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Abstract

Background: Newcastle disease (ND) is a highly contagious viral disease of poultry caused by pathogenic strains of the
Newcastle disease virus (NDV). Live NDV vaccines are administered by drinking water, eyedrops or coarse aerosol spray. To
further enhance mucosal immune responses, chitosan nanoparticles were developed for the mucosal delivery of a live NDV
vaccine.

Methodology/Principal Findings: A lentogenic live-virus vaccine (strain LaSota) against NDV encapsulated in chitosan
nanoparticles were developed using an ionic crosslinking method. Chitosan nanoparticles containing the lentogenic live-
virus vaccine against NDV (NDV-CS-NPs) were produced with good morphology, high stability, a mean diameter of
371.1 nm, an encapsulation rate of 77% and a zeta potential of +2.84 mV. The Western blotting analysis showed that NDV
structural proteins were detected in NDV-CS-NPs. The virus release assay results of NDV-CS-NPs indicated that NDV was
released from NDV-CS-NPs. Chickens immunized orally or intranasally with NDV-CS-NPs were fully protected whereas one
out of five chickens immunized with the LaSota live NDV vaccine and three out of five chickens immunized with the
inactivated NDV vaccine were dead after challenge with the highly virulent NDV strain F48E9.

Conclusions/Significance: NDV-CS-NPs induced better protection of immunized specific pathogen free chickens compared
to the live NDV vaccine strain LaSota and the inactivated NDV vaccine. This study lays a foundation for the further
development of mucosal vaccines and drugs encapsulated in chitosan nanoparticles.
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Introduction

Newcastle disease (ND) is a highly contagious viral disease of

poultry that is characterized by respiratory, nervous, enteric, and

reproductive infections. The causative agent of the infectious

disease is the virulent ND virus (vNDV), which belongs to the

genus Avulavirus within the family Paramyxoviridae [1]. ND has been

a devastating disease and it remains one of the major problems in

existing and developing poultry industries in many countries [2].

There are no treatments available for ND; however, vaccination is

an effective method of control.

Current vaccination programs for ND include the use of

lentogenic live-virus vaccines or inactivated vaccines to induce

protective immunity while producing minimal adverse effects in

chickens [3]. Inactivated oil-emulsion vaccines have poor immu-

nogenicity and elicit a lower antibody response in the mucosal

secretion by the single immunization. Therefore, inactivated oil-

emulsion vaccines need to be administered by multiple immuni-

zations to obtain a lasting protective immune response. Live-virus

vaccines for ND may be administered by drinking water, aerosol

or eyedrops. Many infections occur on or through mucosal

surfaces; therefore, mucosal immunity is often the key to

controlling initial infections with such pathogens. The most

efficient mucosal immune responses are generated when vaccines

are administered mucosally, although the majority of vaccines are

administered parenterally [4]. However, this type of vaccines must

be used at a high dosage with adjuvants, which increases the cost

of vaccination.

To meet the need for effective and low-cost vaccine delivery

systems for mass vaccination, a number of new techniques have

recently been developed to introduce the virus into cells. One of

the approaches is the non-viral delivery system. Cationic lipids and
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cationic polymer have been employed as non-viral gene transfer

agents. In pigs and mice, DNA vaccines have been delivered orally

using a variety of carriers [5]. Chitosan, the main derivative of

chitin, is a linear polymer that comprises repeating units of b-(1–

4)-2-amino-2-deoxy-D-glucopyranose units [6], and it was proved

to be non-toxic in experimental animals [7] and humans [8]. As a

polyatomic, nontoxic, biodegradable, and biocompatible polymer,

chitosan has attracted significant attention and can encapsulate a

range of bioactive agents including proteins and peptides.

Current research on chitosan focuses on its usage as a novel

delivery vehicle, and scaffold for targeted delivery and tissue

engineering applications [9,10]. The amino and carboxyl groups

in the chitosan molecule interact with glycoprotein in mucus to

form a hydrogen bond, which produces an adhesive effect. As

mucoprotein in mucus is positively charged, chitosan and mucus

are attracted to each other to prolong the in vivo retention and

release time of drugs and to improve drug bioavailability [11].

According to the principle of ionic crosslinking, nanoparticles

can be formed by intra and inter molecular crosslinking between

the positively charged chitosan and the negatively charged sodium

tripolyphosphate (TPP). A novel mucosal delivery system based on

chitosan nanoparticles was used in this study. These nanoparticles

may act as mediators of protein antigen or plasmid DNA, and they

may protect against biological degradation by nucleases [12–14].

Recently, chitosan nanoparticles have been utilized to sustain the

release of various drugs, including oligonucleotides [15–19].

Chitosan nanoparticles can be prepared using various formu-

lation methods to release an active ingredient (such as proteins,

peptides and DNA vaccines) in a sustained manner over a

prolonged period. The ionic crosslinking method has received

significant attention in recent years due to the preparation of

chitosan nanoparticles containing proteins, peptides and vaccines

because the processes used are simple and mild for proteins and

viruses. They do not use chemical cross linkers and they avoid

using organic solvents and high temperatures [20].

In this study, NDV encapsulated chitosan nanoparticles were

prepared using an ionic crosslinking method to enhance the

efficacy of a lentogenic live-virus vaccine against ND. The

immune response elicited in specific pathogen free (SPF) chickens

immunized with chitosan nanoparticles containing a lentogenic

live-virus vaccine (strain LaSota) against ND was evaluated. The

safety of the chitosan nanoparticles was tested by in vitro cell

cytotoxicity assay and in vivo safety tests in chickens. This work lays

a foundation for future work on a range of mucosal delivery

systems including those for vaccines and drugs.

Materials and Methods

Ethics Statement
Care of laboratory animals and animal experimentation were

conducted in accordance with animal ethics guidelines and

approved protocols. All animal studies were approved by the

Animal Ethics Committee of Harbin Veterinary Research Institute

of the Chinese Academy of Agricultural Sciences (CAAS) and the

Animal Ethics Committee of Heilongjiang Province (SYXK (H)

2006-032).

Materials
NDV vaccine strain LaSota and 10-day-old SPF embryos were

provided by Harbin Pharmaceutical Group Bio-vaccine Co. Ltd.

Seven-day-old SPF chickens were provided and raised by Harbin

Pharmaceutical Group Bio-vaccine Co. Ltd. Commercial NDV

strain LaSota live-virus vaccine (L/N: 200805) and inactivated oil

emulsion vaccine against ND (L/N: 200805) were purchased from

Harbin Pharmaceutical Group Bio-vaccine Co. Ltd. NDV F48E9

strain was provided by State Key Laboratory of Veterinary

Biotechnology, Harbin Veterinary Research Institute, CAAS.

Chitosan (with a molecular weight of 71.3 kDa and deacetyla-

tion degree of 80%), MTT, RPMI 1640 medium and ConA were

purchased from Sigma Ltd. (St. Louis, MO, USA). Sodium

tripolyphosphate (TPP) was purchased from Tianjin Institute of

Guangfu Refined Chemicals (Tianjin, China), Agarose and SDS

from GIBCOBRL Ltd (New Delhi, India), Cell Counting Kit-8

(CCK-8) from Dojindo (Tokyo, Japan), and NDV IgA ELISA Kit

from Rapidbio Co. Ltd. (Montgomery, TX, USA).

