibited both pH-mediated DNA release

and enhanced mucoadhesive properties. The AL/CS/DNA was

able to induce strong mucosal immune responses following i.n.

immunization on Balb/c mice. These findings imply that our

synthetic NPs present an appropriate nanoparticle delivery system

to improve the mucosal immunogenicity of DNA vaccines by

increasing antigen delivery, transport and stability along the

mucosal tract.

Materials and Methods

1. Materials
Chitosan (MW=80 kD, degree of deacetylation = 80%) and

mucin type III were purchased from Sigma (St. Louis, USA).

Dioleoylphosphatidylethanolamine (DOPE) and 1, 2-Dioleoylpho-

sphatidylglycerol (DOPG) were purchased from Lipoid (Ludwig-

shafen, Germany). Plasmid pGJA-P/VAX and recombination

proteins PAc were provided by Prof. Mingwen Fan (School of

Stomatology, Wuhan University, China). Plasmid pcDNA3.0-Rluc

was donated by Dr. Sanjiv Sam Gambhir (Dept. of Radiology,

Stanford University, USA). RQ1 DNase kit was purchased from

Promega (Madison, MI, USA). Mouse standard serum (Bethyl,

USA), goat anti-mouse IgG and IgA (SouthernBiotech, USA), and

horseradish peroxidase conjugated goat anti-mouse IgG and IgA

(SouthernBiotech, USA) were used. Cy5.5 Mono NHS Ester was

purchased from GE Healthcare (Buckinghamshire, UK). All other

used chemicals and used reagents were analytical grade.

2. Preparation of CS-based NPs
Anionic liposomes consist of DOPG/DOPE were prepared.

Briefly, a lipid mixture at a molar ratio 1:4 (DOPG:DOPE) was

reconstituted in 10 mM HEPES buffer at pH 7.4 from shell-dried

lipid films followed by vortexing for 10 min and sonication for

1 min. CS (5 mg/ml) was dissolved in 0.5% acetic acid overnight

on a vortex mixer (IKA, Germany). Prior to mixing with DNA, CS

solutions were subjected to sterile filtration with a 0.22 mm syringe

filter. CS/DNA NPs were prepared by adding an equal volume of

the diluted CS solution to a DNA (1000 mg/ml) solution at

different N/P ratios (amine:phosphate = 3, 5, 7, 10, 15, mole ratio)

at room temperature, using a vortex mixer. To prepare AL/CS/

DNA NPs, anionic liposomes (DOPG/DOPE, 4 mg/ml) in

10 mM HEPES buffer were mixed with a DNA (1,000 mg/ml)

solution at different lipid/DNA ratios (1, 2, 3, 4, w/w) to a final

volume of 100 ml. CS solutions at different N/P ratios were then

added dropwise under mild stirring. The pH values of the CS-

based NPs were adjusted to 7.4, 7.1, 6.8 or 6.4 for characteriza-

tion.

3. Characterization of CS-based NPs
The size distribution and the zeta potential of NPs were

measured by dynamic light scattering (Nano ZS 90, Malvern, UK)

at 25uC. NPs were diluted with PBS buffer at pH 7.4, 7.1, 6.8, 6.4,

and stabilized at room temperature for 30 min prior to the

measurement. The morphology of NPs was examined with TEM

by the conventional negative staining method using 0.1%

phosphotungstic acid. The release of pGJA-P/VAX from AL/

CS/DNA in PBS was studied at different pH (7.4 or 6.4) in a

shaker at 100 rpm and 37uC. The released free DNA was

separated from NP by centrifugation at 14, 000 rpm for 20 min

after different time intervals within 24 h and the concentration

was quantified by using fluorescent dye Hoechst 33258. Each

measurement was carried out in triplicate.

4. Protection Against Nuclease Degradation
The NPs were incubated with DNase I in reaction buffer at

37uC for 30 min, followed by the addition of DNase stop solution

to terminate the reaction and DNase I was inactivated at 65uC for

10 min. Samples were analyzed by 0.8% agarose gel containing

1 mg/ml ethidium bromide in TAE buffer. The DNA was detected

under UV light using the Gel Documentation System (Biorad,

USA).

5. Adsorption of Mucin on CS-based NPs
Equal volumes of the CS-based NPs and an aqueous solution of

mucin (1 mg/ml) were mixed by vortexing for 60 min. The

suspension was then centrifuged at 4,000 rpm for 5 min. The

supernatant was mixed with 0.5% periodic acid and incubated at

37uC for 2 h. A colorimetric assay for glycoproteins based on the

periodic acid/Schiff staining was used for determination of mucin

concentration in the supernatant [30]. The mucin adsorbed on the

CS-based NPs was calculated from the total and the free mucin.

Naked DNA was used as the control.

