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ABSTRACT: Resistant genes as an effective strategy to antivirus of plants are at the
core of sustainability efforts. We use the antiviral protein major latex protein 28
(NbMLP28 plasmid) and N-2-hydroxypropyl trimethyl ammonium chloride chitosan
(HACC) designated as the HACC/NbMLP28 complex as protective gene delivery
vectors to prepare nanonucleic acid drugs. The maximum drug loading capacity of
HACC was 4. The particle size of HACC/NbMLP28 was measured by transmission
electron microscopy and found to be approximately 40−120 nm, the particle dispersion
index (PDI) was 0.448, and the ζ-potential was 22.3 mV. This facilitates its ability to
deliver particles. Different controls of laser scanning confocal experiments verified the
effective expression of NbMLP28 and the feasibility of nanodelivery. The optimal ratio
of HACC/plasmid was 2:1. Finally, the nanoparticle/plasmid complex was tested for its
ability to control diseases and was found to significantly improve resistance to three
viruses. The enhanced resistance was particularly notable 4 days after inoculation.
Taken together, these results indicate that HACC/NbMLP28 is a promising tool to treat plant viruses. To the best of our
knowledge, this is the first study that successfully delivered and expressed antiviral protein particles in plants. This gene delivery
system can effectively load antiviral plasmids and express them in plant leaves, significantly affecting the plant resistance of three
RNA viruses.

■ INTRODUCTION

Plant viral diseases are widely distributed, pose a serious threat
to agriculture and forestry production, and cause enormous
economic losses of more than 50 billion euros per year
worldwide,1 making them the main factors that affect the yield
and quality of crops.2 Tobacco mosaic virus (TMV), cucumber
mosaic virus (CMV), and potato virus Y (PVY) are among the
top five viruses that harm plants.3 The current measures to
control plant viral disease rely heavily on aphid prevention,
agronomic practices, and virus-resistant plant varieties. The
effectiveness of these control methods is not clear, and the use
of transgenic technology and pesticides causes major problems
such as environmental pollution due to pesticide residues.
Therefore, the use of biotechnology to promote the cure of
plant diseases, particularly the effective control of plant viral
diseases, remains an urgent problem.
As an abundant laticifer-specific peptide, the major latex

protein NbMLP28 was first identified from the latex of opium
poppy (Papaver somniferum).4 NbMLP28 proteins are
members of the NbMLP28 subfamily of the Betv1 family
and exist in many plant species. The orthologues of NbMLP28,
the NbMLP28-like proteins, are also found in various plant
species, including Arabidopsis thaliana, soybean, and tobacco.
Previous studies in our laboratory have found that transgenic

plants overexpressing NbMLP28 have significantly enhanced
resistance to viruses.5 We have also observed an enhanced
virus resistance at both the mRNA and protein levels in N.
benthamiana overexpressing NbMLP28. The transformants
primarily express an antiviral effect compared with the control
group. However, the use of this vector is susceptible to host-
specific limitations and can only be used in some species of
plants.6 Therefore, we sought to use the plasmid constructed
with the NbMLP28 gene that harbors the 35S promoter to
complete a plant antiviral experiment based on the new
delivery strategy of nanomaterials.
Gene therapy has become a frontier area of research,

particularly with advances in nanotechnology.7 Delivery is a
critical challenge in plants since common abiotic transfection
techniques, such as heat shock, electroporation, and lipid- and
polymer-mediated delivery, that are used for microbes and
animals are typically ineffective in intact plants.8 In addition,
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the plant gene delivery tools, such as Agrobacterium-mediated
transformation, that have been used traditionally either limit
the range of plant species that can be transformed or exhibit
low transformation efficiencies and tissue damage from the use
of a high external force.9 Therefore, the focus of this research is
to use a simple method to transport corrective nucleic acids
into specific cells as molecular treatments to inhibit or interfere
with some deleterious or foreign genes in vivo. In short, the
combination of plasmid DNA and nanomaterials can efficiently
encode the transient expression of proteins and have a
protective effect on the degradation of nucleases in plants.
The key challenge in successful gene therapy is the
development of safe and efficient delivery vehicles and
methods.10 The preparation of N-2-hydroxypropyl trimethyl
ammonium chloride chitosan (HACC) by the chemical
modification of the quaternary ammonium salt group of
chitosan can solve the problems of poor stability, difficult
dissociation, and a low transfection rate of the HACC−