Purification of NDV
Briefly, the NDV vaccine strain LaSota was propagated in the

allantoic cavity of embryonated SPF eggs at 37uC for 120 h post

infection. The allantoic fluid was harvested and centrifuged at

3,000 g/min, 5,000 g/min, and 8,000 g/min for 30 min at 4uC,

respectively. The upper liquid phase was collected and concen-

trated at 30,000 g/min for 2.5 h at 4uC. The purified virus was

resuspended in phosphate-buffered saline (PBS; pH 7.4) and

stored at 220uC until required.

Preparation of Chitosan Solutions and TPP Solutions
According to the principle of ionic crosslinking, nanoparticles

can be formed by intra and inter molecular crosslinking between

positively charged chitosan and negatively charged TPP. In this

study, we used ionic crosslinking method to develop a novel

mucosal delivery system based on chitosan nanoparticles. Chitosan

solution was prepared by slowly dissolving chitosan with sonication

in an aqueous solution of 4% acetic acid until the solution was

transparent. Once dissolved, the chitosan solution was diluted with

deionized water and filtered through a 0.22 mm filter to produce a

final chitosan stock solution of 0.4% (w/v, 4 mg/ml) with a

viscosity of 2.5460.1 centi Poise (cP) as measured using a Model

DV-III Plus Programmable Rheometer (Brookfield Engineering

Laboratories, Middleboro, MA, USA). The chitosan solution stock

was diluted with deionized water to produce chitosan solutions of

different concentrations at 0.5 mg/ml, 1.0 mg/ml, and 2.0 mg/

ml. TPP was dissolved in deionized water at the concentrations of

0.5 mg/ml, 1.0 mg/ml, and 1.5 mg/ml.

Preparation of Chitosan-NDV Nanoparticles
The chitosan-NDV nanoparticles were prepared using an ionic

cross linking method. Two and a half milliliters of NDV solution

(with 1.0% sucrose, m/v) were added drop by drop to 5 ml of

chitosan solution under magnetic stirring. Subsequently, 2.5 ml of

TPP solution was added to the above solution under magnetic

stirring at room temperature. The chitosan-NDV nanoparticles

were separated by centrifugation at 10,000 g/min for 30 min at

4uC and the supernatant was discarded. The chitosan-NDV

nanoparticles were washed with distilled water. After centrifuga-

tion the nanoparticles were freeze dried for 24 h using a vacuum

freeze-drying machine (BOC Edwards Co. Ltd, UK) and stored at

220uC until required for further analysis. These nanoparticles

were named NDV-CS-NPs.

Optimization of the NDV-CS-NPs Preparation Conditions
Several factors that affected the characteristics of the NDV-CS-

NPs including the concentrations of chitosan and TPP solutions,

NDV/CS ratio (v/v), the agitating velocity and time were tested.

Single factor experiments on the effects of preparation condition of

NDV-CS-NPs were conducted. Based on the results obtained

in single factor experiments, the key factors were NDV/CS ratio

NDV Vaccine Encapsulated in Chitosan Nanoparticles
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(v/v), TPP concentration, and chitosan concentration. The

agitating velocity was 1,000 g/min, and agitating time was

10 min. The orthogonal experiments with three factors and three

levels were designed. All the key factors were examined, and

morphology, size and zeta potential were used as indicators. The

orthogonal experimental scheme is shown in Table 1.

Morphology, Size and Zeta Potential Measurement of
NDV-CS-NPs

A JEM-1200EX transmission electron microscopy (TEM)

(Hitachi Ltd, Japan) was used to observe nanoparticle morphol-

ogy. The colloidal suspension of chitosan nanoparticles was

sonicated for 2 min for better dispersion and to prevent particle

agglomeration on the copper grid. One drop of colloidal

suspension was spread onto a carbon-coated copper grid, which

was then dried at room temperature for TEM analysis. The

particle sizes and zeta potentials of the NDV-CS-NPs were

measured using a Zeta Sizer 2000 from Malvern Instruments

(Southborough, MA, USA). Samples were diluted with deionized

water, and the measurements were conducted at a scattering angle

of 90 degrees and a temperature of 25uC. The diameter was

calculated from the autocorrelation function of the intensity of the

light scattered from the particles, assuming that the particles had a

spherical form.

Evaluation of Encapsulation Efficiency
The encapsulation efficiency of NDV-CS-NPs was determined

by separating the nanoparticles from the aqueous medium

containing the free virus using centrifugation at 10,000 g/min

for 30 min at 4uC. The amount of free NDV in the supernatant

was measured spectrophotometrically by a standard Bradford

assay using Coomassie Brilliant Blue G-250 with a spectropho-

tometer at 595 nm. The encapsulation efficiency (EE) of the

nanoparticles was calculated as [21]:

EE(%)~(W0{W1)=W0|100%

Where W0 is total amount of NDV added, W1 is amount of free

NDV. All the measurements were performed in triplicate.

Determination of Viral Titer in the NDV-CS-NPs
The viral titer was calculated by measuring 50% embryo

infectious dose (EID50). One hundred micrograms of dried NDV-

CS-NPs were added into 10 ml of the PBS buffer (pH 7.2).

Subsequently, 2.0 ml of trypsin was added to the above solution

and then digested for 72 h at 4uC with a concentration of trypsin

solution at 0.25% and centrifuged for 5 min at 1,200 g/min. The

obtained supernatant was diluted with sterile saline by a serial of

10-fold dilution, and 1026, 1027 and 1028 were inoculated into

the allantoic cavity of five 10-day-old SPF chicken embryonated

eggs respectively and incubated at 37uC for 120 h. Dead embryos

were discarded at 24 h post inoculation. Eggs were chilled at 4uC
and the allantoic fluid was harvested and tested for haemagglu-

tination (HA). The results were considered positive when HA titers

were equal to or greater than 7 log2. The EID50 was calculated

according to the Reed–Muench method. Five 10-day-old SPF

chicken embryonated eggs that were inoculated with trypsin

solution served as a control group.

Analysis of NDV Structural Proteins in the NDV-CS-NPs
One hundred micrograms of dried NDV-CS-NPs were added

into 1 ml of PBS buffer (pH 7.2) and vortexed for 30 min to

ensure that the NDV was fully release. After centrifugation for

10 min at 10,000 g/min, the supernatant containing NDV was

collected and stored at 220uC. The NDV structural proteins in

the NDV-CS-NPs and the purified NDV were compared for

equivalent concentration before and after encapsulation, by

Western blotting. Briefly, the supernatant was mixed with

26SDS buffer and boiled for 5 min. After cooling to room

temperature, 20 ml of the samples were loaded onto a 12% SDS-

PAGE gel. After electrophoresis, the proteins were transferred to a

nitrocellulose membrane using a Bio-Rad semi-dry unit. The

membrane was washed with PBS and blocked with 5% skim milk

in PBS overnight, and then incubated with NDV-positive chicken

serum (HI antibody titer 8.0 log2) at a 1:10 dilution for 1 h. After

washing with PBS, HRP-labeled goat-anti-chicken IgY antibody

was added at a dilution of 1:10000 for 1 h.

