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Abstract: Layered double hydroxide (LDH)@SiO, nanoparticles were developed as a delivery
carrier for the plasmid DNA expressing the Newcastle disease virus F gene. The LDH was
hydrotalcite-like materials. The plasmid DNA encapsulated in the LDH@SiO, nanoparticles
(PFDNA-LDH@Si0,-NPs) was prepared by the coprecipitation method, and the properties
of pFDNA-LDH@SiO,-NPs were characterized by transmission electron microscopy, zeta
potential analyzer, Fourier transform infrared spectroscopy, and X-ray diffraction analysis.
The results demonstrated that the pPFDNA-LDH@SiO,-NPs had a regular morphology and high
stability with a mean diameter of 371.93 nm, loading capacity of 39.66%0.45%, and a zeta
potential of +31.63 mV. A release assay in vitro showed that up to 91.36% of the total plasmid
DNA could be sustainably released from the pPFDNA-LDH@Si0,-NPs within 288 hours. The
LDH@Si0, nanoparticles had very low toxicity. Additionally, their high transfection efficiency
in vitro was detected by fluorescent microscopy. Intranasal immunization of specific pathogen-
free chickens with pFDNA-LDH@SiO,-NPs induced stronger cellular, humoral, and mucosal
immune responses and achieved a greater sustained release effect than intramuscular naked
plasmid DNA, and the protective efficacy after challenge with the strain F E, with highly
virulent (mean death time of chicken embryos =60 hours, intracerebral pathogenicity index in
1 -day-old chickens >1.6) was 100%. Based on the results, LDH@SiO, nanoparticles can be
used as a delivery carrier for mucosal immunity of Newcastle disease DNA vaccine, and have
great application potential in the future.

Keywords: LDH@SiO, nanoparticles, Newcastle disease, mucosal immunity, Cytotoxicity,
IgA

Introduction
Newcastle disease (ND) is a highly pathogenic viral disease of avian species.! The disease
continues to negatively impact poultry producers by infecting birds worldwide.? The
causative agent of ND is an ND virus (NDV).? All strains of NDV belong to the family
Paramyxoviridae and consist of single-stranded, non-segmented, and negative-sense RNA
genomes. NDV has six genes that produce six structural proteins, ie, fusion (F), hemag-
glutinin-neuraminidase (HN), RNA-dependent RNA (large) polymerase (L), nucleocapsid
(N), phosphoprotein (P), and the matrix (M).* The F protein is supposed to play a major
role in the virulence of NDV strains. It allows the binding and fusion of NDV to the host
cell membrane, enabling the virus to enter host cells and induces immunity.’

Currently, vaccine immunization is still an effective way to resist NDV infection.
The NDV-attenuated live vaccines and inactivated vaccines have played an important
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role in prevention and control of ND. However, these
conventional vaccines have several disadvantages, such as
poor immunogenicity, partial virus toxicity reservation, and
induction of respiratory pathological changes. DNA vaccina-
tion was supposed to be a promising strategy for activating
immune responses against NDV infection.® Since the dis-
covery of gene immunization in 1990, genes from different
viruses have been delivered into animals, showing satisfactory
effects.”® Therefore, DNA vaccines have become popular in
the field. The plasmid carrier used in construction of a DNA
vaccine should replicate in Escherichia coli in high copy and
express the gene efficiently within the animal body. Currently,
DNA vaccines are administered in the form of either aqueous
solutions or lyophilized powders. However, because of their
high hydrophilicity and therefore a low distribution coefficient
between oil and water phases,”'? it is difficult for DNA vac-
cines to transfer across cell membranes after intramuscular
injection, limiting the amount of vaccine to be captured by
antigen-presenting cells to induce immune responses.'! Other
factors that limit the clinical applications of these novel DNA
vaccines include the difficulties associated with DNA stability
and delivery, resulting in low levels of DNA vaccine expres-
sion and weak immune responses,'>'* especially in large
animal models."> Therefore, effective strategies which can
improve the efficacy of DNA vaccines, such as the use of a
powerful adjuvant to enhance immunogenicity, optimization
of the delivery methods, and selection of suitable target for
effective antigen presentation, etc, are desirable.'®!"’

With the development of nanotechnology and antigen
delivery systems, biomaterials-based nanoparticles (NPs)
can offer several advantages over the limitations of other
traditional antigen delivery systems. These include stabili-
zation of antigen, delivery of antigen, fewer probable side
effects, and activation of innate immunity.'® Many structur-
ally stable materials have been investigated for drug delivery.
For instance, silica materials, which are biocompatible, have
been the representative materials to enable the biological use
of inorganic NPs."*2! It has been shown that silica is able to
store and gradually release such therapeutic drugs as antibi-
otics and proteins in the controlled release applications.?>>*
Furthermore, silica has been used to improve the biocom-
patibility of some drug delivery systems, such as magnetic
NPs,>?" biopolymers,?® and micelles.?

Layered double hydroxide (LDH), commonly known
as hydrotalcite-like materials and anionic clays, is a family
of layered nanomaterials that has been widely applied in
catalysts, absorption, pharmaceutics, and photochemistry.
In recent years, the synthesis of LDH-based nanocomposites

has received much attention because of the potential uses
of nanocomposite-based engineering materials.’® The use
of LDH materials in preparing polymer nanocomposites
is a new field. LDH is a host—guest material consisting of
positively charged metal hydroxide sheets with intercalated
anions and water molecules. The formula of LDH molecules
can be expressed as follows: [M**,_ M*x(OH),|**A™_ -mH,0,
where M?* and M** are divalent and trivalent metal ions,
respectively, A™ is an interchangeable compensating anion
entrapped in the interlayer space, m is the number of mol-
ecules of co-intercalated water per formula weight of the
compound, and x is defined as the M**/(M?* + M) ratio.*!
Over the past decade, LDHs have attracted much attention
in drug delivery and gene therapy owing to their good bio-
compatibility, no toxicity, and controlled release property.
Yuan and Shi synthesized LDH nanofiller (LDH-SA). The
nanofiller was used to prepare a UV-cured exfoliated polymer/
LDH nanocomposite, which possesses the combined advan-
tages of both LDH and silsesquioxane.* Kang et al found that
the LDH nanosheets could be stabilized by alginate molecules
in aqueous media and that the LDH nanosheets in the nano-
composites could be redispersed in aqueous media.*
Recently, nanocomposite materials with shell-core
structure produced by combining two kinds of nanometer
materials have received much attention, as these materials
incorporate the virtues of the individual materials. In this
study, LDH@SiO,-NPs with shell-core structures were
developed to encapsulate the F gene of NDV into a eukaryotic
expression plasmid pVAX1-F(o) by a coprecipitation method
for enhancing the efficacy of a DNA vaccine against NDV.
The bioactivity and safety of the resulting NPs (pFDNA-
LDH@Si0,-NPs) were studied by in vitro transfection and
cytotoxicity analyses. In addition, we assessed the ability of
the pFDNA-LDH@SiO,-NPs to induce immune responses
and protect specific pathogen-free (SPF) chickens from NDV
infection after intranasal administration. We found that the
carrier has the advantage of LDH to protect the plasmid
DNA against nuclease degradation, realizing the long-acting
mechanism of DNA vaccine within the chicken’s body.