NbMLP28 nanocomplex under neutral conditions.11 Com-
pared with other nanomaterials, HACC is inexpensive,
biocompatible, typically not cytotoxic,12 effective in controlling
the drug release rate,13 and high polycation with a positive
charge.14 Also, it easily combines with nucleic acids owing to
their negative charges. In this study, we demonstrated the
delivery and ability of the nanocomplex to express proteins and
the separate resistance of the HACC/NbMLP28 nanocomplex
to three types of viruses. To the best of our knowledge, this is
the first study that successfully delivered and expressed
antiviral protein particles in plants. This gene delivery system
plays a key role in the scale-up and economics production of
plants with broad-spectrum viral resistance.

■ RESULTS
Optimal Drug Loading of the HACC/NbMLP28

Complex. To detect the binding of nanoparticles to plasmids,
we used a gel retardation assay to detect different N/P ratios

Figure 1. Agarose gel retention results of DNase I protection assay. (a) Lane 1: nanoparticle/plasmid complex (HACC/NbMLP28 plasmid 1:1);
lane 2: nanoparticle/plasmid complex (HACC/NbMLP28 plasmid 1:2); lane 3: nanoparticle/plasmid complex (HACC/NbMLP28 plasmid 1:3);
lane 4: nanoparticle/plasmid complex (HACC/NbMLP28 plasmid 1:4); lane 5: nanoparticle/plasmid complex (HACC/NbMLP28 plasmid 1:5);
lane 6: nanoparticle/plasmid complex (HACC/NbMLP28 plasmid 1:6); lane 7: nanoparticle/plasmid complex (HACC/NbMLP28 plasmid 1:7);
lane 8: bare nanomaterials used as CK negative controls (HACC); and lane 9: naked plasmid was used as the CK positive control. (b) Plasmid
concentration of the supernatant under different charge ratios of nanoparticle/plasmid complex.

Figure 2. Characterization of the HACC/NbMLP28 complex. (a) The HACC/NbMLP28 complex was prepared by HACC nanoparticles mimic-
loaded NbMLP28 plasmid using the heat-shock method and injected into plants. (b) Nanometer particle size. (c) Nanometer ζ-potential of pure
plasmids nanomaterial of HACC and HACC/NbMLP28 complex prepared at an N/P ratio of 2:1. (d) Transmission electron microscopy (TEM)
image of the HACC/NbMLP28 complex prepared at an N/P ratio of 2:1 and accelerated voltage of 80 kV at 150 000 magnification.
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(the ratio of moles of the amine groups of polyethylene imine
(PEI) to moles of the phosphate groups of plasmids). The
evaluation of the intensity of the agarose gel band is
recommended to get a quantitative idea of how much plasmids
interact with nanoparticles. Representative bands from gel
electrophoresis are shown when the N/P ratio is 1:5. This
indicates that HACC can be fully coated with the NbMLP2828
plasmid when the N/P ratio is 1:4. The results indicate that the
complexation of the nanoparticles and plasmids in an N/P
ratio of 1:4 shows excellent retardation, with the drug loading
capacity of HACC of 4 (Figure 1). The plasmid concentration
of the supernatant was positively correlated with different
charge ratios of HACC/NbMLP28 complexes, proving that
the drug loading capacity of HACC to plasmids correlated with
the N/P ratio (Figure 2).
Characterization of the HACC/NbMLP28 Complex. To

prepare the gene delivery system, we first loaded plasmids onto
nanoparticles to form nanoparticle/plasmid complexes and
then determined the nanocharacterization of the HACC/
NbMLP2828 complexes. The diameters of these complexes
were determined further by dynamic light scattering (DLS),
and the average diameter of the complexes was 65 nm and the

particle dispersion index (PDI) of the complexes was 0.407
(Figure 2b). The pure chitosan quaternary ammonium salt had
an average particle size of 1730 nm and a particle dispersion
index (PDI) of 0.448. The ζ-potential value of the nano-
particle/plasmid complexes was examined in more detail using
a potential measurement analyzer. The ζ-potential values of
plasmids, nanomaterials, and their complexes with an N/P
ratio of 2:1 were approximately −54.6, 50.7, and 22.3 mV,
respectively (Figure 2c). These results showed that the surface
of the HACC/NbMLP28 complex was positively charged, and
the mass of HACC was relatively higher than that of the
plasmid. This was consistent with the estimated value. The
plasmid was fully encapsulated, which facilitates the complete
delivery of nanodrugs. The morphology of nanoparticle/
plasmid complexes was examined by transmission electron
microscopy (TEM), which indicated that the HACC/
NbMLP2828 complexes were spherical (Figure 2d).