6. In vitro Transfection
The human embryonic kidney cells (HEK 293, ATCC, USA)

were cultured in DMEM supplemented with 10% fetal bovine

serum (FBS) at 37uC in a humidified 5% CO2 incubator (Thermo,

USA). Cells were subcultured according to ATCC recommenda-

tions without any antibiotics. Cells were seeded into a 24-well plate

with a density of 2 6 105 cells per well. Transfection proceeded

until approximately 60–80% confluence was achieved. The
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transfection medium DMEM without FBS was equilibrated at

37uC with 5% CO2, and pH adjustment was performed with

sterile acetic acid. CS/Luc and AL/CS/Luc NPs containing

plasmid pcDNA3.0-Rluc were prepared (as described above)

30 min before transfection of cells. The medium was removed and

replenished with 400 ml transfection medium (pH 6.4) containing

CS/Luc or AL/CS/Luc at a concentration of 1 mg DNA/well.

After 5 h, the transfection medium was removed and replaced

with 500 ml DMEM (with 10% FBS). The cells were further

incubated for 48 h, and then harvested by using trypsin solution.

Transfection efficiencies were quantified with luciferase assay kit

(Promega, USA). PEI (25 kD, Sigma, USA) was used as a positive

control. The PEI/Luc complexes were prepared by directly

mixing at the N/P ratio of 10. The relative light units (RLU) were

normalized to the protein content of each sample. All experiments

were repeated at least three times.

7. Transport of NPs Across the Nasal Epithelia
FITC-CS/DNA and AL/FITC-CS/DNA NPs were prepared

and administrated into rat nasal cavity with 10 ml into each nostril

within 10 min interval. After administration for 2 h, rats were

sacrificed by cervical dislocation. 4% paraformaldehyde solution

was injected to nasal cavity from trachea with a syringe. After

fixing for 30 min, the rat mucosa was carefully excised and

observed by Confocal Laser Scanning Microscope (Andor

Revolution XD).

8. Transepithelial Electrical Resistance (TEER) Detection
Caco-2 cells (ATCC, USA) were cultured in DMEM supple-

mented with 10% FBS, 4.5 g/L glucose, 2 mM L-glutamine, 1%

v/v nonessential amino acids and 500 U/ml penicillin/strepto-

mycin at 37uC and 5% CO2. For TEER detection experiments,

the Caco-2 cells were seeded in 24-well Transwell (2 6 105 per

insert) and maintained for 7 days in supplemented DMEM.

Medium was changed every day. The integrity of the monolayer

was assayed by measuring the TEER using an electrode connected

to EVOM2 (WPI, USA). Then Caco-2 monolayers were washed

once with Hanks balanced salt solution (HBSS, pH 6.4) and

equilibrated in HBSS for 30 min at 37uC. After treating with

DNA, CS/DNA and AL/CS/DNA in HBSS for 1 h, inserts were

transferred to a 24-well plate containing 1.5 ml HBSS and TEER

was assessed. All experiments were repeated at least three times.

9. Uptake of CS-based NPs by Flow Cytometry
FITC-CS was synthesized by the reaction between the

isothiocyanate group of FITC and the amino group of CS. For

detecting the uptake of FITC-CS/DNA and AL/FITC-CS/DNA,

Caco-2 cells were plated at 26106 cells/well in 6-well plates and

allowed to adhere overnight. After treating with FITC-CS/DNA

or AL/FITC-CS/DNA at a concentration of 4 mg DNA/well,

cells were harvested and suspended in PBS and analyzed directly

by flow cytometry. Samples were run on a CytomicsTM FC 500

flow cytometer (Beckman Coulter, USA) and analysis was done

using CXP software.

10. Immunization Studies and Sample Collection
The ability of pGJA-P/VAX complexed with or without CS-

based NPs to induce immune response was evaluated in female

Balb/c mice (aged 6–8 weeks). The animals were housed in groups

of five (n = 10) with free access to food and water in a specific

pathogen-free environment at the Hubei Medical Laboratory

Animal Center (Wuhan, China). The studies were carried out

according to the guidelines provided by the Hubei Medical

Laboratory Animal Center review board. The protocol was

approved by the Committee on the Ethics of Animal Experiments

of Huazhong University of Science and Technology (Permit

Number: SCXK 2008-0005). All surgery and was performed

under sodium pentobarbital anesthesia, and all efforts were made

to minimize suffering. To evaluate the immune response, five

groups with different administration routes were performed as

follows: naked DNA (i.n.), naked DNA (i.m.), CS/DNA (i.n.), AL/

CS/DNA (i.n.) and PBS group (i.n.). Every animal was inoculated

with 25 mg plasmid pGJA-P/VAX in small drops. Nasal dosing

was carried out with 10 ml sterile micropipette tips and given into

the nostril (10 ml formulation/nostril) of the non-anesthetized

animal in a supine position. The new drop was only given when

the former one had been inhaled. Animals were also immunized

with 25 mg plasmid pGJA-P/VAX in HEPES (pH 7.4) via i.m.

pathway (in quadriceps muscles). A secondary immunization was

performed after 2 weeks with the same dose of formulations and

operating procedures. Saliva and serum were collected at 2, 4, 6,

8, and 12 weeks after the last immunization, respectively. Each

animal was intraperitoneally injected with 100 ml sterile pilocar-

pine solution (10 mg/ml) in order to collect saliva samples. These

fluids were stored at 270uC with 100 mM phenylmethyl sulfonyl

fluoride (PMSF) as a protease inhibitor. Blood was collected by

retro-orbital puncture with a syringe, and serum was then

obtained and stored at 270uC after centrifugation.