Materials and methods

Preparation of the plasmid DNA
encapsulated in the SiO, NPs

The eukaryotic expression plasmid pVAX1-F(o) DNA that
carries the F gene of NDV was provided by the State Key
Laboratory of Veterinary Biotechnology, Harbin Veterinary
Research Institute of Chinese Academy of Agricultural
Sciences, Harbin, People’s Republic of China. Extraction
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and purification of a large amount of the plasmid DNA were
carried out as previously described.’** Ninety milliliters of
anhydrous ethanol, 12.5 mL of deionized water, and 2.0 mL of
ammonia water were added to a 120 mL beaker. The reaction
mixture was vigorously stirred using a magnetic stirrer at room
temperature, followed by adding 10 mL of tetraethyl orthosili-
cate and stirring at 200 rpm for 2 hours at room temperature.
Then, SiO, NPs were collected by centrifugation, washed three
times with anhydrous ethanol, and desiccated in the air.

SiO, NPs (145 mg) were added into the 1.0%
3-aminopropyl-triethoxysilane (APTES) ethanol solution,
and the reaction mixture was then stirred at room temperature
for 12 hours. The APTES-SiO,-NPs were precipitated with
anhydrous ethanol and dried as described above.

The plasmid DNA-loaded NPs were developed as follows
(Figure S1): 4 mg of APTES-SiO,-NPs were added into 4 mL
of phosphate-buffered saline (PBS) buffer (pH 7.4), and
0.01 mL of plasmid DNA was then pipetted to the reaction
mixture. The mixture was incubated at room temperature
for 15 minutes. The NPs were collected by centrifugation at
10,000 rpm and 4°C for 15 minutes and then washed with
PBS three times. The plasmid DNA-loaded NPs, ie, pFDNA-
SiO,-NPs, were obtained.

The pFDNA-SiO,-NPs were prepared by mixing APTES-
SiO,-NPs and DNA in PBS (pH 7.4) at different mass ratios
(w/w) with a final DNA concentration of 24,510.9 ng/uL. The
mixture was incubated at room temperature for 15 minutes. The
connection of NPs with the plasmid was detected by agarose
gel electrophoresis, which was run with a 0.8% agarose gel
at 90 V for 20 minutes. The mixture was then incubated at
room temperature for 48 hours and centrifuged at 10,000 rpm
and 4°C for 10 minutes. The precipitates were collected,
then washed with PBS buffer (pH 7.4) twice and TE buffer
once, followed by centrifugation at 10,000 rpm and 4°C for
10 minutes. In order to prove that the SiO, can bind with plasmid
DNA and release DNA completely, the supernatant solution
underwent agarose gel electrophoresis using 0.8% (w/v) gel
containing ethidium bromide at 90 V for 20 minutes.

Preparation of LDH@SiO,-NPs

encapsulating plasmid DNA
LDH@Si0,-NPs encapsulating plasmid DNA were prepared
via the following procedures with two solutions.

Solution |

For solution I, 6.3 g NaOH, 9.1 g NaNO,,and 0.8 g pFDNA-
SiO,-NPs were dissolved together in deionized water with a
final volume of 72 mL.

Solution I

For solution I, 0.06 mol/L Mg (NO,),-6H,0 and 0.03 mol/L
Al (NO,),"9H,0 were dissolved together in deionized water
with a final volume of 63 mL. Solution II was slowly dripped
into solution I and stirred at 200 rpm at room temperature for
2.5 hours. All the operational procedures were done under
N, protection to avoid oxidation. The pFDNA-LDH@SiO,-
NPs were rinsed with deionized water and dried at room
temperature.

Characterization of the pFDNA-LDH@
SiO,-NPs

Morphology and loading capacity

The prepared pFDNA-SiO,-NPs and pFDNA-LDH@SiO, -
NPs were visualized through transmission electron micros-
copy (TEM) (JEM-200EX; Hitachi Ltd., Tokyo, Japan) to
assess their morphological and surface characteristics.
The particle size and zeta potentials of both pFDNA-SiO,-
NPs and pFDNA-LDH@SiO,-NPs were measured using a
Zeta Sizer 2000 from Malvern Instruments (Malvern, UK).
The loading capacity (LC) of the pFDNA-LDH@SiO,-NPs
was calculated as follows:*’

LC (%) = (W,-W )/W, x100%, (1)

where W is the total amount of the plasmid DNA added,
W, is the amount of free plasmid DNA released from the
pFDNA-LDH@SiO,-NPs, and W is the weight of the
pFDNA-LDH@SiO,-NPs. All the measurements were per-
formed in triplicate.

Fourier transform infrared spectroscopy

and X-ray diffraction analyses of the LDH

and pFDNA-LDH@SiO,-NPs

The changes in the major groups of the LDH and pFDNA-
LDH@Si0O,-NPs were characterized through Fourier
transform infrared spectroscopy (FTIR) (Spectrum One;
PerkinElmer Inc., Waltham, MA, USA). Analysis of the
X-ray diffraction (XRD) was performed using a D8 Advance
diffractometer (Bruker Optik GmbH, Ettlingen, Germany)
with Cu target and Ko radiation (A =0.15418 nm) at 40 kV
and 50 mA. The 20 angle was scanned between 5° and 80°
at 25°C.