Transient Expression and Localization Analysis of
HACC/NbMLP28 In Vivo. The expression of the NbMLP28
plasmid was detected using laser scanning confocal microscopy
(LSCM). Seventy-two hours after infection, the HACC/
NbMLP28 complex had strong fluorescence on the cytoplasm.

Figure 3. Expression and nanodelivery results of HACC/NbMLP28 in vivo. (a) N. benthamiana leaves infiltrated with the NbMLP28/HACC
complex are imaged with confocal microscopy to determine the levels of RFP expression and the deliverability of HACC in the leaf lamina of each
plant. Among them, the NbMLP28 plasmid harbored the GFP fluorescence gene, and the nanomaterial HACC was labeled by FITC. (b) N.
benthamiana leaves infiltrated with TMV30B-HACC/NbMLP28. (c) N. benthamiana leaves infiltrated with TMV30B-NbMLP28. FITC,
fluorescent isothiocyanate; GFP, green fluorescent protein; RFP, red fluorescent protein.
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The red fluorescence came from RFP tags carried on the
NbMLP28 plasmid and the green fluorescence came from the
FITC-treated HACC (Figure 3a). The results showed that
there was red fluorescence in the mesophyll cells of N.
benthamiana 3 days later, and the NbMLP28 gene was
expressed in the N. benthamiana leaves (Figure 3b). Laser
confocal microscopy results revealed that the vector TMV30B-
HACC/NbMLP28 fluoresced in the cell membrane and
cytoplasm (Figure 3b). However, the negative control sample
TMV30B-NbMLP28 had no visible red fluorescence (Figure
3c); these results indicate that the nanomaterial HACC plays a
key role in gene delivery and plasmid expression.
The expression in plants was determined by RFP tags on the

plasmid, and the ability of the nanomaterial delivery carrier was
determined by the FITC labeling of chitosan quaternary
ammonium salt. TMV30B carries GFP tags and detects the
expression of the NbMLP28 gene under viral infection by its
transient infection. Different treatment schemes were used to
determine the efficacy of different complexes, and the HACC/
NbMLP28 complex was established to have the best ratio to
obtain the relatively highest expression.
Antiviral Effect of HACC/NbMLP28. To test the effect of

the HACC/NbMLP28 complex resistance to viral infection,
we inoculated TMV, PVY, or CMV into N. benthamiana after
infiltration with the HACC/NbMLP28 complex. In addition,
the levels of the viral coat protein (CP) gene and protein
expression were measured using qRT-PCR and Western
blotting, respectively.

The levels of gene expression of different treatments on days
2 and 4 were analyzed by quantitative real-time PCR. We
observed that inoculation of the PVY virus at 4 dpi resulted in
a 2 times higher level of expression of the PVY CP protein in
the control group compared with that in the treatment group.
The expression of the CP protein of the PVY control group
was significantly different from that of the treatment group
(Figure 4a). After inoculation with the TMV virus, the
expression of the CP protein of the N. benthamiana control
group was significantly different from that of the treatment
group, and the difference was significant on day 4 (Figure 4c).
After inoculation with the CMV virus, the expression of the CP
protein in the N. benthamiana control group was significantly
different from that of the treatment groups (Figure 4b). By
contrast, at 4 dpi, the PVY expression was reduced by 69.6%,
CMV expression by 25.5%, and TMV expression by 41.3%,
and the treated plants showed the strongest resistance to the
PVY virus. The virus was found to be highly expressed in the
control group and significantly inhibited in the treatment
group. This indicates that HACC/NbMLP28 had some broad-
spectrum resistance to the three viruses.
The transfection efficiency and gene expression of the gene

complexes were evaluated using a Western blot assay. To
detect the expression of TMV, PVY, and CMV proteins in
different experimental groups after inoculation with the viruses,
we used Western blotting for the molecular analysis to evaluate
the ability of the complex to interfere with the expression of
viral proteins. The results showed that the level of protein
expression in the control group was significantly higher than