11. Measurement of Specific IgA and IgG Responses
The levels of specific antibodies against PAc in the samples were

determined by an enzyme-linked immunosorbent assay (ELISA).

Each well of the 96-well plates (Costar USA) was coated with

purified 10 mg/ml protein PAc in a 0.1 M, pH 9.5 carbonate

buffer at 4uC. After coating overnight, plates were blocked by 3%

bovine serum albumin (BSA) in PBS containing 0.05% Tween 20

(PBST) at 37uC for 2 h, then washed five times with the PBST.

Diluted saliva (1:2 dilution) or serum (1:100 dilution) was added

into each well and incubated for 30 min at 37uC. A standard curve

was established by coating plates with unconjugated goat anti-

mouse IgG or IgA (10 mg/ml). Then, the serially diluted reference

serum, used to create a standard curve, was added in duplicate

into each well and incubated at 37uC for 2 h. Subsequently, the

plates were washed five times with PBST and reacted with

peroxidase-conjugated goat anti-mouse IgG (dilution 1:1000) or

peroxidase-conjugated goat anti-mouse IgA (dilution 1:1000) in

PBST. After washing, plates were followed by adding TMB

substrate with H2O2 and incubation at 37uC for 15 min. Then the

reaction was stopped with 2 M H2SO4. Optical density (OD)

readings were taken and recorded at 450 nm. The sample specific

antibody concentrations were calculated based on multi-parameter

logistic algorithms and the final results were counted according to

the standard curve.

12. In vivo Fluorescence Imaging
The NIRF dye Cy5.5 was modified to the amino group of CS

for real-time imaging in vivo. The nasal residence time measure-

ments were performed according to the protocol described by

Hagenaars et al [31]. Briefly, female Balb/c (nu/nu) mice aged 6

weeks from Hubei Medical Laboratory Animal Center (Wuhan,

China) were anesthetized with isoflurane prior to the administra-

tion of 10 ml AL/Cy5.5-CS/DNA NPs. After wiping the nose with

a paper towel, mice were immediately scanned with the IVIS

spectrum imaging system (Caliper life, Cy5.5 filter). Between the

measurements, mice were put back in cages to recover from

anesthesia. In order to calculate the mean fluorescence in the nasal

cavity, the Cy5.5 specific signal was separated from the
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background fluorescence by spectral unmixing with the Living

Imaging 4.0 software (Caliper life Science). Regions of interest

(ROI) in the nasal cavity were detected and quantified with the

same software. Fluorescence emission images were normalized and

reported as photons per second per centimeter squared per

steradian (p/s/cm2/sr). Fluorescence intensity at t = 0 was set as at

100%.

13. Statistical Analysis
Statistical analysis of specific antibody levels was performed with

SPSS 17.0 software. Differences between different groups were

determined by one-way analysis of variance (ANOVA) followed by

post hoc analysis with LSD test. Comparisons were deemed

significant when p,0.05 and highly significant when p,0.01.

Results

1. DNA Loading and Nuclease Degradation Assay
Gel electrophoresis has been widely used to monitor the affinity

capability of DNA adsorbed on test NPs. As shown in Fig. 1A,

pGJA-P/VAX was completely compacted by CS as the N/P ratio

reached 7. In contrast, partial dissociation of pGJA-P/VAX from

the CS/DNA was observed at the N/P ratio of 3. Although no

obvious migration of DNA was detected from the CS/DNA at the

N/P ratio of 5, less DNA was retarded compared with higher N/P

ratio NPs. Therefore, the CS/DNA was prepared at the N/P ratio

of 7 in the subsequent experiments. As shown in Fig. 1B, no

significant DNA release was observed by incorporating AL in the

CS/DNA at various lipid/DNA ratios (w/w) with fixed N/P ratio

of 7. The influence of AL incorporation on the size, PDI, zeta

potential and encapsulation efficiency was summarized in Table 1.

With increased amount of AL incorporated, size of ALCS/DNA

increased while their PDI decreased notably. In addition,

modification CS with FITC or Cy5.5 did not interfere with

DNA encapsulation.

In Fig. 1C, the AL/CS/DNA effectively protected DNA against

degradation of DNase I, whereas the naked DNA was easily

digested by low concentration of DNase I (50 U/ml). PEI/DNA

was also shown to have high DNA loading and high resistant

against DNase.

These results indicated that the AL/CS/DNA could be

successfully prepared with high DNA loading and high DNase

resistance. The high enough electrostatic interaction between the

CS and the DNA might be responsible for effective DNA loading,

and presumably cause the inability of enzyme to reach the

substrate DNA. At the physiological condition of mucosal

membrane surfaces, where large quantities but low concentration

of nucleases present, it would be meaningful for maintaining the

integration and function of DNA vaccine.

