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Abstract
RNA interference is triggered in plants by the exogenous application of double-stranded RNA or small interfering RNA
(siRNA) to silence the expression of target genes. This approach can potentially provide insights into metabolic pathways and
gene function and afford plant protection against viruses and other plant pathogens. However, the effective delivery of biomo-
lecules such as siRNA into plant cells is difficult because of the unique barrier imposed by the plant cell wall. Here, we demon-
strate that 40-nm layered double hydroxide (LDH) nanoparticles are rapidly taken up by intact Nicotiana benthamiana leaf
cells and by chloroplasts, following their application via infiltration. We also describe the distribution of infiltrated LDH nano-
particles in leaves and demonstrate their translocation through the apoplast and vasculature system. Furthermore, we show
that 40-nm LDH nanoparticles can greatly enhance the internalization of nucleic acids by N. benthamiana leaf cells to facilitate
siRNA-mediated downregulation of targeted transgene mRNA by 470% within 1 day of exogenous application. Together, our
results show that 40-nm LDH nanoparticle is an effective platform for delivery of siRNA into intact plant leaf cells.

Introduction
Recent developments in biotechnology have enabled effec-
tive molecular manipulation of plant physiology by topical
application of exogenous biomolecules, including DNA,
RNA, and proteins, for plant science research, and enhanced
agricultural and pharmaceutical production (Koch and
Kogel, 2014; Altpeter et al., 2016; Lv et al., 2020). In particu-
lar, RNA interference (RNAi) induced by topical application
of double-stranded RNA (dsRNA) or small interfering RNA
(siRNA) has been demonstrated to be an effective technol-
ogy for plant protection against viruses and other invading
pathogens, as well as to provide an alternate platform to

molecularly manipulate metabolic and synthetic pathways
in planta (Key et al., 2008; Koch and Kogel, 2014; Guo et al.,
2019; Liu et al., 2021). However, the cell wall and plasma
membrane of plant cells limit the internalization of topically
delivered biomolecules (Bennett et al., 2020). Therefore, vari-
ous approaches have long been sought to deliver biomole-
cules into intact plant cells. These methods include the use
of Agrobacterium tumefaciens-based, viral-based transforma-
tion systems, and biolistic gene guns, and direct leaf spray
specifically for the delivery of dsRNA or siRNA. Given that
(1) Agrobacterium and viral transformation systems are spe-
cies dependent and restricted to the transfer of DNA, (2)
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damages often occur to the plant tissues, cells, and genome
after biolistic bombardment, (3) the biomolecule cargos are
fragile and easily denatured, and (4) effective delivery of bio-
molecules to subcellular structures may be required, there is
a need for more feasible, benign, biocompatible, and univer-
sal delivery approaches (Cunningham et al., 2018; Liu et al.,
2019; Wang et al., 2019; Torti et al., 2021; Hoang et al., 2022;
Uslu et al., 2022).

Nanoparticles have been demonstrated to be efficient
vehicles for the delivery of biomolecules and/or pharmaceu-
tics into mammalian cells (Cao et al., 2020; Sun et al., 2021).
Recently, nanoparticles have also been investigated as car-
riers for biomolecule delivery into intact plant tissues. For
example, layered double hydroxides (LDHs), carbon-based
nanomaterials, mesoporous silica nanoparticles, DNA nano-
structures, and gold clusters, have all been used for the suc-
cessful delivery of plasmid DNA or RNA into intact plant
tissues to modify gene expression, edit the plant genome,
and/or manipulate plant cell physiology (Martin-Ortigosa
et al., 2014; Mitter et al., 2017; Demirer et al., 2019; Hua
et al., 2019; Zhang et al., 2019; Schwartz et al., 2020; Zhang
et al., 2021). When compared to conventional approaches,
nanoparticle-mediated delivery of biomolecules into plant
cells offers several advantages, including species indepen-
dence, almost no damage to plant tissues and genomes, the
controlled release of delivered biomolecular cargo, and the
capacity to target-specific subcellular structures (Mitter
et al., 2017; Kwak et al., 2019; Santana et al., 2020). Indeed,
nanoparticles have the potential to enable the delivery of
biomolecules into plant cells and cellular compartments in a
noninvasive way.