Figure 4. qRT-PCR and Western blot were used to detect the expression of the viruses. (a) qRT-PCR analysis of the levels of expression of PVY
cDNA on days 2 and 4 in HACC/NbMLP28-treated N. benthamiana leaves. (b) qRT-PCR analysis of the levels of expression of CMV cDNA on
days 2 and 4 in N. benthamiana (tobacco) leaves treated with HACC/NbMLP28. (c) qRT-PCR analysis of the levels of expression of TMV cDNA
on days 2 and 4 in N. benthamiana leaves treated with HACC/NbMLP28. (d) Western blot analysis with the PVY CP antibody. (e) Western blot
analysis with the CMV CP antibody. An antibody to β-actin was used as the loading control. (f) Western blot analysis with the TMV CP antibody.
β-Actin antibody was used as a loading control. Tobacco leaves inoculated with HACC/NbMLP28 were used as the mock treatment. Negative
NbMLP28 was the control group, and positive NbMLP28 was the treatment group. There were two biological replicates. CMV, cucumber mosaic
virus; Dpi, day past inoculation; PVY, potato virus Y; qRT-PCR, quantitative real-time reverse transcriptase PCR; TMV, tobacco mosaic virus. Data
represent the average of at least three experiments, with the error bars representing the standard error of the mean (n = 3). The data were analyzed
with an independent sample T-test using IBM SPSS Statistics v.25 software, * indicated that values of the two treatments were significantly different
at P < 0.05.
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that in the treatment group, and the protein bands were in the
corresponding positions (Figure 4d−f). These results provide
further evidence that the HACC/NbMLP28 complex can
effectively transfer target genes to N. benthamiana leaves, and
the HACC/NbMLP28 nanoparticle/plasmid complex can be
effectively expressed in plants and strongly inhibit viral
expression.
Visually, the shape of N. benthamiana leaves in the control

group (empty plasmids and HACC) was significantly different
from those in the treatment group (HACC/NbMLP28) 6 days
after inoculation with CMV, PVY, and TMV, respectively. The
N. benthamiana leaves in the control group exhibited more
obvious necrosis, wrinkling, and uneven thickness (Figure 5).
This verifies the feasibility of using this gene delivery system to
express relevant proteins in plants for antiviral experiments.

In this study, we demonstrated the separate resistance of the
HACC/NbMLP28 nanocomplex formed by encapsulating
pDNA/nanomaterials together with three viruses. The ability
of the recombinant plasmid to control viruses in tobacco leaves
was analyzed by the difference in the levels of expression of the
viruses.

■ MATERIALS AND METHODS
Sample Preparation. The experimental plant was tobacco

(N. benthamiana). The infectious clone TMV30B was obtained
from the Virus Research Group of the Tobacco Research
Institute, Chinese Academy of Agricultural Sciences (Qingdao,
China). For inoculation, TMV30B-GFP was obtained from the
Key Laboratory of Tobacco Pest Monitoring (Qingdao,
China). N. benthamiana was grown in a greenhouse with a
photoperiod of 16/8 h (light/dark) at 25 °C. The leaves of two
replicates were collected from 4-week-old tobacco seedlings for
downstream experiments. The Qin15 method was used to
prepare the solutions of TMV, PVY, and CMV. The leaves of
N. benthamiana seedlings were inoculated with solutions of
TMV, PVY, and CMV by rubbing. Rubbing caused mechanical
damage to the leaves after spraying quartz sand evenly on the

leaves, thereby the virus effectively infected the plants.
Tobacco leaves were collected at 2 and 4 days after inoculation
(dpi). Three biological replicates were assessed.

Preparation of HACC Nanoparticles. Two grams of
HACC powder was dissolved in 100 mL of pure water that had
been sterilized in an autoclave. The resulting mixture was
stirred magnetically at room temperature to obtain 0.2 mg/mL
HACC. An aqueous solution of HACC (μg/mL, mg/mL) was
prepared based on the concentration of plasmid and adjusted
to concentrations of 2-, 5-, and 10-fold of plasmid DNA. The
plasmid was added to an aqueous solution of HACC drop by
drop at room temperature and then magnetically stirred at 400
rpm for 10 min. The solution was incubated at 55 °C for 1
min, vibrated for 30 s, and then incubated at room temperature
for 10 min to obtain the mixed solution.