2. In vitro Transfection Assay
Furtherly, transfection assay was performed to confirm the

optimal N/P ratio and lipid/DNA ratio, which might contribute

to high expression of DNA vaccine in target cells. HEK 293 cells

were used as the model for evaluating the transfection efficiencies

by the expression of luciferase reporter enzymes and GFP (Green

Fluorescence Protein). As shown in Fig. 2A, transfection efficiency

of the CS/Luc at different N/P ratios was determined by

luciferase assay at pH 6.4. The results indicated that the optimal

N/P ratio was from 7:1 to 10:1, which agreed with the previous

results [32]. Transfection efficiency of the AL/CS/Luc was

optimized under various lipid/DNA ratios (w/w). PEI/Luc NPs

were used as the positive control (Fig. 2B). These results showed

that the transfection efficiency of AL/CS/Luc was notably

enhanced as lipid/DNA ratio (w/w) increased to 3. Transfection

images of CS/GFP and AL/CS/GFP with different N/P ratios

and lipid/DNA ratios were shown in Fig. 2C. Obvious better

transfection results were verified on the AL/CS/DNA than that of

the CS/DNA. Finally, the optimal AL/CS/DNA was prepared at

N/P ratio of 7 and lipid/DNA ratios (w/w) ratio of 3.

3. Characterization of CS-based NPs
The physicochemical properties of NPs influence their stability,

mucosal adsorption and transport, which are the three indispens-

able steps for the successful mucosal immunity. After intranasal

administration, the NPs might be challenged by pH environment

changes in vivo. Thus, the influence of pH change on the CS/DNA

and AL/CS/DNA was examined. As shown in Fig. 3A, the AL/

CS/DNA was found to have a significant change in size and zeta

potential, especially when the pH increased to 7.4 from 7.1. The

size sharply increased to micron scale and the zeta potential

decreased to 22.1 mV, indicating the disintegration of the ternary

complex structure. However, the size and zeta potential of the CS/

DNA did not change significantly. Studies on the surface

morphology of the prepared NPs with TEM indicated that the

CS/DNA was irregular shape (Fig. 3B), while the AL/CS/DNA

was almost spherical at pH 6.4 and AL acted as a core (Fig. 3C).

When pH increased to 7.4, the disintegration of the AL/CS/DNA

was observed (Fig. 3D and 3E). As we expected, a pH-mediated

DNA release from the AL/CS/DNA was verified in Fig. 3F.

These results indicated that with the addition of AL in CS/DNA,

homogeneous AL/CS/DNA NPs were formed. In addition, the

AL might facilitate the DNA release from the AL/CS/DNA with

a pH-mediated manner.

4. Nasal Residence Time and Mucin Adsorption Ability of
CS-based NPs
It is being assumed that increasing nasal residence time of

antigen is one of the key features to enhance the nasal immune

responses. The nasal residence time of Cy5.5-CS/DNA and AL/

Cy5.5-CS/DNA were monitored with IVIS spectrum imaging

system as in Fig. 4A. We found that the fluorescence of the two

NPs in the cavity exceeded 40% of total fluorescence after i.n.

administration within 2 h (Fig. 4B). However, in comparison to

the CS/DNA, a more powerful ability in prolonging the nasal

residence time was verified on the AL/CS/DNA.

The CS/DNA and AL/CS/DNA were also evaluated for their

mucin adsorption ability, which is a measure of mucoadhesive

ability of delivery system (Fig. 4C). The CS/DNA was found to

retain more mucin (0.27 mg/mg of DNA) than the naked DNA

(0.08 mg/mg of DNA) (p,0.01). The AL/CS/DNA had the more

powerful adhesive ability than the CS/DNA, since the mucin

adsorption reached 0.36 mg/mg of DNA. However, the increased

fold was less than 1.5. These results indicated that addition of AL

to the CS/DNA complexes increased the nasal residence time of

DNA vaccine on mucosal surface. The prolonged residence time

in nasal cavity offered a sustained antigen-mucosa interaction

without being cleared away.

5. Transport of NPs in Rat Nasal Mucosa
In order to investigate the transport of NPs in the nasal mucosa,

FITC-CS/DNA and AL/FITC-CS/DNA were administrated

into rat nasal mucosa for 2 h, and the transport of NPs was

monitored by CLMS. It is proved that FITC modification on CS

did not interfere with DNA entrapping capacity and release

(Table 1 and Fig. S1). As shown in Fig. 5B, the AL/FITC-CS/

DNA was found to penetrate into the deep mucosa layer (up to

Chitosan Nanoparticles for Nasal DNA Vaccine
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17.6 mm) within 2 h. The fluorescence intensity increased to the

peak value in the depth of 8.8 mm and lasted to the depth of

13.6 mm, then decreased gradually in the deeper depth. The

images of the sections (x, z and y, z) taken in the depth of 8.8 mm
inside the mucosa were also shown below. It clearly showed that

the AL/FITC-CS/DNA were internalized into mucosal epithelia

and transported into deeper regions of mucosal area. However, as

shown in Fig. 5A, less FITC-CS/DNA was found to penetrate into

the mucosa layer. The three dimensional reconstruction anima-

tions from CLMS results were shown in Movie S1 and Movie S2.