In vitro release of the pFDNA-LDH@
SiO,-NPs

The in vitro cumulative release of the plasmid DNA from
the pPFDNA-LDH@SiO,-NPs was studied by the Coomassie
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Brilliant Blue G-250 method. Briefly, 0.1 g of dried
pFDNA-LDH@SiO,-NPs was fully mixed with 1.0 mL of
PBS buffer (pH 7.4) and stirred at 180 rpm and 4°C. At the
predetermined time intervals (0, 6, 12, 24, 36, 48, 72, 96, 120,
144,168, 192,216, 240,264, and 288 hours), 100 puL of sample
solution was taken away and the same volume of fresh PBS
was added. The sample was centrifuged at 10,000 rpm and 4°C
for 10 minutes. The concentration of the plasmid DNA in the
supernatant was determined with an ultraviolet spectrophotom-
eter. The release curve of plasmid DNA from pFDNA-LDH@
SiO,-NPs was derived by plotting the release time on the x-axis
against the amount of plasmid DNA accumulatively released
from pFDNA-LDH@SiO,-NPs on the y-axis.

In vitro expression of the pFDNA-
LDH@SiO,-NPs

293 T cells, human embryonic kidney cells which were
transformed with SV40T antigen, were incubated in a six-
well plate at 37°C with 5% CO, until the cell growth reached
80% confluence for subsequent use. The cells underwent
the following treatments: 1) naked DNA control treatment,
in which 4 pg DNA was incubated with the cells according
to the instructions of a Lipofectamine™ 2000 reagent kit;
2) pFDNA-LDH@Si0,-NP treatment. The pFDNA-LDH@
SiO,-NPs containing 4 g of plasmid DNA were added and
incubated with the cells for 5 hours; 3) blank LDH@SiO -
NPs control, in which LDH@SiO, at the amount equivalent
to thatin pPFDNA-LDH@Si0O,-NPs was added and incubated
with the cells for 5 hours; and 4) cell control, in which
Dulbecco’s Modified Eagle’s Medium (DMEM) containing
1% serum was added. After being initially transfected, the
cells were incubated for 72 hours in DMEM containing 1%
serum. All the transfection experiments were performed in
triplicate.

Evaluation of the safety of the pFDNA-
LDH@SiO,-NPs

In vitro cytotoxicity of the pFDNA-LDH@SiO,-NPs
In vitro cytotoxicity of the pFDNA-LDH@Si0,-NPs was
evaluated as described previously.***® Chicken embryo kid-
ney cells were first cultured in DMEM, then diluted to the
final cell concentration of 2x10° cells/mL, transferred to
96-well plates at 200 uL perwell, and cultured at 37°C for 5
hours. After discarding the supernatant in the wells, 50 uL
of pFDNA-LDH@Si0,-NPs (diluted in DMEM culture at
1 mg/mL) was added into the wells, followed by incuba-
tion at 37°C for 2 hours. Then, 10 uL of WST-8 reagents
was added and incubated for 5 hours. The 96-well
plates were read at 450 nm with a microplate reader.

The survival rate of the cells was calculated as described
previously.3¢

Safety of the pFDNA-LDH@SiO,-NPs

Fifteen 7-day-old SPF chickens obtained from Har-
bin Veterinary Research Institute Laboratory Ani-
mal Center (Harbin, People’s Republic of China)
were randomly divided into three groups: chickens
in group | were immunized intramuscularly (IM)
with the pFDNA-LDH@Si0,-NPs containing 2 mg
of the plasmid DNA; chickens in group 2 were immunized
intranasally (IN) with the pFDNA-LDH@SiO,-NPs con-
taining 2 mg of the plasmid DNA; and chickens in group 3
were immunized IM with the PBS solution as control group.
These three groups of chickens were bred under the same
conditions. Any behavioral abnormalities in the chickens,
including feed intake, water intake, and mental state, were
continuously observed and recorded for 3 weeks.

Immunization of SPF chickens

A total of 100 4-week-old SPF chickens were randomly divided
into five groups with 20 chickens per group. The chickens in
groups 1, 2, and 3 were treated with PBS buffer, blank LDH@
SiO,-NPs IM, and 200 pg of naked plasmid DNA (0.1 mL)
IM, respectively. Chickens in groups 4 and 5 were treated
with 0.2 mL of pDNA-LDH@SiO,-NPs containing 200 ug
of plasmid DNA IM and IN, respectively. Booster immuniza-
tion was performed 14 days later with the same doses. Care
of laboratory animals and experimentation on animals were
in accordance with animal ethics guidelines and approved
protocols. All animal studies were approved by the Animal
Ethics Committee of the Harbin Veterinary Research Institute
of the Chinese Academy of Agricultural Sciences (CAAS),
China (SCXK [H] 2013-001).

Detection of IgG antibody in the serum

of the immunized chickens

Blood samples were collected from the wing veins of chickens
in the five groups at 7, 14, 21, 28, 35, 42, 49, and 56 days
after the first treatment. The serum samples were obtained
by centrifugation at 3,000 rpm and 4°C for 10 minutes. The
titer of the NDV-specific IgG in sera was estimated by hemag-
glutination inhibition test.

Detection of IgA antibody in mucosa extracts

of the immunized chickens

Serum, tracheal fluid, bile, and Harderian glands were
collected from two chickens from each of the five groups
immunized at 7, 14, 21, 28, 35, 42, 49, and 56 days after
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the first treatment. IgA antibody was detected by enzyme-
linked immunosorbent assay (ELISA) sandwich technique
according to the instruction manual of an NDV IgA
ELISA Kit (Rapidbio Co, Ltd, West Hills, USA). Briefly,
samples were added to microtiter plates coated with puri-
fied antigen, followed by adding standard and HRP-labeled
antigen. The reaction was stopped by addition of 3,3’,5,5"-
tetramethylbenzidine, and the absorbance at 450 nm was
measured with a microplate reader.

Lymphocyte proliferation in the immunized chickens
To assess the cellular immune responses of the immunized
chickens at 7, 14, 21, 28, 35, and 42 days after the first
treatment, lymphocyte proliferation of the immunized chick-
ens was assayed by 3-(4, 5)-dimethylthiahiazo (-z-y1)-3,
S-diphenytetrazoliumromide (MTT) colorimetric assay
as described previously.* The stimulation index (SI) was
determined using the following formula:*

SI = 0OD570 T/OD570 C, @)

where OD570 T is the mean value of the tested groups
(PFDNA-LDH@SiO,-NPs IN, pFDNA-LDH@SiO,-NPs
IM, naked plasmid pVAX1-F(o0) IM, blank LDH@SiO,-NPs
IM) and OD570 C is the mean value of the control group
(PBS IM).