Preparation of Expression Vectors. A Gate100 vector
was constructed and NbMLP28 was then inserted into the
pEarlyGate100 expression vector of carrier GFP tags that
contains the 35S promoter. The NbMLP28 plasmids were then
sequenced to confirm that the NbMLP28 genes were inserted
correctly. Since the NbMLP28 vector contains the NbMLP28
gene, it can be used to detect the efficiency of transfection in
tissues or cultures. RFP tags were inserted into the constructed
vector for subsequent gene expression verification. The
constructed vector was transformed into an Escherichia coli
strain, and the bacterial liquid was identified by PCR. The
plasmids were extracted using a Fast Pure Endo Free Plasmid
Maxi Kit (DC202-01; Vazyme, Nanjing, China). The
measured concentration of plasmid was between 200 and
1200 ng/μL, the average optical density (OD) A260/A280 was
1.89, and the purity of plasmid was up to the grade of the QA/
QC standard. The plasmid was amplified by PCR with a
GATE100 primer and suitable bands were detected by agarose
gel electrophoresis and stored at −20 °C.

Preparation of Nanoparticle/Plasmid Complexes. The
quaternary ammonium salt of chitosan nanoparticles was used
as the delivery carrier of pDNA and assembled by the
electrostatic force between the positive amino charge in the
quaternary ammonium salt of chitosan and the negative charge
on the nucleotide of the plasmid. The quaternary ammonium
salt of chitosan was coated with the plasmid to form spherical
nanoparticles. N-2-Hydroxypropyl trimethyl ammonium chlor-
ide chitosan solvent was dissolved in sterile water and stirred in
a magnetic mixer for 6 h to obtain a solution of HACC at a
concentration of 200 ng/μL.
The plasmid was diluted in 100 μL of sodium sulfate (20

mM) and added to 100 μL of HACC solution drop by drop.
The mixture was heated at 55 °C for 1 min, immediately
swirled at high speed for 30 s, and incubated at room
temperature for 1 h to promote the formation of nanoparticles.
The nanoparticle/plasmid complex (HACC/NbMLP28) was
formed for subsequent detection.

Drug Loading and Characterization. The interaction
between plasmids and nanoparticles under different ratios of
N/P was detected by a gel retardation assay. To test the ability
of nanoparticles to bind plasmids, a gel mobility shift assay was
used to detect different ratios of N/P (the molar ratio of the
amine group of polyethylene imine (PEI) to the phosphate
group of the plasmid), which represent the ratio of the weight
between the directly used and the NbMLP28/pDNA complex.
We used seven ratios of N/P (10:1, 2:1, 1:1, 1:2, 1:5, 1:10, and
1:20) as the control group for the antiviral reagent, and pure

Figure 5. Characterization of N. benthamiana leaves. The shape of N.
benthamiana leaves in the control group (CK-HACC/empty plasmid)
was significantly different from those of the treatment group (HACC/
NbMLP28) 6 days after inoculation with CMV, PVY, and TMV. The
leaves in the control group had more obvious necrosis, wrinkling, and
uneven thickness. All of the experiments were conducted with intact
leaves that were attached to healthy plants. CMV, cucumber mosaic
virus; PVY, potato virus Y; TMV, tobacco mosaic virus.
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plasmids and pure HACC liquid of the same mass as the
positive and negative controls, respectively.
The samples of the recombinant plasmid (10 μL), various

HACC/recombinant plasmid nanoparticles (10 μL), and pure
solutions of HACC (10 μL) were mixed with 2 μL of the gel
loading buffer. The gel was stained with Gel Red and loaded
onto a 1.0% agarose gel in TBE buffer at pH 8.0. The samples
were electrophoresed at 80 V for 30 min and visualized under
UV light. Then, we used a UV spectrophotometer to measure
the plasmid concentration of the supernatant of the nanoma-
terial plasmid complex under different charge ratios.
Characterization of the HACC/NbMLP28 Complex.