LDH is a family of biocompatible and degradable
hydrotalcite-like clay materials with mixed divalent and tri-
valent metal hydroxide layers, between which there are in-
tercalated anions and water molecules (Xu and Zeng, 2001).
The distinct layer structure and positively charged nature
enable LDH nanoparticles to be suitable biomolecule car-
riers, along with good biocompatibility, which has been ef-
fectively demonstrated in biomedical and pharmaceutical
applications (Xu et al., 2006b; Chen et al., 2018b). LDH nano-
materials have also been shown to effectively protect plants
against viruses via their slow release of anti-virus dsRNA
onto the leaf surface (Mitter et al., 2017). Furthermore, small
LDH nanoparticles (550 nm) have been demonstrated to
enhance dsRNA internalization by developing pollen to in-
duce efficient RNAi (Yong et al., 2021). However, it remains
to be understood whether intact leaf cells can take up LDH
nanoparticles along with biomolecules, or nanocarriers can
translocate within the leaf and plant. Addressing these ques-
tions will provide further mechanistic insight into the possi-
bility of designing new nanoparticle platforms for efficient
delivery of biomolecules into whole plants.

Hence, the aim of this research was to: (1) elucidate
whether 40-nm LDH nanoparticles infiltrated into the leaf
are internalized by intact leaf cells; (2) investigate whether
LDH nanoparticles are translocated in the leaf apoplast and/

or the vasculature system; and (3) use LDH nanoparticles to
deliver siRNA molecules into intact leaves to efficiently in-
duce silencing of a target gene. We demonstrate that 40-nm
LDH nanoparticles translocate within the apoplast regions
and the vasculature system of leaves, and are subsequently
internalized into plant cells and chloroplasts, and facilitate
the delivery of siRNA for effective target gene silencing.
Taken together, the findings reported in this study show
that small LDH nanoparticles form an efficient and alternate
platform for the delivery of exogenous biomolecules into in-
tact leaves, with chloroplast penetrating ability, for plant
trait modification.

Results

Characteristics of LDH nanoparticles
The hexagonal sheet-like morphology of well dispersed LDH
nanoparticles can be clearly observed via transmission elec-
tron microscopy (TEM) imaging (Figure 1A). The sheet di-
ameter of LDH nanoparticles measured in these TEM images
was distributed in the range of 20–70 nm, with the majority
of nanoparticles having the diameter of 30–50 nm and an
average diameter of �41 nm (Figure 1B). This distribution
was in accordance strongly with the particle size distribution
measured by dynamic light scattering (DLS; Figure 1B;
Supplemental Table S1), with the average hydrodynamic di-
ameter of 34 nm and a f-potential of 43 mV. As illustrated
in Supplemental Figure S1 and Supplemental Table S1, label-
ing with FITC did not change the characteristics of the LDH
nanoparticles, while loading of the siRNA cargo caused a
slight degree of particle aggregation and slightly increased
the average diameter to 45 nm (Supplemental Table S1).
The atomic force microscopy image (Figure 1C) showed the
majority of LDH nanoparticles had the thickness in the
range of 4–8 nm, with an average thickness of around 5.8
nm (Supplemental Table S1) as well as an average diameter
of 38 nm, which is in accordance with the TEM-based esti-
mation (41 nm). Thus, the ratio of the average diameter to
the estimated thickness of these LDH nanoparticles was ap-
proximately 6–7, a reflection of the platelet-like nature of
LDH nanoparticles (Xu et al., 2007). The X-ray diffraction
(XRD) pattern (Figure 1D) showed characteristic diffraction
peaks typical of LDH nanoparticles (Xu and Zeng, 2001),
with 2h angles at 11.5�, 23.0�, and 34.6� corresponding to
(003), (006), and (012) crystal planes, respectively.