Protective efficacy

The ability of pPFDNA-LDH@SiO,-NPs to protect chickens
against the infection of NDV strain F,E | was determined.
Strain FE_ is highly virulent (mean death time of chicken

4879

embryos =60 hours, intracerebral pathogenicity index in
1 -day-old chickens >1.6). Protection was determined as
described previously.** Five chickens were randomly selected
from every immunized group when the level of ND V-specific
antibody in serum was increased to 6.0 log 2. The chickens
infected IM with 0.1 mL of the highly virulent NDV strain
F (E had a viral titer of 10** 50% egg infectious dose/0.1 mL
for challenge studies. The clinical signs of illness and death
were monitored daily for 35 days. The infected chickens and
the corresponding negative control chickens were euthanized.
Their duodena and myocardia were collected and examined
by histological staining.

Statistical analysis

All experiments were performed in triplicate. Data were
presented as mean values * standard deviation. Mean val-
ues were analyzed using the one-sided Student’s #-test. The
significance level was set at P<<0.05.

Results

Characterization of the pFDNA-
SiO,-NPs

Physical features of NP-based vaccines such as particle size,
morphology, and charge distributions contribute greatly to the
efficacy of vaccination. As shown in Figure 1A, a spherical
and uniform-size nature was revealed for the typical pFDNA-
SiO,-NPs by TEM. The prepared NPs had uniform morphol-
ogy and good dispersion. Measurement of these particles
showed a relatively narrow size distribution of 90£11 nm
(Figure 1B). The zeta potential of SiO, NPs, APTES-SiO,-
NPs, and pFDNA-SiO,-NPs were —21.08 mV, +28.37 mV,
and +11.43 mV, respectively.

Figure 2A shows the agarose gel electrophoresis image
for the pFDNA-SiO,-NP complexes, which demonstrated the
ability of SiO, NPs to immobilize DNA with high efficiency.
Through changing the number of particles, we could adjust
the amounts of DNA binding to the particle surface.

Figure 2B shows that lanes 2—8 clearly had plasmid DNA
binding equivalent to the control in lane 1, demonstrating that
the DNA can be stabilized and released from the pFDNA-
SiO,-NP complexes after being placed at room temperature
for 48 hours and that the integrity of plasmid DNA could
be maintained.

The ability of the SiO, to protect the plasmid DNA from
DNase I degradation was demonstrated by the fact that SiO,
encapsulation could protect the plasmid DNA from DNase
I digestion (Figure 2C, lanes 2-8), but the naked plasmid
DNA was completely degraded by DNase I (Figure 2C,
lane 1), suggesting that the encapsulation of plasmid DNA
into SiO, may ensure the effective entry and high stability
of plasmid DNA in the mucosal environment.

Characterization of the pFDNA-LDH@
SiO,-NPs

Size and zeta potential analysis

Typical pFDNA-SiO,-NPs, LDH, and pFDNA-LDH@
SiO,-NPs showed a uniform appearance as revealed by TEM
(Figure 3). The pFDNA-SiO,-NPs were round with good
dispersion (Figure 3A). Plain LDH NPs were thin, hexagonal,
and plate-like in shape (Figure 3B) with sizes in the range
from 78 to 207 nm, an average particle size of 99.1 nm, and
zeta potential of 31.47 mV (Figure 4A). Figure 3C shows that
the addition of 0.7 g of pFDNA-SiO,-NPs caused the loss of
the core from the core-shell structure. Figure 3E shows that
addition of 0.9 g of pFDNA-SiO,-NPs could result in too
much core. The addition of 0.8 g of pPFDNA-SiO,-NPs could
produce effective coating (Figure 3D), and the shell LDH had
no obvious plate-like structure but was coated on the surface
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Figure | Transmission electron microscopy photomicrograph (magnification 50,000x) (A) and particle size distribution (B) of the pFDNA-SiO,-NPs.
Abbreviation: pFDNA-SiO -NPs, Newcastle disease virus F gene encapsulated in the SiO, nanoparticles.
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Figure 2 Detection of SiO, nanoparticles loaded with plasmid DNA for connection, release, and protection properties.

Notes: (A) Agarose gel electrophoresis of the amino-modified silica-DNA complexes. Maker (M): DL 15,000 marker. Lane I: plasmid DNA. Lanes 2—8: the mass ratios of
SiO, to plasmid DNA were 1:5, I:1, 5:1, 10:1, 20:1, 30:1, and 40:1, respectively. (B) Stability analysis of the plasmid DNA binding with SiO, nanoparticles. (C) Analysis of
protection of the plasmid DNA from DNase | digestion. Maker (M): DL 15,000 marker. Lane |: plasmid DNA. Lanes 2-8: the mass ratios of SiO, to plasmid DNA were 1:5,
1:1, 5:1, 10:1, 20:1, 30:1, and 40:1, respectively.
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Figure 3 Transmission electron photomicrographs of the pFDNA-SiO -NPs (A), LDH (B), and pFDNA-LDH@SiO,-NPs (C-E).

Note: Magnification: 100,000x.

Abbreviations: LDH, layered double hydroxide; NPs, nanoparticles; pFDNA-LDH@SiIO,-NPs, Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs; pFDNA-

SiO,-NPs, Newcastle disease virus F gene encapsulated in the SiO, nanoparticles.

in a stacking way. The pFDNA-LDH@SiO,-NPs showed a
distribution from 220 to 400 nm and had an average particle
size of 371.93 nm (Figure 4B). The zeta potentials of LDH
and pFDNA-LDH@SiO,-NPs were +31.47 and +31.63 mV,
respectively. Both of these had similarly high zeta potentials,
revealing that LDH does not change the zeta potential of NPs.
The LC of the pPFDNA-LDH@SiO,-NPs was calculated to
be 39.66%10.45% (n=3).

A

100+

Relative number

0 100 200 300 400 500 600
Diameter (nm)

Figure 4 Size distribution of LDH (A) and pFDNA-LDH@SiO,-NPs (B).