These results provided the evidence that the AL/CS/DNA was

more powerful in penetrating the mucosa layer.

6. TEER Change and Uptake of CS/DNA and AL/CS/DNA
on Caco-2 Cells
To better understand the mechanism leading to the more

powerful transport of AL/CS/DNA in nasal mucosa, Caco-2 cells

were used as the model to investigate the mucosa permeability and

the intracellular uptake. TEER decrease on Caco-2 cell monolayer

is a measure for mucosal epithelial permeability. Interestingly,

although both CS/DNA and AL/CS/DNA showed the power in

decreasing the TEER, there was no obvious difference between

the two NPs (Fig. 6A). Then, the percentage of cells that

internalized FITC-labeled NPs and their fluorescence intensity

were quantified by flow cytometry. As shown in Fig. 6B and 6C,

the percentage of fluorescent cells and the fluorescence intensity

were enhanced notably (p,0.01) by incorporating AL. These

Figure 1. Gel retardation analysis of CS-based NPs using plasmid pGJA-p/VAX as the DNA model. (A) CS/DNA, at different N/P ratios. (B)
AL/CS/DNA, at different lipid/DNA (w/w) ratios with a fixed N/P ratio of 7. (C) AL/CS/DNA, treated with DNase I at the lipid/DNA (w/w) ratio of 3 with a
fixed N/P ratio of 7. lane 1: DNA ladder; lane 2: pGJA-p/VAX; lane 3: pGJA-p/VAX+DNase I (50 U/ml); lane 4: AL/CS/DNA; lane 5: AL/CS/DNA+DNase I
(50 U/ml); lane 6: AL/CS/DNA+DNase I (100 U/ml); lane 7: AL/CS/DNA+DNase I (200 U/ml); lane 8: PEI/DNA+DNase I (200 U/ml); lane 9: PEI/DNA.
doi:10.1371/journal.pone.0071953.g001

Table 1. Physicochemical characteristics of CS/DNA and AL/CS/DNA.

Formulations (N/P, lipid/DNA) Size (nm) PDI Zeta potential (mV) Encapsulation efficiency (%)

CS/DNA (7, 0) 323.5620.3 0.25960.014 4.861.3 96.4662.41

AL/CS/DNA (7, 1) 312.7614.7 0.20560.082 4.560.7 95.3260.48

AL/CS/DNA (7, 2) 320.1612.3 0.21460.054 8.160.8 97.3461.02

AL/CS/DNA (7, 3) 319.5616.9 0.13460.027 6.760.3 96.3661.35

AL/CS/DNA (7, 4) 498.5628.9 0.12560.032 2.560.8 95.2660.45

FITC-CS/DNA (7, 0) 340.5627.4 0.23760.044 4.460.5 99.4260.11

AL/FITC-CS/DNA (7, 3) 338.5612.1 0.10160.025 7.760.2 98.2460.21

Cy5.5-CS/DNA (7, 0) 328.6615.6 0.23360.036 4.061.1 96.6460.25

AL/Cy5.5-CS/DNA (7, 3) 315.4618.1 0.12860.035 6.161.6 96.2460.34

Particle size, polydispersity index (PDI), zeta potential and encapsulation efficiency of tested NPs with different N/P ratios and lipid/DNA ratios under pH 6.4 (n = 3).
doi:10.1371/journal.pone.0071953.t001
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results indicated that incorporating AL in CS/DNA might

increase the intracellular uptake in epithelial cells without affecting

the inherent mucosal permeability.

7. Immunization Studies
In order to evaluate the potential of the pGJA-P/VAX loaded

CS-based NPs in inducing specific mucosal and systemic humoral

responses, female Balb/c mice were divided into five groups

(n = 10) and vaccinated with indicated formulations via i.n. or i.m.

Figure 2. Transgene expression by HEK 293 cells in vitro using CS/DNA, AL/CS/DNA and PEI/DNA NPs. (A) CS/Luc, at different N/P ratios
with fixed 1 mg plasmid pcDNA3.0-Rluc/well and fixed transfection medium pH of 6.4; (B) AL/CS/Luc, at different lipid/DNA ratios (0, 1, 2, 3, 4, w/w)
with fixed N/P ratio of 7 and fixed transfection medium pH of 6.4 and 1 mg plasmid pcDNA3.0-Rluc/well. PEI/Luc NPs at N/P ratio of 10 were used as
the positive control; (C) Transfection images of CS/GFP and AL/CS/GFP NPs with different N/P ratios and lipid/DNA ratios using GFP as a report gene.
The relative light units (RLU) were normalized to the protein content of each sample. **p,0.01 Mean 6 SD (n = 4–6).
doi:10.1371/journal.pone.0071953.g002
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route. We assessed the specific anti-PAc antibody levels both in

salivary and serum samples. As in Fig. 7A, a significant and lasting

salivary anti-PAc SIgA antibody response was elicited by i.n.

administration of the AL/CS/DNA. The mucosal immunity was

induced in AL/CS/DNA (i.n.) group as early as 2 weeks after the

first vaccination. It was significantly higher than the levels of naked

DNA group and CS/DNA group (p,0.01). This immune effect

was further strengthened to week 6, and then slightly decreased at

week 8 and 12. In contrast, there was no significant difference in

SIgA production between the CS/DNA (i.n.) group and the naked

DNA (i.n.) group in all time intervals. In addition, a long-term

mucosal immunity was found to last for at least 12 weeks in the

AL/CS/DNA (i.n.) group. Week SIgA response was observed on

the naked DNA (i.n.) group and the naked DNA (i.m.) group,

indicating that DNA without delivery system did not seem to

trigger effective SIgA responses via i.n. or i.m. route.