Table 1. Optimization of NDV-CS-NPs preparation conditions.

Experiment No.
A Chitosan density
(mg/ml)

B TPP concentration
(mg/ml)

C NDV/CS ratio]
(ml/ml)

Encapsulation
efficiency (%)

1 0.5 0.5 1:4 51%

2 0.5 1.0 1:2 49%

3 0.5 2.0 1:1 53%

4 1.0 0.5 1:2 77%

5 1.0 1.0 1:1 60%

6 1.0 2.0 1:4 59%

7 1.5 0.5 1:1 67%

8 1.5 1.0 1:4 72%

9 1.5 2.0 1:2 64%

K1 57.48% 65.53% 54.94%

K2 65.3% 60.3% 63.3%

K3 64.7% 58.7% 60.7%

R 7.82% 6.83% 8.36%

Note: K1, K2 and K3 represent the mean value of factors at 1, 2 and 3 levels, respectively. R represents range.
doi:10.1371/journal.pone.0053314.t001

NDV Vaccine Encapsulated in Chitosan Nanoparticles

PLOS ONE | www.plosone.org 3 December 2012 | Volume 7 | Issue 12 | e53314



In vitro and in vivo Virus Release and Replication of
Chitosan Encapsulated NDV

The release of NDV from NDV-CS-NPs was studied using the

Coomassie Brilliant Blue G-250 method. The mixture of 0.1 g of

dried NDV-CS-NPs and 2 ml of PBS buffer (pH 7.2) was stirred,

followed by incubation at 37uC for 100 g/min. Samples were

withdrawn at regular time intervals, centrifuged at 10,000 g/min

for 30 min at 4uC, and then measured with the spectrophotometer

at 595 nm. After the sample was taken each time, the same volume

of fresh PBS was added. The experiments were performed in

triplicate. An NDV release curve of NDV-CS-NPs was plotted

against the release time at the X-axis and the accumulative release

amount at the Y-axis [22].

Eighty 30-day-old SPF chickens were randomly divided into

four groups. Chickens in Group 1 were inoculated with 50 ml of

the lentogenic live-virus NDV vaccine strain LaSota (106.5 EID50/

0.1 ml) by nasal drops. Chickens in Group 2 were inoculated with

50 ml of NDV-CS-NPs (106.5 EID50/0.1 ml) by nasal drops.

Chickens in Group 3 were orally treated with 50 ml of NDV-CS-

NPs. Chickens in Group 4 were orally treated with 50 ml of PBS.

Samples of the kidneys and Harderian glands of two chickens

were randomly taken in each group at 3, 5, 7, 12 and 18 days post

immunization and kept at 270uC. Meanwhile, cloacal swab

samples were taken at 1, 3, 5, 7, 10, 13, and 16 days post

immunization and kept at 220uC for detection of the virus

shedding.

Samples of kidneys and Harderian glands with the same weight

were ground and the samples of the cloacal swabs were frozen and

thawed three times and then centrifuged at 1200 g/min for 5 min.

The supernatant was diluted with sterile saline in a 106dilution

series (1022, 1023, 1024, 1025, and 1026) for inoculation in the

allantoic cavity of 15-day-old embryonated eggs (five eggs per

dilution). The inoculated embryonated eggs were observed for the

lesions and embryo deaths, and the EID50 was calculated

according to the Reed-Muench method.

In vitro Cytotoxicity of NDV-CS-NPs
Chicken embryo kidney (CEK) cells were prepared from the

kidneys of 18-day-old chicken embryos and cultured in DMEM,

then diluted to 16106 cells/ml [23]. Cells were transferred to 96-

well plates at 100 ml per well and cultured at 37uC for 5 h. After

100 ml of NDV-CS-NPs (diluted in DMEM culture at 1.5 mg/ml)

were added into the wells, the plates were incubated at 37uC for

48 h. Blank chitosan nanoparticles were used as a negative control

and original NDV fluid was used as a positive control. Ten

microliters of WST-8 reagent was added and incubated for 4 h.

The optical density at 570 nm (OD570) was measured to

determine survival rate of the cells, which was calculated as [24]:

Survival rate %ð Þ~½As{Ab=Ac{Ab�|100%

Where As represents the test wells (containing the cell medium,

WST-8 and NDV-CS-NPs); Ac represents the control wells

(containing blank chitosan nanoparticles or NDV original fluid);

and Ab represents the blank wells (containing the cell medium

only). WST-8 is reduced by dehydrogenases in cells to obtain a

yellow colored product (formazan), which can be directly used for

cytotoxicity assay.

Safety Test of NDV-CS-NPs in SPF Chickens
Thirty 4-week-old SPF chickens (Harbin Pharmaceutical Group

Bio-vaccine Co. Ltd, Harbin, China) were randomly separated

into two groups. Chickens in Group 1 were immunized orally with

0.25 ml of NDV-CS-NPs. Chickens in Group 2 were immunized

by eyedrops with 0.25 ml of the ND LaSota lentogenic live-virus

vaccine (Harbin Pharmaceutical Group Bio-vaccine Co. Ltd,

Harbin, China). Any abnormal changes in the chickens were

observed and recorded for three weeks.

Immunization of SPF Chickens
Ninety 30-day-old SPF chickens were randomly divided into six

groups. Chickens in Group 1 were immunized intranasally with

50 ml of ND LaSota strain lentogenic live-virus vaccine (106.0

EID50/ml). Chickens in Group 2 were immunized intramuscularly

with 50 ml of inactivated NDV vaccine (1010 EID50/ml). Chickens

in Group 3 were immunized intranasally with 60 ml of NDV-CS-

NPs. Chickens in Group 4 were immunized orally with 60 ml of

NDV-CS-NPs. Chickens in Group 5 were immunized orally with

50 ml of blank CS-NPs. Chickens in Group 6 were treated with

physiological saline. Blood was collected from the wing vein at 1,

2, 3, 4, 5, 6, 7, 8, 10 and 12 weeks post immunization.

Lymphocyte Proliferation Test
Lymphocyte proliferation of the immunized chickens was

conducted using MTT (3-(4, 5)-dimethylthiahiazo (-z-y1)-3, 5-

diphenytetrazoliumromide) colorimetric assay as previously de-

scribed [25]. The spleens of the immunized chickens were

removed aseptically at 6 and 8 weeks post the immunization.