FTIR and XRD analyses of the LDH

and pFDNA-LDH@SIO,-NPs

As shown in Figure 5SA, compared with the FTIR spectra
between the LDH and pFDNA-LDH@SiO,-NPs, the sharp
and strong characteristic bands appeared between 400 cm™
and 1,000 cm™, attributed to the Mg-O and Al-O bonds. The
weak peak at 460 cm™' was attributed to SiO, NPs, but it was
covered by the strong peak of LDH at 450 cm™!, therefore

Relative number

20

0 4 T X T T . T ¥ T T % T T . T ¥ 1
0 100 200 300 400 500 600 700 800 900 1,000
Diameter (nm)

Notes: Measurement of these particles showed a narrow distribution pattern of LDH and pFDNA-LDH@SiO,-NPs, and their average diameters were 99.1 nm and 371.93 nm,

respectively.

Abbreviations: LDH, layered double hydroxide; NPs, nanoparticles; pPFDNA-LDH@SiO,-NPs, Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs.
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Figure 5 Fourier transform infrared spectroscopy spectrum (A) and XRD curve (B) for each of the LDH and pFDNA-LDH@SiO,-NPs.
Notes: The XRD patterns of the pFDNA-LDH@SiO,-NPs exhibited typical diffractions of LDH including (003) and (006), indicative of the presence of LDH crystallite. The

characteristic peak at 20° of pFDNA-LDH@SiO,-NPs showed the existence of SiO,.

Abbreviations: LDH, layered double hydroxide; NPs, nanoparticles; pFDNA-LDH@SiO,-NPs, Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs;

XRD, X-ray diffraction.

no peak at 460 cm™' was found in the pFDNA-LDH®@
SiO,-NP scanning. The pFDNA-LDH@SiO,-NPs showed
an obviously stronger peak, at 1,640 cm™', than LDH did,
because SiO, NPs had a strong characteristic band at this
wavelength. The weak peaks at 1,640 cm™ and 1,380 cm™
are the characteristics of hydroxyl and nitrate ion in the LDH
layer, respectively. The results of XRD pattern analysis
showed that the SiO,@LDH-NPs were complexes of LDH
crystallite and SiO, (Figure 5B). The positions of both peaks
were generally the same; however, the XRD pattern for
pFDNA-LDH@SiO,-NPs showed the characteristic peak at
20°, demonstrating that the appearance of crystal SiO, and
the structure of LDH are not changed after silica coating.
Both LDH@Si0O,-NPs and LDH displayed the characteristic
crystalline peaks, obtaining (003), (006), (009), and (110).
The characteristic peak (015, 018) was asymmetrical. The
XRD patterns of the LDH exhibited the typical diffractions
including (003) and (006), indicative of the presence of LDH
crystallite. The spike of the characteristic peaks was narrow
and sharp, illustrating that the LDH was a single crystalline
phase with a high degree of crystallinity.

In vitro release of the pFDNA-LDH@
SiO,-NPs

As shown in Figure 6, the amount of DNA released from the
pFDNA-LDH@SiO,-NPs was increased to 47.36%+1.95%
(n=3) from 0 to 48 hours, revealing that the burst release
mainly takes place during the first 48 hours and is followed
by a slow and continuous release, maintained for longer

than 96 hours, reaching 64.27%%1.52% but not changing
significantly after 96 hours. At 288 hours, the amount of
plasmid DNA released from the pPFDNA-SiO,-NPsreached
91.36%*1.1%.

In vitro expression of the pFDNA-
LDH@SiO,-NPs

The pFDNA-LDH@SiO,-NP group (Figure 7A) and the
naked plasmid DNA group (Figure 7B) could be expressed
in the cells and the specific fluorescence could be observed.
However, no fluorescence signals were observed in the
blank LDH@SiO,-NP group (Figure 7C) or the negative cell
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Figure 6 In vitro release profiles of DNA from pFDNA-LDH@SIO,-NPs in
phosphate-buffered saline (pH 7.4).

Notes: The experiment was repeated three times and measured in triplicate. Data
are presented as the mean * standard deviation (n=3).

Abbreviations: LDH, layered double hydroxide; NPs, nanoparticles; pPFDNA-LDH@
SiO,-NPs, Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs.
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control group (Figure 7D). These results indicate that plas-
mid DNA can be effectively encapsulated by LDH@SiO,,
and that the plasmid DNA encapsulated in pFDNA-LDH@
SiO,-NPs can be expressed in vitro.

Evaluation of the safety of the pFDNA-
LDH@SiO,-NPs

In vitro cytotoxicity of the pFDNA-LDH@SiO,-NPs
The survival rate of chicken embryo kidney cells in the
pFDNA-LDH@SiO,-NP group was 84.12%%1.26%, and
there were no significant changes in cell morphology as
compared with that of the control cells. All the results show
that the pFDNA-LDH@SiO -NPs cause low cytotoxicity
and are very safe for these cells.

Safety of the pFDNA-LDH@SiO,-NPs

Compared with those in the control group, the feeding, water
intake, and other behaviors were normal in the chickens
immunized IM and IN with the pFDNA-LDH@SiO,-NPs,
implying that immunization of the chickens with a high dose
of pFDNA-LDH@SiO,-NPs is safe. The chickens from the
three groups were euthanized, and their duodena, proven-
triculi, and myocardia were then taken out for pathological
section analysis. The results are shown in Figure 8.

Immune efficacy of the pFDNA-LDH@
SiO,-NPs

Serum IgG antibody level

Table 1 shows that the serum IgG antibody titers in both the
PBS IM and blank LDH@SiO,-NPs IM groups were not
significantly changed in the 8 weeks (less than 2.0 log 2,
P>0.05). pFDNA-LDH@SiO,-NPs administered IN and
IM showed lower levels of antibody titers during the first 2
weeks post-immunization, while the antibody titers quickly
increased at the 3rd week post-immunization in chickens
immunized with the pFDNA-LDH@SiO,-NPs IN and IM
and peaked at the Sth week post-immunization. Serum IgG
antibody titers in the pFDNA-LDH@SiO,-NPs IN chickens
remained significantly higher (P<<0.01) than those in the
pFDNA-LDH@SiO,-NPs IM and naked plasmid pVAX1-F
IM vaccinated chickens until the 8th week post-immunization,
suggesting that the plasmid DNA had a sustained release. All
the data show that plasmid DNA can be released slowly
from pFDNA-LDH@SiO,-NPs and specifically stimulates
B lymphocytes to increase serum antibody titers.