Foliar uptake of LDH nanoparticles through leaf
infiltration
Fluorescein isocyanate-labeled LDH nanoparticles (LDH–
FITC) were infiltrated into wild-type Nicotiana benthamiana
leaves through the abaxial surface of the leaf with a needle-
less syringe to assess the degree of internalization of the
LDH–FITC nanoparticles by leaf cells. The abaxial epidermal
layer and spongy mesophyll cells of infiltrated leaves
(Figure 2, A and B) were imaged with a confocal imaging
system at 90 min after infiltration. The magenta autofluores-
cence of chlorophyll was adopted as the indicator to identify
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the intracellular region of mesophyll and epidermal cells. As
expected, infiltration of free FITC dye showed negligible
green fluorescence (Figure 2A). However, in leaves infiltrated
with an equivalent concentration of FITC delivered in com-
plex with LDH nanoparticles, termed LDH–FITC (i.e. 100 mL
of LDH–FITC, 10 mg � L–1 of FTIC loaded with 200 mg�L–1

of LDH–FITC), a very strong and consistent green florescent
signal was observed within mesophyll cells at 90-min post
infiltration (Figure 2A).

Very strong green fluorescence was found with or around
the magenta chloroplast fluorescence of mesophyll cells
(Figure 2A), suggesting LDH nanoparticles were not only
successfully internalized into the cytosol of these cells.
Three-dimensional Z-stack images and the cross-sectional
views of infiltrated leaves (Supplemental Figure S2) further il-
lustrated the distribution of LDH–FITC nanoparticles in the
leaf cells, where the majority of LDH–FITC nanoparticles
were localized to the cytosol of chlorophyll cells at 90-min
post infiltration. In addition, clear green fluorescence in the

abaxial epidermis and particularly guard cells of LDH–FITC-
infiltrated leaves was observed to predominantly localize to
the cytosol (Figure 2A; Supplemental Figure S2).

Remarkably, the fluorescence of LDH–FITC nanoparticles
in plant cells was confirmed to colocalize with chlorophyll
autofluorescence (Figure 2, A and B). Representative quanti-
tative analysis of fluorescence intensity in several individual
chloroplasts labeled with white lines #1–5 in Figure 2B
demonstrated clear colocalization between the chloroplast
channel and the LDH–FITC channel (Figure 2C). Since chlo-
rophyll is mainly located on the thylakoid membrane in
chloroplasts and the LDH–FITC distribution was slightly de-
viated from the chlorophyll distribution in high resolution
images and intensity analysis, Figure 2, B and C suggest that
the nanoparticles are more likely to locate in the stroma
of the chloroplasts, instead of the membrane structures.
A one-to-one pixel matching colocalization analysis was
conducted (Supplemental Figure S3), which showed that
the correlation coefficient between the chloroplast and

Figure 1 Physicochemical characteristics of LDH nanoparticles investigated in this study. A, Representative TEM image of LDH nanoparticles
(bar, 100 nm). B, Size distribution of LDH nanoparticle measured by dynamic light scattering (DLS) and counted from TEM images (bars and simu-
lated line). C, Representative atomic force microscope (AFM) image of LDH nanoparticles and representative thickness curve of LDH nanoparticles
(insert graph). D, XRD pattern of LDH nanoparticles, with characteristic crystal plane indexes corresponding to the peaks.
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LDH–FITC channels in mesophyll cells was 0.60± 0.03
(n = 3), significantly higher than that of the blank control
group (0.10± 0.01) and FITC alone group (0.16± 0.03). The
data thus not only reveal the rapid internalization of LDH–
FITC nanoparticles into the plant cell cytosol, but also dem-
onstrate the preferential association of the internalized
LDH–FITC nanoparticles with chloroplasts. The preferential
association was further illustrated by the colocalization of
LDH–FITC nanoparticles with isolated chloroplasts upon co-
incubation in vitro (Supplemental Figure S4). Taken to-
gether, these data infer that the LDH nanoparticles adhere
well to the surface of chloroplasts, enabling their subsequent
import into the organelles.