The spleens were filtered through 200 micron copper mesh, and

single cell suspensions were prepared from the filtrate. Erythro-

cytes were lysed using 0.75% Tris-NH4Cl (pH 7.4). Spleen cells

were suspended in RPMI 1640 medium containing 10% fetal

serum and then diluted to 46106 cells/ml. Cell suspensions were

transferred to 96-well plates at 100 ml per well. Twenty microliters

of purified and inactivated NDV were used as a specific

stimulating antigen. Wells containing 20 mg/ml of ConA were

used as positive controls, and those without stimulating antigen

were used as negative controls. All of the cells were cultured at 5%

CO2 and 37uC for 44 h, and then 20 ml of MTT was added into

each well, followed by culturing for another 5 h. One hundred

microliters of DMSO were added into each well. All experiments

were repeated three times and each was measured in triplicate.

The OD570 was measured to determine the stimulation index

using the following formula:

Stimulation index = average OD value in the test group divided

by average OD value in the control group.

HI Antibodies in Serum
Half a milliliter of blood samples was centrifuged at 2,200 g/

min for 10 min at 4uC to collect serum. Each serum sample was

transferred to 1.5 ml of prelabeled eppendorf tube and preserved

at 4uC until tested individually by hemagglutination inhibition test.

IgA Antibody in Intestinal Mucus
To evaluate the mucosal immune response, intestinal mucus

was collected from two euthanized chickens once a week. To

collect the intestinal mucus, 4 ml of PBS was gently instilled into

the duodenum lumen, allowing it to pass through the length of the

duodenum before being collected in prelabeled tubes [26]. The

ND IgA antibody in the intestinal mucus was detected by an NDV

IgA ELISA Kit from Rapidbio Co. Ltd (West Hills, CA, USA).

Protective Efficacy
An experiment was conducted to evaluate the protective efficacy

after inoculation with different vaccines. When the level of ND

serum antibodies in every immune group increased to 6.0 log2,
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five chickens were selected at random from the six groups and

infected intramuscularly with the highly virulent NDV strain

F48E9 for challenge studies with a viral titer of 108 EID50/0.1 ml.

Clinical signs of disease and mortality were monitored on a daily

basis for seven days.

Statistical Analysis
All experiments were repeated three times and each measured

in triplicate. Data were presented as mean values 6 standard

deviation (SD). Mean values were analyzed using the one-sided

Student’s t-test. Differences were considered to be statistically

significant at p,0.05.

Results

Preparation and Physical and Immunological Properties
of NDV-CS-NPs

The factors that affected the NDV-CS-NP preparation were

ranked from high to low impact: NDV/CS ratio.TPP concen-

tration.chitosan concentration. The encapsulation efficiency

ranged from 49% to 77%, depending on the preparation

conditions. The optimal combination for NDV-CS-NPs was a

chitosan concentration of 1.0 mg/ml, a TPP concentration of

0.5 mg/ml and a NDV/CS ratio of 1:2 (Table 1). A validation test

was performed in which chitosan nanoparticles containing the

lentogenic ND live-virus vaccine were prepared according to the

above optimal combination. The viral titer was 106.5 EID50/

0.1 ml in NDV-CS-NPs (Table 2).

Typical NDV-CS-NPs showed a spherical and polydisperse

nature as revealed by the TEM (Figure 1). The morphology of the

prepared nanoparticles had a regular round shape and good

dispersion, but it did not have adhesion or subsidence damage.

The measurement of these particles showed a fairly even

distribution from 147.72 to 594.4 nm with an average particle

size of 371.1 nm, and a zeta potential of +2.84 mV.

Western blotting analysis was performed to detect the NDV

structural proteins after encapsulation. Four positive reaction

bands similar in size to NDV structural proteins were detected at

75 kDa (hemagglutinin-neuraminidase protein, HN), 54 kDa

(fusion protein, F), 45 kDa (phosphoprotein, P), and 41 kDa

(matrix protein, M) in NDV-CS-NPs before and after encapsula-

tion (Figure 2). These results indicated that there was no damage

to NDV proteins after encapsulation.

In vitro and in vivo Virus Release and Replication of NDV-
CS-NPs

The release amount of NDV from NDV-CS-NPs increased

quickly from 0 h to 72 h, but it did not change significantly after

72 h. This indicated that the burst release mainly occurred during

the first 72 h, and the process after 72 h was mainly an

accumulative release of NDV from NDV-CS-NPs (Figure 3).

NDV was detected by virus isolation in embryonated eggs on

day 3 in Group NDV-CS-NPs and Group LaSota vaccine, and it

peaked at week 1 post immunization. Virus replication was still

detected in the kidney and Harderian gland of immunized SPF

chickens 18 days post immunization (Table 3) whereas virus

shedding was detected in the cloaca of immunized SPF chickens

until 13 days post immunization (Table 4). There was no

significant difference in the amount of virus in tissue samples

and in the cloacal swabs (p.0.05) of chickens immunized with

NDV-CS-NPs orally or by nasal drops compared with Group

LaSota vaccine by nasal drops (Table 3 and Table 4).

Evaluation of the Safety of NDV-CS-NPs
Cytotoxicological analysis is an important index for evaluating

the safety of a drug delivery system. The survival rate was

91.565.3%, and no significant changes in cell morphology were

observed compared to the control cells. The result showed little

cytotoxicity by NDV-CS-NPs and the safety level was high.

No nervous signs, clinical symptoms or necropsy lesions were

observed in chickens immunized with 0.25 ml of either NDV-CS-

NPs or the live lentogenic NDV LaSota vaccine within 3 weeks

post inoculation, revealing the high level of safety of NDV-CS-NPs

in chickens.

Lymphocyte Proliferation Test
The cell-mediated immune responses of immunized chickens

were assessed using the stimulating index (SI) in the lymphocyte

proliferation test at week 4 and 8 post immunization (Table 5).

Five chickens from each group were selected. The stimulation

indices of chickens immunized orally or intranasally with NDV-

CS-NPs were significantly higher than those of chickens immu-

nized intramuscularly with the inactivated NDV vaccine, intra-

nasally with the LaSota live vaccine, or orally with blank CS-NPs

(p,0.01), respectively. However, no significant differences were

found between chickens immunized orally or intranasally with

NDV-CS-NPs (p,0.05). Chickens immunized intramuscularly

with the inactivated NDV vaccine or intranasally with the LaSota

live vaccine had significantly higher stimulation indices compared

with chickens immunized with blank nanoparticles (p,0.05).

However, no significant differences were found between chickens

immunized intramuscularly with the inactivated NDV vaccine and

chickens immunized intranasally with the LaSota live vaccine

(p.0.05) (Table 5). These findings indicated that NDV-CS-NPs

induced the best T cell immune response in immunized chickens.

Table 2. Determination of NDV titer in the NDV-CS-NPs.