IgA antibody level in mucosa extracts
The changes of IgA antibody levels in serum, bile, tracheal
fluid, and Harderian glands post-immunization are shown

Figure 7 In vitro expression of the pFDNA-LDH@SiO,-NPs in 293 T cells assayed by indirect immunofluorescence (x40).
Notes: (A) Naked plasmid pVAX-F(o) DNA group. (B) Transfected pFDNA-LDH@SiO,-NPs group. (C) Blank LDH@SiO,-NPs group. (D) 293 T cell group as the negative

control.

Abbreviations: LDH, layered double hydroxide; NPs, nanoparticles; pFDNA-LDH@SiO,-NPs, Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs.
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Figure 8 Histopathological analyses of normal duodena, proventriculi, and myocardia.

Notes: (A) Tissues of duodena were immunized with pFDNA-LDH@SiO,-NPs IM (a), pFDNA-LDH@SiO,-NPs IN (b), and PBS IM (c). (B) Tissues of proventriculi were
immunized with pFDNA-LDH@SiO,-NPs IM (a), pFDNA-LDH@SiO,-NPs IN (b), and PBS IM (c). (C) Tissues of myocardia were immunized with pFDNA-LDH@SiO,-NPs

IM (), pFDNA-LDH@SIO,-NPs IN (b), and PBS IM (c).

Abbreviations: IM, intramuscularly; IN, intranasally; LDH, layered double hydroxide; NPs, nanoparticles; PBS, phosphate-buffered saline; pFDNA-LDH@SiO,-NPs,

Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs.

in Figure 9. The IgA antibody levels in the pFDNA-LDH@
SiO,-NPs IN, pFDNA-LDH@SiO,-NPs IM and naked plas-
mid DNA IM groups were significantly higher than those in
the blank LDH@SiO -NPsIM and PBSIM groups (P<<0.01).
The chickens immunized with the pPFDNA-LDH@SiO,-NPs
IN had significantly higher IgA antibody titers (P<<0.01) and
longer period of IgA antibody secretion in serum (Figure 9A),
tracheal fluid (Figure 9B), bile (Figure 9C), and Harderian
glands (Figure 9D) than the chickens of other groups. The
IgA antibody titers in the pFDNA-LDH@SiO -NPs IM group
were significantly higher and their secretion period longer
than in the naked plasmid DNA IM group (P<<0.05). It can
be clearly observed that PFDNA-LDH@SiO, -NPs were able
to induce quicker and better mucosal immune responses than
the naked plasmid DNA vaccine.

Lymphocyte proliferation assay

As shown in Table 2, there were no significant differences
between chickens immunized with the pFDNA-LDH@
SiO,-NPs IN or IM and chickens immunized with the

naked plasmid pVAX1-F(o) DNA IM at the 3rd week post-
immunization (P>0.05). The chickens immunized with the
pFDNA-LDH@SiO,-NPs IN had significantly higher SI than
chickens immunized with the pPFDNA-LDH@SiO,-NPs IM
and the naked plasmid pVAX1-F(o) DNA IM (P<<0.05) at
the 4th week post-immunization; the higher SI was main-
tained until the 6th week post-immunization (P<<0.05).
It was clear that the pFDNA-LDH@SiO,-NPs significantly
enhanced the immune function of T lymphocytes in the
immunized chickens.

Protection against the infection of NDV strain F E,

Within 2-5 days, the highly virulent NDV strain F, E; had
killed all the chickens treated with either PBS IM or blank
LDH@SiO,-NPs IM (Table 3). In contrast, strain F E,
killed only 60%, 40%, and 0% of the chickens treated with
the naked plasmid pVAX1-F(o) DNA IM, pFDNA-LDH@
SiO,-NPs IM, and pFDNA-LDH@SiO-NPs IN, respectively
(Table 3). Two chickens of the pFDNA-LDH@SiO,-NPs IM

group died, and the protective efficacy was 60%. There were
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Abbreviations: IM, intramuscularly; IN, intranasally; LDH, layered double hydroxide; NPs, nanoparticles; PBS, phosphate-buffered saline; pFDNA-LDH@SiO,-NPs, Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs.

Notes: Values are presented as mean + standard deviation of five experiments in each group. Values within the same column with the different superscript letters are significantly different (P<<0.05; Student’s t-test).

no clinical signs in chickens immunized with the pFDNA-
LDH@SiO,-NPs IN after being challenged with the strain
FE,, and no pathological and histopathological changes
were found in their duodena (Figure 10A) and myocardia
(Figure 10B).

The dead chickens from the pFDNA-LDH@SiO,-NPs
IM, naked plasmid pVAX1-F(o) DNA IM, or PBS IM
groups had the typical pathological changes of ND, such
as mucosal hemorrhages in proventriculus papillae, heart
fat, duodena, and whole intestines. Much serious hemor-
rhaging on the mucous layer of duodena was found through
examination of the histopathology slide (Figure 10C).
Other pathological changes such as incomplete intestinal
wall and intestinal villus and follicular cell necrosis were
seen (Figure 10D). Together, these findings show that the
pFDNA-LDH@SiO,-NPs IN quickly induced an effective
mucosal immune response and protected chickens against
NDYV infection.

Discussion
NDYV infection is still one of the infectious avian diseases
worldwide with serious long-term morbidities and mortali-
ties. Currently, the effective strategies for prevention and
control of NDV infection are still limited. However, DNA-
based vaccines have emerged as a new kind of vaccine and
have shown promising potential against NDV infection.
Like most vaccines, NDV vaccines do not prevent the
vaccinated animals from becoming infected with a virulent
NDV and subsequently shedding the virus,*’ but the amount
of virus shed in the feces of vaccinated animals was lower
than that of non-vaccinated birds.*' Current measures for the
control of ND primarily depend on flock vaccination and
culling of infected or suspected infected birds. Although
current vaccines can protect infected birds, virus replication
and shedding may still happen, albeit at a reduced level.*
Various approaches have been applied to improve the
systemic immune response to infectious bacteria or viruses.
Among them, DNA vaccination has been demonstrated to
be one effective way to elicit protective immunity against
pathogens. DNA vaccines that mimic live attenuated vac-
cines in their ability to induce both humoral and cellular
immune responses may prove to be a useful alternative.*
The potential for DNA vaccines to overcome maternal
immunity, stability issues, costs, and the non-requirement
of cold chain has highlighted the promise of DNA vaccines.
Here, we have developed an NDV-specific DNA NP vac-
cine and shown that it is better than a naked DNA vaccine.
It is able to protect plasmid DNA from degradation by
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Figure 9 IgA antibody levels in serum (A), tracheal fluid (B), bile (C), and Harderian glands (D) of specific pathogen-free chickens immunized with PBS IM, blank LDH@
SiO,-NPs IM, naked plasmid pVAXI-F(o) DNA IM, pFDNA-LDH@SiO,-NPs IM, and pFDNA-LDH@SiO,-NPs IN.