The potential of nanoparticle/plasmid complexes was
determined by a potential measurement (Zetasizer Nano
ZS90, U.K.) analyzer as the average of the three experiments.
The nanomaterial plasmid complex was dropped onto a copper
film with a carbon mesh, dried, and observed under a vacuum
electron microscope. In brief, the morphology of nanoparticle/
plasmid complexes was observed by scanning electron
microscopy (SEM) and a Nanometer particle size potential
analyzer (Malvern Nano ZS90, U.K.). The scanning image,
particle size, and ζ-potential of the composite were obtained.
Expression and Localization Were Measured by Laser

Scanning Confocal Microscopy. The preparation of
HACC/NbMLP28/RFP was used to determine whether the
target protein NbMLP28 was expressed in the leaves of N.
benthamiana. We used HACC with a fluorescein isothiocyanate
(FITC) label to encapsulate the NbMLP28 plasmid with an
RFP label. To detect the efficiency of the expression of the
HACC/NbMLP28 complex and the delivery effect of
nanomaterials, a TMV30/GFP vector was transformed into
Agrobacterium tumefaciens and then instantaneously used to
infect tobacco. The HACC/NbMLP28-RFP complex and
NbMLP28-RFP pure plasmid were injected, respectively. Laser
scanning confocal microscopy was used to measure the
expression of the NbMLP28 plasmid in the leaves of N.
benthamiana. A 0.5 cm2 section of an inoculated leaf was
placed on a slide and observed under a confocal laser
microscope. The NbMLP28 plasmids were labeled with RFP
tags, and red fluorescence could be observed under a confocal
microscope. TMV30B was tagged with the gene for green
fluorescent protein (GFP), and green fluorescence could be
observed under a confocal laser microscope after the
instantaneous infection of N. benthamiana leaves.
HACC was labeled with FITC, which was dissolved in

DMSO at a concentration of 1 mg/mL, and a 1% solution of
N-2-hydroxypropyl trimethyl ammonium chloride chitosan
solution was prepared with water. An equal volume of FITC
was mixed with a solution of N-2-hydroxypropyl trimethyl
ammonium chloride chitosan, stirred at room temperature for
3 h in the dark, and dialyzed at 8000−14 000 Da for 3 days to
obtain HACC/FITC. FITC should fluoresce green under a
confocal laser microscope.
The sample of HACC/NbMLP28/RFP uses mCherry

fluorescent in 552 nm as an excitation light with an intensity
of 8.78 and a receiving light of 506−533. The mCherry and
TIFC wavelengths of the samples of HACC/NbMLP28/
TMV30B and HACC/NbMLP28/FITC were 488 nm as the
excitation light, and the light intensity was 5.75 and the
received light was 603−643. QA/QC procedures were strictly
followed during method implementation.
qPT-PCR Assay. The empty carrier and HACC were used

as control groups. When the experimental plant was grown to a

suitable size, isostatic leaves of the same size were selected. In
the control group, 2 mL of the complex was injected into each
treatment, and 60 μg of the plasmid was infiltrated into each
leaf. After 24 h, the virus is inoculated by friction. Each
treatment had three biological replicates at 25 °C and 16 h of
light. The samples were collected at 2 and 4 dpi and frozen in
liquid nitrogen.
Quantitative real-time reverse transcriptase PCR (qRT-

PCR) was used for the relative expression assays. RNA was
extracted using the Trizol reagent (Invitrogen) and stored at
−80 °C for later use. The concentration of RNA was detected,
and the cDNA was synthesized after the standard had been
reached. All of the qRT-PCR reactions were performed in 10
μL reaction solutions with four technical replicates in a 96-well
format and read using a 7500 Fast Realtime PCR system
(Applied Biosystems) for the 96-well plates. With actin as an
internal reference and the Ct value of the control group as a
standard value of 1, a qRT-PCR reaction was performed on
ABI7500 using the relative method formula 2−ΔΔCt to calculate
the relative levels of expression of the virus in leaves that had
been treated differently. qRT-PCR that incorporated SYBR
Green qRT-PCR methodology was utilized. The data were
analyzed with an independent sample T-test using IBM SPSS
Statistics v.25 software. Differences were considered significant
when P < 0.05.

Western Blotting Assay. The total protein from 100 mg
of samples was extracted using a Pierce Classic IP Kit (Pierce),
with protease inhibitors, lysis/wash buffer, halt protease
(Thermo Scientific), and phosphatase inhibitor cocktails
(Thermo Scientific). The proteins were separated on a 10%
polyacrylamide gel. Immunoblot analysis was conducted using
a rabbit antibody (1:5000, Invitrogen) for virus-expressed CP
and virus CP antibody (1:2000) to detect the viral CP
proteins. The antigens were detected by chemiluminescence
using a reagent that detected an ECL reagent (SuperSignal
West Pico Trial Kit). The intensity of bands was quantitatively
measured using β-actin as an internal reference.