Ratio of
virus dilution Observational result Accumulative result

Cytopathic
effect

No cytopathic
effect

Cytopathic
effect (%)

Cytopathic
effect

No cytopathic
effect

Cytopathic
effect (%)

1026 4 1 80 5 1 83.3

1027 1 4 20 1 5 16.7

1028 0 5 0 0 10 0

The viral titer in the NDV-CS-NPs was 106.5 EID50/0.1 mL as calculated using the Reed-Muench method.
doi:10.1371/journal.pone.0053314.t002
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HI Antibodies in Serum
All immunized chickens in each test group had significantly

higher HI antibody titers (p,0.01) compared with chickens

immunized with blank nanoparticles or with physiological saline

(Table 6). At the same vaccine dosage, the HI antibody titers of

chickens immunized with the LaSota live vaccine or the

inactivated NDV vaccine were higher than those of the other

groups in the first 4 weeks and then decreased, peaking at week 3

post immunization. However, the HI antibody titers of the

chickens immunized orally or intranasally with NDV-CS-NPs

increased continuously and peaked in week 5, during which the HI

titers were significantly higher than those of the chickens

immunized with the LaSota live vaccine or the inactivated NDV

vaccine. Chickens immunized orally with NDV-CS-NPs had

higher HI antibody titers than the intranasally immunized

chickens. The HI antibody titers of the chickens immunized with

LaSota live vaccine or the inactivated NDV vaccine decreased

significantly at week 6 post immunization.

IgA Antibody in Intestinal Mucus
As shown in Figure 4, immunized chickens in each test group

had significantly higher IgA antibody concentrations (p,0.01)

compared with those immunized with blank chitosan nanoparti-

cles or with physiological saline. The IgA antibody concentrations

of chickens immunized intranasally with the LaSota live vaccine or

orally with NDV-CS-NPs increased quickly and peaked at week 4

post immunization. After four weeks, chickens immunized with the

LaSota live vaccine had a sharp decline in IgA antibody

concentrations compared with those in the NDV-CS-NPs group.

The IgA antibody concentrations of chickens immunized intrana-

sally with NDV-CS-NPs increased slowly during the initial stage,

peaked at week 5, and then decreased slowly. These findings

indicated that the NDV-CS-NPs induced better a mucosal

immune response compared with the LaSota live vaccine.

Protective Efficacy of NDV-CS-NPs
Neither clinical signs nor mortality were observed in chickens

immunized with NDV-CS-NPs after challenge with the highly

virulent NDV strain F48E9. Feeding and drinking water were

normal. Pathoanatomical results showed that there was no

hemorrhage in the trachea and cloaca and only a tiny amount

of hemorrhage in the lymphoid follicles of the duodenum and

cecal tonsil. One of the chickens immunized with the LaSota live

vaccine was dead and some had hemorrhages in their intestinal

tract and proventriculus. Three of the chickens immunized with

the inactivated NDV vaccine were dead and pathoanatomical

results showed that there were severe hemorrhages in their

intestinal tract and proventriculus. Chickens immunized with

blank CS-NPs or with physiological saline were dead in 2–5 days

after the challenge, and dead chickens with perse cockscombs

demonstrated the typical pathological changes related to ND such

Figure 1. Transmission electron microscopy photomicrograph of the chitosan-NDV nanoparticles prepared by an ionic cross
linking method under the optimized conditions. The TEM photomicrograph (magnification 25,0006) showed that the prepared nanoparticles
had a regular round shape and good dispersion, but did not have adhesion or subsidence damage. The sizes of particles were between 200 nm and
500 nm.
doi:10.1371/journal.pone.0053314.g001
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Figure 2. Detection of the NDV structural proteins after encapsulation by Western blot. M: Protein marker; 1: Original NDV fluid; 2: NDV
recovered from the NDV-CS-NPs. Four positive reaction bands were detected at 75 kDa (hemagglutinin-neuraminidase protein, HN), 54 kDa (fusion
protein, F), 45 kDa (phosphoprotein, P), and 41 kDa (matrix protein, M).
doi:10.1371/journal.pone.0053314.g002

Figure 3. In vitro release profiles of NDV from NDV-CS-NPs in PBS (pH 7.2). The experiment was repeated three times and each measured in
triplicate. Mean values were analyzed using the Student’s test. Data were presented as mean values 6 SD.
doi:10.1371/journal.pone.0053314.g003
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as mucosal hemorrhages in the trachea, larynx, proventriculus,

duodenum and the whole intestines.

Discussion

The mucosal immune system of fowls includes the respiratory

and alimentary tracts. Mucosal immunization induces mucosal

immune response with S-IgA antibody and systemic humoral and

cellular immune responses, whereas parenterally administered

vaccines primarily stimulate systemic responses [27–29]. When

compared with other immunization routes, mucosal delivery has

many advantages, including a large epithelial surface with the

presence of numerous microvilli, a porous endothelial membrane,

highly vascularized mucosa facilitating absorption and ready

accessibility [23,30]. To enhance mucosal immune responses

against NDV, we developed a novel mucosal delivery system for

live virus vaccines based on chitosan nanoparticles (NDV-CS-NPs)

in this study. NDV-CS-NPs vaccine provided better immune

responses and better protection compared to the live and

inactivated NDV vaccines.

Chitosan nanoparticles are an effective vehicle for the delivery

of drugs in nasal administration [31–33]. It is believed that the

positive charge on chitosan generated under physiological

conditions is responsible for its enhanced bio-adhesivity and site-

specific applications in controlled delivery systems [34,35]. The

ionic cross linking method was used to prepare NDV encapsulated

in chitosan nanoparticles in this study because NDV is very

sensitive to organic solvent and temperature. Western blotting

analysis indicated that after encapsulation four NDV structural

proteins (HN, F, P, and M) were still detected in NDV-CS-NPs,

indicating that the ionic cross linking process of preparing NDV-

CS-NPs had no significant effect on NDV proteins.

During the preparation of the NDV-CS-NPs, they were

separated from the solution by centrifugation. The NDV-CS-

NPs were freeze dried for zeta potential analysis. The zeta

potential value is related to the stability behavior of the colloid.

Generally speaking, colloids with a high zeta potential (negative or

positive) are electrically stable whereas colloids with a low zeta

potential tend to coagulate or flocculate. The colloids with a zeta

potential of 40 to 60 mV are believed to be stable [36]. The

measured zeta potential in this study was +2.84 mV. It should be

pointed out that the vaccine used to immunize SPF chickens in this

study contained 5% sucrose and skim milk, which prevented

coagulation or flocculation of the NDV-CS-NPs.

The safety of the NDV-CS-NPs was tested by in vitro

cytotoxicological analysis and safety test in chickens before animal

immunizations. The survival rate was 91.565.3% and no

significant changes in cell morphology were observed in compar-

ison to the control cells, showing a low cytotoxicity of NDV-CS-

NPs. In the safety test in chickens, 0.25 ml of NDV-CS-NPs was

inoculated, and the dosage was four times the normal dosage.

Feeding and drinking were normal and there were no nervous

signs in inoculated chickens, showing a high level of safety of the

NDV-CS-NPs in chickens.

Both humoral and cell-mediated immune responses play

important roles in protecting chickens against NDV infection

[37–40]. Antibodies directed against NDV usually appear 4–6

days post vaccination with live attenuated vaccines [41], which is

supported by the HI antibody titers at week 1 in this study.

Although high levels of systemic antibodies are associated with

Table 3. Detection of virus replication in the tissues and
organs of immunized SPF chickens.