Notes: IgA antibody levels are presented as mean + standard deviation of five experiments. Data with different small letters show significant difference (P<<0.05).
Abbreviations: M, intramuscularly; IN, intranasally; LDH, layered double hydroxide; NPs, nanoparticles; PBS, phosphate-buffered saline; pFDNA-LDH@SiOZ-NPs,

Newcastle disease virus F gene encapsulated in the LDH@SiO,-NPs.

DNase and allows the plasmid DNA to be expressed and
thus enhance the mucosal immune response and antibody
immune responses.

Nowadays, many NP carriers such as microemulsions,
liposomes, inorganic NPs, virosomes, virus-like par-
ticles, and polymeric microparticles have been applied in

vaccinology.* Due to the similarity of their size to that of a
pathogen, these particles can be taken up by antigen-present-
ing cells**“¢ and thus enter living cells. Therefore, delivery
systems play a major role in enhancing antigen processing
and stimulating immunity. Zhao et al previously reported
that the F gene of NDV in plasmid DNA encapsulated in

Table 2 The stimulation index of T lymphocyte proliferation in specific pathogen-free chickens post-immunization

Group Stimulation index

7 days post- 14 days post- 21 days post- 28 days post- 35 days post- 42 days post-

immunization immunization immunization immunization immunization immunization
pFDNA-LDH@SIO,-NPs IN 0.522+0.021* 0.689+0.029* 1.110£0.019: 1.444+0.03%9* 1.86610.07* 2.05610.042*
pFDNA-LDH@SiO,-NPs IM 0.517+0.003* 0.690+0.014* 1.104+0.028¢ 1.23440.071° 1.745+0.096° 1.803+0.028°
Naked plasmid pVAXI-F(o) DNAIM  0.515+0.031° 0.671+0.0172 1.009+0.007¢ 1.228+0.057° 1.566+0.037¢ 1.606+0.025¢
Blank LDH@SiO,-NPs IM 0.402+0.007° 0.478+0.004° 0.727+0.075¢ 0.805+0.047¢ 1.121£0.2814 1.04440.055¢
PBSIM 0.364+0.03° 0.441+0.030° 0.701+0.056¢ 0.743+0.028¢ 1.100+0.021¢ 1.008+0.023¢

Notes: Values are presented as mean * standard deviation of five experiments in each group. Values within the same column with the different superscript letters are

significantly different (P<<0.05; Student’s t-test).

Abbreviations: IM, intramuscularly; IN, intranasally; LDH, layered double hydroxide; NPs, nanoparticles; PBS, phosphate-buffered saline; pFDNA-LDH@SiO,-NPs,

Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs.
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Table 3 Protection of the immunized specific pathogen-free chickens after being challenged with the highly virulent Newcastle disease

virus strain F"BE9

Treatment Number of dead Mortality (%) Protection (%)
chickens/total number
of chickens
PBS IM 5/5 100 0
Blank LDH@SiO,-NPs IM 5/5 100 0
Naked plasmid pYAX|-F(o) DNA IM 3/5 60 40
pFDNA-LDH@SiO,-NPs IM 2/5 40 60
pFDNA-LDH@SiO,-NPs IN 0/5 0 100

Abbreviations: IM, intramuscularly; IN, intranasally; LDH, layered double hydroxide; NPs, nanoparticles; PBS, phosphate-buffered saline; pFDNA-LDH@SiOZ-NPs,

Newcastle disease virus F gene encapsulated in LDH@SiO,-NPs.

chitosan®® or PLGA*” NPs could be stabilized and sustain-
ably released from the plasmid DNA and induced stronger
mucosal immune responses than non-encapsulated plasmid
DNA. In recent years, the shell-core nanocomposite has
been developed as a new type of composite material and
is a hot topic of current research.***’ In order to apply the
biodegradable NPs as a delivery vector for veterinary virus
vaccines, in this study, we determined whether biodegrad-
able NPs can be used to deliver newly developed DNA

vaccines. LDH@SIO, shell-core nanocomposite was first
synthesized as a carrier for the F gene plasmid DNA of
NDV delivery systems. The plasmid DNA carrying the F
gene of NDV was then encapsulated into the LDH@SiO,-
NPs by a complex coacervation method. The advantages
of pFDNA-LDH@SiO,-NPs prepared using a complex
coprecipitation method include mild preparation condition,
protection of plasmid DNA from degradation, remaining
solvent in the course of NP preparation, and ease of obtaining

Figure 10 Histopathological analyses of the duodena and myocardia of chickens challenged with the highly virulent NDV strain F_E

489"

Notes: (A) Tissues of the duodena from chickens immunized with pFDNA-LDH@SiO,-NPs IN. (B) Tissues of the myocardia from chickens immunized with pFDNA-LDH@
SiO,-NPs IN. (C) Tissues of the duodena from chickens immunized with pFDNA-LDH@SiO,-NPs IM, naked plasmid pVAXI-F(o) DNA IM, or PBS IM. (D) Tissues of the
myocardia from chickens in groups immunized with the pFDNA-LDH@SiO,-NPs IM, naked plasmid pVAXI-F(c) DNA IM, or PBS IM.

Abbreviations: IM, intramuscularly; IN, intranasally; LDH, layered double hydroxide; NDV, Newcastle disease virus; NPs, nanoparticles; PBS, phosphate-buffered saline;
pFDNA-LDH@SiO,-NPs, NDV F gene encapsulated in the LDH@SiO,-NPs.
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high-quality SiO, NPs. The NPs that had the desired size
and retained the bioactivity of the loaded plasmid DNA
were produced under the optimal preparation conditions.
The average sizes of the pFDNA-SiO,-NPs, LDH, and
pFDNA-LDH@SiO,-NPs were 90.5, 99.1, and 371.93 nm,
respectively, and the zeta potentials were +1.43, +31.47,
and +31.63 mV, respectively. LDH@Si0,-NPs were dem-
onstrated to be able to bind and protect the plasmid DNA
by DNA protection assays. LC for incorporating DNA into
NPs is an important parameter, because it determines both
the effectiveness of the gene delivery and subsequent expres-
sion levels of encoded genes in vitro and in vivo.* In this
study, the prepared pFDNA-LDH@SiO,-NPs showed a large
surface area with an LC of 39.66%10.45 %. These results
show that the prepared pFDNA-LDH@SiO,-NPs have the
potential to serve as a DNA vaccine delivery system.