When mice were vaccinated with 25 mg pGJA-P/VAX via i.m.

administration, strong serum response last at least for 12 weeks

(Fig. 7B), which was in accordance with majority of previous

studies showing successful DNA immunization [33,34]. No

obvious specific IgG response was observed in the PBS group

(i.n.), naked DNA (i.n.) group or the CS/DNA (i.n.) group. In

addition, specific IgG response of the AL/CS/DNA (i.n.) group

presented statistical significance only at week 4 (p,0.01) compared

with the CS/DNA (i.n.) group. These results indicated that the

AL/CS/DNA was an attractive mucosal DNA vaccine delivery

system for inducing strong mucosal responses. However, the type

Figure 3. Characterization of the CS/DNA and AL/CS/DNA NPs. (A) Size and zeta potential of CS/DNA and AL/CS/DNA at pH 7.4, 7.1, 6.8 and
6.4. (B) TEM images of the CS/DNA at pH 6.4; (C) TEM images of the AL/CS/DNA at pH 6.4. (D) TEM images of the AL/CS/DNA at pH 7.4; (E) Local
amplification of (D); (F) Release profile of DNA from AL/CS/DNA and CS/DNA in PBS (pH 6.4 or 7.4) at 37uC. Mean 6 SD (n = 3).
doi:10.1371/journal.pone.0071953.g003
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and intensity of immune responses were greatly affected by the

administration routes.

8. Cytotoxicity Assay
As a vaccine delivery system, the potential cytotoxicity should

be taken into serious consideration. The cytotoxicity of the PEI/

DNA, CS/DNA and AL/CS/DNA was performed by MTT assay

following 48 h incubation on RAW 264.7 cells (Fig. 8). The CS/

DNA and AL/CS/DNA showed similar and high cell viability

under varying concentrations. More than 80% cell viability was

observed on the CS/DNA and AL/CS/DNA group under a

concentration of 45 mg/ml, while the PEI/DNA showed high

cytotoxicity even at the low concentration of 15 mg/ml. As the

concentration reached 45 mg/ml, the cell viability of the PEI/

DNA was less than 20%. These results indicated that the AL/CS/

DNA had minimal cytotoxicity towards phagocytic cells.

Discussion

It is believed that development of vaccine against S. mutans

might be an effective strategy to prevent and control the

occurrence of dental caries. Though i.n. delivery of pGJA-P/

VAX-bupivacaine induced both mucosal humoral and systemic

responses in various animals (mice, rats and monkeys), bupiva-

caine was not safe when used as an immune adjuvant. Meanwhile,

the single pGJA-P/VAX seemed to work inefficiently via i.n.

administration [16,35]. In the present study, we demonstrated that

after the incorporation of AL with CS/pGJA-P/VAX, enhanced

cell uptake, cell transfection and mucoadhesive properties were

observed. Finally, the AL/CS/DNA was found to induce strong

mucosal and relatively weak systemic antibody responses following

i.n. immunization in Balb/c mice.

The pKa values of CS and DOPG are 6.5 and 3, respectively

[36,37]. When formulations were prepared in water at pH 5.5, the

ionized CS, DNA and DOPG can form ternary complexes (AL/

CS/DNA) by electrostatic interactions between the positively

charged amino groups on CS and the negatively charged

phosphate groups on DNA and DOPG. TEM results revealed

that the AL/CS/DNA had a relatively spherical shape and an AL

core at pH 6.4 (Fig. 3C). Theoretically, when CS, DNA and AL

are mixed together, two domains (CS/DNA and CS/AL) are

formed because of electrostatic interactions. Thus, it is more likely

that the DNA, AL and CS separately yielded two types of domains

(CS/DNA and CS/AL), which were bridged by CS chains in the

AL/CS/DNA NPs (Fig. S2). Similar two-domain structure has

been reported by incorporation of poly(g-glutamic acid) in CS/

DNA complex [24]. The AL/CS/DNA had a micron scale size

and negative zeta potential when pH increased to 7.4 from 6.4

(Fig. 3A). In this process, most CS amine groups were

deprotonated and CS became hydrophobic. As the electrostatic

interactions were no longer significant, hydrogen bonding might

be the driving force for CS/DNA binding and CS/AL binding. As

both CS/DNA and CS/AL carried negative charges, the

electrostatic repulsion between the two resulted in disintegration

of the AL/CS/DNA structure and favored the release of loaded

DNA. This might explain why the DNA release from the AL/CS/

DNA was pH-dependent (Fig. 3F). In contrast to AL/CS/DNA, it

Figure 4. Analysis of nasal residence time and mucin adsorption ability of CS-based NPs. (A) Fluorescence images of nasal clearance of
Cy5.5-CS/DNA and AL/Cy5.5-CS/DNA after i.n. administration. (B) Clearance derived from spectra. Fluorescence at t = 0 was set as 100%. (C)
Adsorption of mucin on the CS/DNA and AL/CS/DNA. Formulations were prepared at pH 6.4; **p,0.01 Mean 6 SD (n = 4).
doi:10.1371/journal.pone.0071953.g004
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was reported that the binding of CS and DNA was even tighter for