Groups* Tissues Days post immunization

3 5 7 12 18

LaSota live
vaccine intranasala

Kidney 102.4 103.4 105.3 104.5 102.7

Harderian
gland

102.4 103.3 105.8 104.3 102.4

NDV-CS-NPs
intranasala

Kidney 102.3 103.8 105.2 104.3 102.4

Harderian
gland

102.4 103.8 105.3 104.8 102.4

NDV-CS-NPs orala Kidney 102.2 103.4 105.1 104.6 102.9

Harderian 102.2 103.6 105.2 104.9 102.6

Controlb Kidney 0 0 0 0 0

Harderian 0 0 0 0 0

*Each group with same lower case superscript letters shows no significant
difference (p.0.05). Amount of NDV detected in in the tissues and organs is
expressed as EID50/0.1 ml.
doi:10.1371/journal.pone.0053314.t003

Table 4. Detection of NDV shedding in cloacal swabs of
immunized SPF chickens.

Groups* Days post immunization

1 3 5 7 10 13 16

LaSota live vaccine
intranasala

0 102.4 103.6 104.8 103.8 103.7 0

NDV-CS-NPs intranasala 0 102.0 103.7 104.4 104.2 103.3 0

NDV-CS-NPs orala 0 101.8 103.6 104.3 104.2 103.6 0

Controlb 0 0 0 0 0 0 0

*Each group with the same lower case superscript letters shows no significant
difference (p.0.05). The amount of NDV detected in cloacal swabs is expressed
as EID50/0.1 ml.
doi:10.1371/journal.pone.0053314.t004

Table 5. Stimulation indices of T lymphocyte proliferation in
SPF chickens immunized with NDV-CS-NPs, the LaSota live
vaccine, or the inactivated NDV vaccine.

Groups Weeks post immunization

4 8

NDV-CS-NPs oral 4.48960.165a 2.90460.107a

NDV-CS-NPs intranasal 3.87660.187a 2.61960.076a

Inactivated NDV vaccine
intramuscular

2.18260.184b 2.17360.080b

LaSota live vaccine
intranasal

1.79460.076b 1.88860.059b

Blank CS-NPs oral 1.12960.115c 0.36460.055c

Values are presented as mean 6 S.D. of five experiments in each group. Values
within the same column with the same lower case letter in the superscript are
not significantly different (p.0.05; Student’s t-test).
The stimulating indices of NDV-CS-NPs oral group and NDV-CS-NPs intranasal
group were significantly higher than those of inactivated NDV vaccine
intramuscular group, LaSota live vaccine intranasal group and blank CS-NPs oral
group (p,0.01) whereas the stimulating indices of inactivated NDV vaccine
intramuscular group and LaSota live vaccine intranasal group were significantly
higher than that of the CS-NPs oral group (p,0.05) at weeks 4 and 8 post
immunization.
doi:10.1371/journal.pone.0053314.t005
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protection against ND [42,43], haemagglutination inhibition (HI)

antibody titers in serum are not directly correlated with the

protection of chickens to an experimental NDV challenge

[39,44,45]. This may explain why NDV-CS-NPs induced lower

HI titers between weeks 1–4 post immunization compared to the

LaSota live vaccine and the inactivated NDV vaccine, but

conferred full protection of immunized chickens against the

challenge with a virulent NDV strain in this study. These results

may indicate the important roles of cell-mediated and mucosal

immune responses in protecting chickens vaccinated against NDV

[37,38,40,41].

Cell-mediated immune response can be detected as early as 2–3

days post vaccination with NDV vaccines [40,46]. Cell mediated

immunity may be essential for virus clearance [47] even though

the specific cell-mediated immunity is not sufficient by itself to

protect against virulent NDV [40]. The results of the lymphocyte

proliferation test in this study showed that NDV-CS-NPs induced

the highest stimulation indices of T lymphocyte proliferation in

immunized chickens at week 4 and also conferred full protection

against the virulent NDV challenge. However, 3 out 5 chickens

with the second highest stimulation indices of T lymphocyte

proliferation post immunization with the inactivated NDV vaccine

were dead whereas 1 out of 5 chickens with the third highest

stimulation indices of T lymphocyte proliferation post immuniza-

tion with the live NDV vaccine was dead, supporting the finding

that the cell-mediated immune response is not sufficient by itself to

protect against virulent NDV [40]. In addition, the local mucosal

immune response plays an important role in developing protection

for chickens vaccinated against NDV by inhibiting virus replica-

tion at the portal of entry for the virus [46,48]. The intestinal IgA

antibody concentrations in this study increased quickly in all test

groups from week 1 to weeks 4 and 5 and then decreased, but this

Table 6. HI antibody titers in sera of immunized SPF chickens (log2).

Groups Weeks post immunization*

1 2 3 4 5 6 7 8

NDV-CS-NPs oralA 3.13360.153 3.43360.153 5.03360.153 6.43360.115 7.20060.265 5.86760.058 5.43360.153 4.50060.200

NDV-CS-NPs intranasalAB 4.86760.153 5.00060.100 5.86760.153 6.30060.100 7.06760.153 5.23360.153 4.76760.115 3.26760.058

LaSota live vaccine intranasalC 4.96760.058 6.03360.208 6.90060.100 6.66760.153 6.53360.115 4.13360.153 2.06760.115 1.80060.000

Inactivated NDV vaccine
intramuscularCD

4.86760.058 5.53360.379 6.64760.058 6.56760.153 6.03360.115 3.90060.100 2.36760.153 1.70060.173

Blank CS-NPs control oralE 1.60060.173 1.43360.115 1.76760.252 1.73360.208 1.80060.200 1.73360.208 1.73360.208 1.63360.153

Physiological saline controlEF 1.26760.252 1.73360.115 1.60060.173 1.90060.100 1.86760.115 1.80060.265 1.76760.252 1.53360.058

*IgG titers are presented as mean 6 SD of five experiments at each time point in each group. Data with the different upper case superscript letters show extremely
significant difference (p,0.01).
doi:10.1371/journal.pone.0053314.t006

Figure 4. IgA antibody content in intestinal mucus of SPF chickens immunized with either NDV-CS-NPs orally, NDV-CS-NPs
intranasally, LaSota live vaccine intranasally, blank CS-NPs control or physiological saline by oral route.
doi:10.1371/journal.pone.0053314.g004
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did not correlate with the protection of the vaccines, which

supports the previous findings that IgM (not IgG or IgA) may be

the class of antibody that is most actively involved in the clearance

of NDV infection [49,50].

Determining an optimum immunization dose is important in

the vaccine efficacy trials for the efficient induction of immune

responses in animals. Similar to the previous studies using chitosan

nanoencapsulated vaccines [10,51–53], one dose of the chitosan

nanoencapsulated live NDV vaccine containing 106.5 EID/0.1 ml

was chosen in the vaccine efficacy trial in this study, and better

immune responses were induced in chickens immunized with the

chitosan nanoencapsulated live NDV vaccine compared to

chickens immunized with the normal live NDV vaccine and the

inactivated NDV vaccine. This immunization dose was greater

than the minimum titer of 105.5 EID50 for the NDV live vaccine

as required by OIE [54]. The inoculation route for the challenge

post immunization is another important factor in the live virus

vaccine evaluation. As per the OIE procedure [54], vaccinated

birds and control birds are challenged intramuscularly. Therefore,

the NDV challenge was evaluated intramuscularly in this study.