The FTIR and XRD analyses of pFDNA-LDH@SiO -
NPs showed that LDH and pFDNA-LDH@SiO,-NPs had an
obvious absorption peak and that the synthesized LDH had
a simple crystal phase and high crystallinity.

It was reported previously that the swelling of the NPs
and pH values of the released medium may influence the
release profile of the gene from NPs.’! Hence, the release
analysis study was conducted by incubating pFDNA-LDH@
SiO,-NPs in PBS (pH 7.4) and the cumulatively released
amounts were monitored at different time intervals. Figure 7
shows that the plasmid DNA could be released slowly from
the pPFDNA-LDH@SiO -NPs. These results indicate that the
LDH@Si0,-NPs can be used as a controlled release carrier,
prolonging the expression duration of the genes within the
body.

We showed that the expression of NDV-specific antigen,
F gene, was detected in vitro transfected assay. In the mean-
time, the in vitro cytotoxicity studies also showed that the pFD-
NA-LDH@SiO,-NPs had low cytotoxicity and high safety.
In vivo safety tests showed that the pPFDNA-LDH@SiO,-NPs
were safe for use either IN or IM and no pathological changes
were observed in the immunized chickens. These findings
show that the production procedures of NPs are safe and that
LDH@Si0,-NPs can retain the bioactivity of plasmid DNA.

A previous report showed that the main factor eliciting
mucosal immune response for effective mucosal vaccines
is the quick and strong release of a specific secretory IgA
(sIgA).” This is particularly critical for prevention of ND
because the transmission routes of NDV are mainly the respi-
ratory and digestive tracts. The nasal mucosa is the first portal
of entry for the inhaled antigens, which can lead to both effi-
cient mucosal and systemic immune responses.> Intranasal

immunization is a very effective way of eliciting mucosal
and systemic immune responses.’*> Therefore, the ability of
LDH@Si0,-NPs to elicit a mucosal immune response was
investigated. Our results revealed that pFDNA-LDH@SiO,-
NPs given IN induced stronger mucosal immune responses
and a more sustained release of plasmid DNA than the naked
plasmid DNA. Furthermore, the IgA antibody levels in the
pFDNA-LDH@SiO,-NPs IN chickens were much higher
than in our previously reported results (P<<0.05).3647

The LDH@Si0,-coupled NDV DNA vaccines could
also induce a humoral immune response which lasts for a
longer period of time. Our results showed that a high level of
IgG antibody titers was detected in chickens given pFDNA-
LDH@Si0,-NPs IN. The cellular immune response is essen-
tial for virus clearance®® even though the specific cellular
immunity is not sufficient by itself to protect against virulent
NDV.5 Lymphocyte homeostasis is required for the mainte-
nance of normal immune function. In our study, lymphocyte
proliferation assay showed that the chickens immunized IN
with the pPFDNA-LDH@SiO,-NPs had a significantly higher
SI than the chickens in other groups (P<<0.05). These results
clearly demonstrate that the pFDNA-LDH@SiO,-NPs sig-
nificantly enhanced the immune function of T lymphocytes
in the immunized chickens.

In summary, intranasal immunization of SPF chickens
with the pFDNA-LDH@SiO,-NPs induced stronger cellular,
humoral, and mucosal immune responses and achieved a
sustained release effect. Additionally, neither clinical signs
nor mortality were observed in chickens immunized IN with
the pFDNA-LDH@SiO,-NPs. After being challenged with
the virulent strain F,E,, the protective efficacy of pFDNA-
LDH@Si0,-NPs was as high as 100%.

This work has laid a good foundation for using LDH@
SiO,-NPs with a shell-core structure as a delivery carrier in
mucosal immunization for vaccines. In addition, this study
has also shown that LDH@SiO,-NPs can be a promising
technology for needle-free vaccination with great applica-
tion potential. However, despite its favorable bioavailability,
biodegradable nature, and long-term antigen release profile,
a successful LDH@SiO,-encapsulated vaccine is yet to
be developed and introduced for use in both animals and
humans. Currently, the NPs used in the field of DNA vac-
cine delivery are still at an early stage of their development.
A lot of challenges remain, such as a lack of understanding
of how the physiochemical properties of NPs affect the tar-
geted delivery of plasmid DNA and how the surface charge
and additional targeting may influence the uptake of vac-
cines, and the cost of preparing these NPs must be reduced.
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We believe that, with the development of technologies in
biomedical and material sciences, these challenges can be
eventually resolved in the future, and that LDH@SiO,-NPs
with a shell-core structure will be widely applied as delivery
carriers in the fields of vaccine antigens and biomedicine.

Conclusion

In this study, the biodegradable LDH@SiO,-NPs were
prepared in order to find effective vaccine delivery sys-
tems and immunostimulants. In vitro cellular experiments
showed that LDH@SiO,-NPs with a shell-core structure as
a delivery carrier for NDV DNA vaccine not only protected
the plasmid DNA from degradation, but also exhibited high
transfection efficiency. Animal experiments showed that
intranasal immunization of SPF chickens with pFDNA-
LDH@Si0,-NPs caused much stronger cellular, humoral,
and mucosal immune responses and achieved the sustained
release effect than the pPFDNA-LDH@SiO,-NPs IM, naked
plasmid pVAXI-F (o) DNA, and blank LDH@SiO,-NPs.
Further, immunization with pFDNA-LDH@SiO,-NPs also
induced significantly efficient T-cell proliferation. Our results
indicate that LDH@SiO,-NPs can serve as a promising DNA
vaccine delivery carrier for needle-free vaccination and have
great application potential.
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Figure S| Preparation of pFDNA-LDH@SiO2-NPs.
Abbreviations: APTES, 3-aminopropyl-triethoxysilane; LDH, layered double hydroxide; NPs, nanoparticles; pFDNA-LDH@SIO,-NPs, Newcastle disease virus F gene
encapsulated in LDH@SiO,-NPs; pFDNA-SiO,-NPs, Newcastle disease virus F gene encapsulated in SiO,-NPs; TEOS, tetraethyl orthosilicate.
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