CS/DNA complexes when pH increased to physiological

environment and CS/DNA complexes were not disrupted [38].

Noticing the pH environments in the cytoplasm and nuclei of

cells (pH 7.2–7.6), it can be inferred that after internalization into

cells, the AL/CS/DNA could rapidly release a significant amount

of the loaded DNA and facilitate expression of the encoded

proteins. It is reported that the nuclear translocation and gene

expression are not achieved unless DNA is released from

complexes once inside cells [39]. Another reason might be

responsible for the high tranfection efficiency of the AL/CS/

DNA. DOPE (one component of AL) were reported to promote

membrane destabilization and suggested to facilitate gene

transfection [40]. The PG lipids were proved to have nucleus-

fusogenic ability [41], which might facilitate the nuclear translo-

cation of DNA. In addition, the nasal mucosal pH is approxi-

mately 5.5–6.5 [42], which is in favor of stabilizing the AL/CS/

DNA without DNA release before internalization. Excitingly,

enhanced gene expression in nasal mucosa was observed (Fig. S3),

which implied that the AL/CS/DNA might be more powerful

than CS/DNA when used for nasal mucosa vaccination. In

comparision, no fluorescence signal was detected when naked

DNA was used.

Interestingly, the AL/CS/DNA showed longer nasal residence

time compared with the CS/DNA (Fig. 4A and 4B). It has been

verified that prolonging antigen retention in nasal cavity is

especially important for enhancing mucosal immunity [43]. Both

the AL/CS/DNA and CS/DNA had more powerful bioadhesive

ability compared with naked DNA, while the difference between

the two NPs was not obvious enough (,1.3 fold, Fig. 4C). The

positive charged CS chains could provide strong bioadhesion with

the negative charged mucosal surface like other cationic complexes

[44]. Similarly, no significant difference in opening the cell tight

conjunctions was observed between the two NPs (Fig. 6A). It can

be explained that CS and its derivatives are considered to be able

to transiently open the tight junctions between cells [45,46,47].

Figure 5. Representative Z-scan images of the FITC-CS/DNA and AL/FITC-CS/DNA treated rat nasal mucosa. (A) FITC-CS/DNA, treated
for 2 h. (B) AL/FITC-CS/DNA, treated for 2 h. Both the 24 images were from the apical side to depth of 17.6 mm beneath mucosa and in successive
steps with 0.8 mm apart. Images of the x, z and y, z sections captured in the depth of 8.8 mm inside mucosa from the apical side were shown below.
Red arrow represents FITC-CS/DNA; Blue arrow represents AL/FITC-CS/DNA.
doi:10.1371/journal.pone.0071953.g005
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Surprisingly, enhanced intracellular uptake was verified on the

AL/CS/DNA than that of the CS/DNA (Fig. 6B). Physicochem-

ical properties such as particle size, surface charge, shape,

molecular weight and composition play a key role in the cellular

uptake of NPs [48]. DOPE lipid has a packing parameter value

.1 and is known to adopt an inverted hexagonal structure that

favors membrane destabilization for enhanced intracellular

uptake. On the other hand, it is reported that globular GC (glyco

chitosan) NPs showed an enhanced distribution in cells compared

with the irregular GC polymers [49]. Powerful mucosal perme-

ability and enhanced intracellular uptake results explained why

more AL/CS/DNA was delivered into mucosal cells (Fig. 5B)

resulting in prolonged nasal residence time, while the CS/DNA

was gradually removed by mucociliary clearance. Another reason

might be taken into consideration. It can be inferred that the

spherical AL/CS/DNA can penetrate the mucus gels through the

pores between mucin fibers to contact mucosal epithelia.

However, the network shaped CS/DNA might be trapped in

the luminal mucus layer because of its steric hindrance. Finally, it

was gradually removed by mucociliary clearance. More details

about the exact mechanism need to be explored.