However, the mucosal routes may also be used to evaluate the

NDV challenge [55–58].

In conclusion, NDV-CS-NPs have the advantages of live

vaccines and inactivated vaccines, while compensating for their

defects. The induction of significant mucosal immune responses

after intranasal or oral administration of NDV-CS-NPs in chickens

showed a range of potential applications of NDV-CS-NPs. More

studies need to be conducted to further optimize these chitosan

nanoparticles for use in commercial applications.
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3. Chimeno Zoth S, Gómez E, Carrillo E, Berinstein A (2008) Locally produced
mucosal IgG in chickens immunized with conventional vaccines for Newcastle

disease virus. Braz J Med and Biol Res 41: 318–323.

4. Henderson A, Propst K, Kedlc R, Dow S (2011) Mucosal immunization with
liposome-nucleic acid adjuvant generates effective humoral and cellular

immunity. Vaccine 29: 5304–5312.

5. Fan H, Lin Q, Morrissey GR, Khavari PA (1999) Immunization via hair follicles
by topical application of naked DNA to normal skin. Nat Biotechnol 17(9): 870–

872.

6. Fan M, Hu QL, Shen K (2009) Preparation and structure of chitosan soluble in

wide pH range. Carbohyd Polym 78: 66–71.

7. Moura MR, Aouada FA, Mattoso LH (2008) Preparation of chitosan
nanoparticles using methacrylic acid. J Colloid Interface Sci 321(2): 477–483.

8. Aspden TJ, Mason JD, Jones NS, Lowe J, Skaugrud O, et al. (1997) Chitosan as

a nasal delivery system: the effect of chitosan solutions on in vitro and in vivo

mucociliary transport rates in human turbinates and volunteers. J Pharm Sci

86(4): 509–513.

9. Malhotra M, Lane C, Tomaro-Duchesneau C, Saha S, Prakash S (2011) A novel
method for synthesizing PEGylated chitosan nanoparticles: strategy, prepara-

tion, and in vitro analysis. Int J Nanomedicine 6: 485–494.

10. Zhao K, Shi XM, Zhao Y, Wei HX, Sun QS, et al. (2011) Preparation and

immunological effectiveness of a swine influenza DNA vaccine encapsulated in

chitosan nanoparticles. Vaccine 29(47): 8549–8556.

11. Wang JJ, Zeng ZW, Xiao RZ, Xie T, Zhou GL, et al. (2011) Recent advances of

chitosan nanoparticles as drug carriers. Int J Nanomedicine 6: 765–774.

12. Newman KD, Elamanchili P, Kwon GS, Samuel J (2002) Uptake of poly (D, L-
lactic-co-glycolic acid) microspheres by antigen presenting cells in vivo. J Biomed

Mater Res 60(3): 480–486.

13. Kavanagh OV, Earley B, Murray M, Foster CJ, Adair BM (2003) Antigen
specific IgA and IgG responses in calves inoculated intranasal with albumin

encapsulated in poly D, L-lactide-co-glycolide microspheres. Vaccine 21: 4472–
4480.

14. Ruberti M, De Melo LK, Dos Santos SA, Brandao IT, Soares EG, et al. (2004)

Prime-boost vaccination based on DNA and protein-loaded microspheres for
tuberculosis prevention. J Drug Target 12(4): 195–203.

15. Jin HL, Li YJ, Ma ZH, Zhang FC, Xie QG, et al. (2004) Effect of chemical

adjuvants on DNA vaccination. Vaccine 22: 2925–2935.

16. Kasturi SP, Sachaphibulkij K, Roy K (2005) Covalent conjugation of

polyethyleneimine on biodegradable microparticles for delivery of plasmid
DNA vaccines. Biomaterials 5(267): 6375–6385.

17. Chen YJ, Xu XY, Zhou JP (2007) Research advance in PLGA microspheres.

J Chin Pharm Uni 38(2): 186–189.

18. Rouse J, Mohamed F, van der Walle CF (2007) Physical ageing and thermal
analysis of PLGA microspheres encapsulating protein or DNA. Int J Pharm

2(28): 112–120.

19. Mok H, Park TG (2008) Direct plasmid DNA encapsulation within PLGA

microspheres by single oil-in-water emulsion method. Eur J Pharm Biopharm

68(1): 105–111.

20. Amidi M, Mastrobattista E, Jiskoot W, Hennink WE (2010) Chitosan-based

delivery systems for protein therapeutics and antigens. Adv Drug Deliv Rev 62:

59–82.

21. Xu YM, Du YM, Huang RH, Gao LP (2003) Preparation and modification of
N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan chloride nanoparticle as

a protein carrier. Biomaterials 24: 5015–5022.

22. Amidi M, Romeijn SG, Verhoef JC, Junginger HE, Bungener L, et al.(2007) N-
Trimethyl chitosan (TMC) nanoparticles loaded with influenza subunit antigen

for intranasal vaccination: Biological properties and immunogenicity in a mouse
model. Vaccine 25: 144–153.

23. Coria MF (1972) Stabilizing effect of magnesium sulfate on avian infectious

bronchitis virus propagated in chicken embryo kidney cells. Appl Microbiol 23:
281–284.

24. Sonia TA, Sharma Chandra P (2011) In vitro evaluation of N-(2-hydroxy)
propyl-3-trimethyl ammonium chitosan for oral insulin delivery. Carbohydrate

Polymers. 84: 103–109.

25. Liu SW, Chen HY, Cao DJ, Lu JL (1998) Effect on chicken lymphocytes by

Newcastle disease virus. Chin J Animal Poult Infect Dis 20(3): 140–142.

26. Tseng LP, Chiou CJ, Deng MC, Lin MH, Pan RN, et al. (2009) Evaluation of
encapsulated Newcastle disease virus liposomes using various phospholipids

administered to improve chicken humoral immunity. J Biomed Mater Res Part
B: Appl Biomater 91B (2): 621–625.

27. Partidos CD (2000) Intranasal vaccines: Forthcoming challenges. Pharm Sci
Technolo Today 3: 273–281.

28. Davis SS (2001). Nasal vaccines. Adv Drug Deliv Rev 51: 21–42.

29. Ugwoke MI, Agu RU, Verbeke N, Kinget R (2005) Nasal mucoadhesive drug
delivery: Background, applications, trends and future perspectives. Adv Drug

Deliv Rev 57: 1640–1665.

30. Türker S, Onur E, Ozer Y (2004) Nasal route and drug delivery systems. Pharm

World Sci 26(3): 137–142.

31. Kang ML, Kang SG, Jiang HL, Guo DD, Lee DY, et al. (2008) Chitosan
microspheres containing Bordetella bronchiseptica antigens as novel vaccine against

atrophic rhinitis in pigs. J Microbiol Biotechnol (6): 1179–1185.