■ DISCUSSION
Plant viral diseases are among the most serious pathogens in
agricultural areas all over the world, and they deleteriously
affect the development of crops.16 Despite advances in genetic
engineering in many biological species that can effectively
prevent and cure viral diseases, the transport of biomolecules
into plant cells remains one of the major limitations to the
rapid, large-scale, and high-throughput implementation of
plant genetic engineering, particularly intact plant tissues and
organs.17 Therefore, we proposed a gene delivery system using
HACC as the gene carrier, which should be biocompatible,
stable, and highly efficient.18 The gene delivery system plays a
key role in the delivery of antiviral genes in a broad spectrum
of plants. This gene delivery system avoids the complicated
experimental steps of Agrobacterium transformation and can
highly efficiently deliver DNA to tobacco leaves without
transgenic integration and with low toxicity and tissue damage.
While selecting nanodelivery materials, HACC is considered

to be an effective gene delivery vector because it is positively
charged and can easily combine with negatively charged
plasmid DNA.19 In this study, we report the successful
preparation of the HACC/NbMLP28 complex and demon-
strated its ability to be transiently expressed in cells. The size of
the complex is crucial for cell uptake. The HACC/NbMLP28
complex prepared in this study is spherical, with sizes ranging

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05295
ACS Omega 2021, 6, 33953−33960

33958

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


from 40 to 150 nm, and the plasmid is evenly distributed in the
nanoparticle, which is an important feature of the cell delivery
carrier.20 Studies have shown that small complexes can enter
the cells through endocytosis and pinocytosis,21 thus
improving the transfection efficiency of the delivery system.
We prepared the complex gently, adjusted the concentration of
HACC and plasmid, controlled the stirring rate and other
parameters, and achieved control of the particle size and
surface charge of the complex. The customization of these
characteristics provided the best ratio and ideal efficacy.
Another interesting result was that the final antiviral effect
differed by changing the mass ratio of HACC to plasmid DNA
(pDNA). Although the exact mechanism of HACC to pDNA
mass ratio on the transfection efficiency is not clear, the most
efficient antiviral effects took place when the mass ratio was
2:1. A correlation between the mass ratio of HACC to DNA
and the transfection efficiency has also been reported in
previous studies.22 We hypothesize that the HACC/DNA
complex protects pDNA from delivery barriers, such as
intracellular proteins and DNA-degrading enzymes,23 thereby
improving the possibility of effective gene introduction into the
nucleus and efficient gene expression. This method also
facilitates the establishment of transient or stable gene
expression systems to study plant−virus interactions at the
cellular levels.24

While nanomaterials have been studied for gene delivery
into animal cells,25,26 their potential for plant systems merits
more study. Most of the foundational studies deliver only
nonfunctional cargoes, are conducted in protoplast cell culture,
or use mechanical aids, such as gene guns27 or ultrasound,28 to
enable the entry of nanoparticles into the walled plant cells. In
addition, the global regulation of genetically modified
organisms (GMOs) is driving the development of future
approaches to nonintegrated or DNA-free plant genetic
transformation, where the gene expression transmitted is
transient, and foreign DNA is not integrated into the plant
genome.29 The commonly used plant transformation tool
Agrobacterium-mediated transformation produces random gene
integration, and the transgenic cycle is too long. Although the
selection of resistant varieties is efficient and long-term, it still
has the possibility of transgenic harm.30 DNA transfer methods
using gene guns or other external forces lead to cell damage,31

which leads to an increase in the rate of transgenic integration.
Repair mechanisms in plants that result in stress DNA

damage inevitably have an immeasurable impact on the quality
and variety of crops. Therefore, the short-term gene delivery
system presented in this paper, as a new method of the
transient expression of the delivery of exogenous genes into
plants, provides a new option for the development of antiviral
resistance. Furthermore, HACC-based plant transient trans-
formations are a useful addition to the plant biotechnology
toolkit.
The world’s staple food crops, and other food crops that

optimize human nutrition, suffer from global virus disease
pandemics and epidemics that greatly diminish their yields or
produce quality.32 We face significant challenges for food
production, and an evaluation of actual practical applicability
needs to be part of the entire research and development
process if we are to develop viable and effective solutions.33

Otherwise, we run the risk of wasting time on strategies that
will never be useful in the real world. This nanodelivery system
can improve the ability of plants to resist viruses economically

and effectively and is conducive to the scale-up and economics
production of crops.
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