It has been verified that prolonging antigen retention in nasal

cavity is especially important for enhancing mucosal immunity

[43]. As we expected, the AL/CS/DNA was more powerful in

inducing specific mucosal and systemic responses compared with

the traditional used CS/DNA system. The advantage of increased

saliva anti-PAc SIgA production is obvious, which aggregates the

unattached S. mutans and interferes with both S. mutans pathogen-

esis and colonization on the tooth surfaces. Naked DNA without

delivery system via i.n. was challenged by ciliary clearance,

nuclease degradation and difficulties in uptake and expression,

making it unefficient in inducing mucosal and systemic immune

responses. It has been indicated by several reports that, in contrast

to soluble antigens, particulates could be preferentially taken up by

M cells following nasal administration [50]. Noticing the relatively

less populations of M cells in NALT [51] and the notorious

difficulty in transfection of the APCs with non-viral vectors [52],

we considered that a non M cells or APCs target strategy might be

also effective in nasal mucosal immune. In fact, it has been

reported that a new pathway of polymer-based DNA vaccine

delivery via bystander cells without direct targeting of APCs is

successful [53]. In addition, anti-PAc SIgA production in vaginal

wash was evaluated (Fig. S4). The result confirmed that the AL/

CS/DNA can induce a distal mucosal immune response which is

agreed with most studies, because the stimulated lymphocytes in

NALT can distribute to other mucosal sites such as vagina. This

result also confirmed the advantage of incorporating AL.

Figure 6. TEER decrease and intracellular uptake on Caco-2 cells after CS/DNA and AL/CS/DNA treatment. (A) TEER decrease of Caco-2
cell monolayer after 1 h exposure to the above formulations. (B) Percentages of intracellular uptake of test formulations after administration for 2 h.
(C) Flow cytometry pictures are representatives of each group. (n = 3) *p,0.05, **p,0.01.
doi:10.1371/journal.pone.0071953.g006
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Finally, the AL/CS/DNA showed minimal cytotoxicity and

favored quick clearance via digestive tract (Fig. S5). No obvious

distribution of the AL/CS/DNA was detected in other organs

(heart, spleen, liver and kidney) except the lung, which reminded

us of paying close attention to drug adsorption in lung via i.n.

administration.

Conclusions

This study successfully developed AL/CS/DNA nanoparticle

system as a potent carrier for nasal mucosal immunization. The

AL/CS/DNA exhibited the capability of mucoadhesive and pH-

mediated DNA release, and induced effective mucosal immune

responses. In this delivery system, AL exhibited advantages in

improving the intranasal delivery of traditional used CS/DNA

system. Chitosan exhibited mucoadhesive property and condi-

tioned the pH-dependent DNA release behavior. Furthermore, the

AL/CS/DNA showed minimal cytotoxicity and favored clearance

via digestive tract. The AL/CS/DNA NPs are a safe and effective

system which might be potentially used as an adjuvant-free DNA

vaccine delivery system for mucosal immune.

Supporting Information

Figure S1 Release profile of DNA from FITC-CS/DNA
and AL/FITC-CS/DNA in PBS (pH 6.4 or 7.4) at 37uC
(n=3).
(TIF)

Figure S2 Schematic illustrations of the internal struc-
tures CS/DNA and AL/CS/DNA.
(TIF)

Figure S3 Qualitative GFP expression in the nasal
mucosa of female Wistar rats after nasal administration
of naked plasmid GFP, CS/GFP and AL/CS/GFP. The

bright and fluorescence images of the cryosections were obtained

from rat nasal mucosa after 4 days treatment. The letter ‘‘L’’

denotes luminal side of the nasal mucosa.

(TIF)

Figure S4 Anti-PAc IgA antibody responses in vaginal
wash collected at week 6 after treating with different
formulations and routes. *p,0.05, **p,0.01; Mean 6 SD

(n= 6).

(TIF)

Figure S5 Fluorescence distribution after intranasal
administration of AL/Cy5.5-CS/DNA. (A) Fluorescence

detected in a representative mouse at different time intervals after

i.n. administration. (B) Fluorescence images in various tissues

including heart, lung, stomach and intestine, liver, spleen, kidney

and nasal cavity after i.n. administration for 2 h. (C) Fluorescence

intensity distribution in nasal cavity, lung, stomach and intestine.

(D) Fluorescence detected in excrement at different time intervals.

(TIF)

Figure 7. Antibody levels of saliva and serum collected from mice immunized with different formulations and routes. (A) Specific
anti-PAc salivary IgA levels (ng/ml); (B) Specific anti-PAc serum IgG levels (mg/ml). Samples were collected at weeks 2, 4, 6, 8 and 12. Compared with
the AL/CS/DNA (i.n.) group, *p,0.05, **p,0.01; Mean 6 SD (n = 10).
doi:10.1371/journal.pone.0071953.g007

Figure 8. MTT results of the RAW 264.7 cells viability after
treating with indicated concentrations of previously prepared
PEI/DNA, CS/DNA and AL/CS/DNA NPs. Mean 6 SD (n = 4).
doi:10.1371/journal.pone.0071953.g008
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Movie S1 The three dimensional reconstruction anima-
tion of FITC-CS/DNA distribution from the apical side
to depth of 17.6 mm beneath mucosa after intranasal
administration for 2 h.
(AVI)

Movie S2 The three dimensional reconstruction anima-
tion of AL/FITC-CS/DNA distribution from the apical
side to depth of 17.6 mm beneath mucosa after intrana-
sal administration for 2 h.
(AVI)
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