32. Gavini E, Hegge AB, Rassu G, Sanna V, Testa C, et al. (2005) Nasal

administration of carbamazepine using chitosan microspheres: In vitro/in vivo

studies. Int J Pharm 307: 9–15.

33. Varshosaz J, Sadrai H, Alinagari R (2004) Nasal delivery of insulin using

chitosan microspheres. J Microencapsul 21: 761–774.

34. Aksungur P, Sungur A, Unal S, Iskit AB, Squier CA, et al. (2004) Chitosan

delivery systems for the treatment of oral mucositis: In vitro and in vivo studies.
J Control Release 98: 269–279.

35. Senel S, Kremer MJ, Kas S, Wertz PW, Hincal AA, et al. (2000) Enhancing

effect of chitosan on peptide drug delivery across buccal mucosa. Biomaterials
21: 2067–2071.

36. Yu W, Xie H (2012) A Review on nanofluids: Preparation, stability mechanisms,
and applications. J Nanomaterials. 2012 (2012): 1–17.

37. Marino OC, Hanson RP (1987) Cellular and humoral response of in ovo-
bursectomized chickens to experimental challenge with velogenic disease virus.

Avian Dis 31: 293–301.

38. Merz DC, Scheid A, Choppin P (1981) Immunological studies of the functions of
paramyxovirus glycoprotein. Virology 28: 208–221.

39. Reynolds DL, Maraqa AD (2000) Protective immunity against Newcastle
Disease: the role of antibodies specific to Newcastle disease virus polypeptides.

Avian Dis 44: 138–144.

40. Reynolds DL, Maraqa AD (2000) Protective Immunity against Newcastle

Disease: The role of cell-mediated immunity. Avian Dis 44(1): 145–154.

41. Alexander DJ, Senne DA (2008) Newcastle disease, other avian paramyxovi-
ruses, and pneumovirus infections. In: Saif YM, Fadly AM, Glisson JR,

McDougald LR, Nolan LK, et al., editors. Diseases of Poultry. 12th ed. Ames,
IA: Blackwell Publishing Professional. 75–115.

NDV Vaccine Encapsulated in Chitosan Nanoparticles

PLOS ONE | www.plosone.org 10 December 2012 | Volume 7 | Issue 12 | e53314



42. Van Boven M, Bouma A, Fabri THF, Katsma E, Hartog L, et al. (2008) Herd

immunity to Newcastle disease virus in poultry by vaccination. Avian Pathol
37(1): 1–5.

43. Kapczynski DR, King DJ (2005) Protection of chickens against overt clinical

disease and determination of viral shedding following vaccination with
commercially available Newcastle disease virus vaccines upon challenge with

highly virulent virus from the California 2002 exotic Newcastle disease outbreak.
Vaccine 23: 3424–3433.

44. Jayawardane GW, Spradbrow PB (1995) Mucosal immunity in chickens

vaccinated with the V4 strain of Newcastle disease virus. Vet Microbiol 46(1–
3): 69–77.

45. Spradbrow PB (1992) A review of the use of food carriers for the delivery or oral
Newcastle disease vaccine. In: Spradbrow PB, editor. Newcastle Disease in

Village Chickens. Proceedings of an international workshop held in Kuala
Lumpur, Malaysia. Canberra: Australian Centre for International Agricultural

Research. 18–20.

46. Ghumman JS, Bankowski E (1976) In vitro DNA synthesis in lymphocytes from
turkeys vaccinated with La Sota, TC and inactivated Newcastle disease vaccines.

Avian Dis 20: 18–31.
47. Russell PH, Dwivedi PN, Davison TF (1997) The effect of cyclosporin A and

cyclophosphamide on the populations of B and T cells and virus in the

Harderian gland of chickens vaccinated with the Hitchner B1 strain of
Newcastle disease virus. Vet Immunol Immunopathol 60: 171–185.

48. Takada A, Kida H (1996) Protective immune response of chickens against
Newcastle disease, induced by the intranasal vaccination with inactivated virus.

Vet Microbiol 50: 17–25.
49. Russell PH, Ezeifeka GO (1995) The Hitchner B1 strain of Newcastle disease

virus induces high levels of IgA, IgG and IgM in newly hatched chicks. Vaccine

13(1): 61–66.
50. Ewert DL, Eidson CS (1977) Effect of bursectomy and depletion of

immunoglobulin A on antibody production and resistance to respiratory

challenge after local or systemic vaccination of chickens with Newcastle Disease

Virus. Infect Immun 18: 146–150.
51. Boyoglu S, Vig K, Pillai S, Rangari V, Dennis VA, et al. (2009) Enhanced

delivery and expression of a nanoencapsulated DNA vaccine vector for

respiratory syncytial virus. Nanomedicine 5(4): 463–472.
52. Xu J, Dai W, Wang Z, Chen B, Li Z, et al. (2011) Intranasal vaccination with

chitosan-DNA nanoparticles expressing pneumococcal surface antigen A
protects mice against nasopharyngeal colonization by Streptococcus pneumonia.

Clin Vaccine Immunol 18(1): 75–81.

53. Zhao F, Wang S, Zhang X, Gu W, Yu J, et al. (2012) Protective efficacy of a
Treponema pallidum Gpd DNA vaccine vectored by chitosan nanoparticles and

fused with interleukin-2. Can J Microbiol 58: 117–123.
54. World Organisation for Animal Health (OIE). Newcastle Disease (Version

adopted by the World Assembly of Delegates of the OIE in May 2012). In: OIE
Terrestrial Manual 2012. Paris: OIE; 2012. Available: http://www.oie.int/

fileadmin/Home/eng/Health_standards/tahm/2.03.14_NEWCASTLE_DIS.

pdf. Accessed 2012 Oct 5.
55. Bwala DG, Fasina FO, Van Wyk A, Duncan NM (2011) Effects of vaccination

with Lentogenic vaccine and challenge with virulent Newcastle disease virus
(NDV) on egg production in commercial and SPF chickens. Int J Poult Sci 10 (2):

98–105.

56. Echeonwu GON, Iroegbu CU, Echeonwu BC, Ngene A, Nwosuh CI, et al.
(2008) Immune response and protection of free range chickens vaccinated orally

with feeding of Newcastle disease vaccine-coated cassava granules.
Afr J Microbiol Res 2: 120–125.

57. Jeon WJ, Lee EK, Lee YJ, Jeong OM, Kim YJ, et al. (2008) Protective efficacy of
commercial inactivated Newcastle disease virus vaccines in chickens against a

recent Korean epizootic strain. J Vet Sci 9: 295–300.

58. Yan Z, Du Y, Zhao Q, Fan R, Guo W, et al. (2011) Mucosal immune responses
against live Newcastle disease vaccine in immunosuppressed chickens. Pak Vet J

31: 280–286.

NDV Vaccine Encapsulated in Chitosan Nanoparticles

PLOS ONE | www.plosone.org 11 December 2012 | Volume 7 | Issue 12 | e53314