We also tested the leaf internalization of LDH–FITC nano-
particles by wheat (Triticum aestivum) as a model monocot
plant (Supplemental Figure S5). Green fluorescence of LDH–
FITC was observed in the cytosol of wheat mesophyll cells
at 90-min post infiltration. Similarly, the fluorescence was lo-
cated around or directly overlaid with the chlorophyll auto-
fluorescence, implying the potential species-independent
delivery ability of LDH nanoparticles.

LDH nanoparticles also showed good biocompatibility. As
shown in Supplemental Figure S6, negligible damage to
plant cells and chloroplasts was observed at 1- or 24-h
post leave infiltration with LDH nanoparticles at the doses
of 200 and 5,000 mg�L–1, comparable to nontreated leaves.

Figure 2 Representative confocal images of LDH internalization by N. benthamiana leaves infiltrated via the abaxial surface. A, Confocal images
of abaxial mesophyll cells and epidermal cells of nontreated leaves and leaves infiltrated with fluorescein isocyanate (FITC, 10 mg L–1, 100 mL)
and FITC-labeled LDH (LDH–FITC, 200 mg L–1 LDH, 10 mg L–1 FITC, 100 mL) at 90-min post-infiltration. B, High-resolution confocal images of
mesophyll cells on the abaxial side of nontreated leaves and leaves infiltrated with LDH–FITC at 90-min post-infiltration. C, Typical fluorescence
intensity curves for localization of LDH–FITC and chloroplasts labeled with white lines and 1–5 in (B).
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Meanwhile, a repeated infiltration of LDH nanoparticles at 0
and 48 h and observation at 72 h did not show any damage
to the leaves. In contrast, obvious distortion in the leaf cell
and chloroplast structure and morphology was observed for
leaves at 1 h after infiltration of a positive control for cell
damage, namely 2-(N-morpholino)ethanesulfonic acid (MES)
buffer containing 1% (w/v) sodium dodecyl sulfate (SDS)
(Supplemental Figure S6).

Translocation of LDH nanoparticles in leaves
To further uncover the mechanics of LDH nanoparticle
uptake by the cells of infiltrated leaves, we examined
the translocation of infiltrated LDH–FITC nanoparticles in
the leaves at 30- and 90-min post infiltration. As illustrated
in Figure 3A, at 30-min post infiltration, weak green fluores-
cence emitted from the LDH–FITC nanoparticles was ob-
served in the plant cells of infiltrated leaves. Clearly, the
green fluorescence signal did not colocalize with the magenta
fluorescence signal of the chloroplasts at this timepoint. This
finding indicated that at 30-min post infiltration the majority
of LDH–FITC nanoparticles were located within the extracel-
lular space of infiltrated leaves. In sharp contrast, at 90-min
post infiltration, a strong green fluorescence signal was evi-
dent in the mesophyll cells, and further this signal was ob-
served to primarily colocalize with the magenta fluorescence
signal emitted by chloroplasts (Figure 3A). This finding dem-
onstrated that LDH nanoparticles enter the cytosol of leaf
mesophyll cells from the extracellular apoplast within 30–90
min of infiltration (Supplemental Figure S7). Furthermore,
this observation is highly similar to our previous report that
LDH nanoparticles are quickly taken up by developing to-
mato pollen (Yong et al., 2021). LDH–FITC nanoparticles
were also observed within adaxial epidermal and mesophyll
cells at 90-min post infiltration (Supplemental Figure S8).

As shown in Figure 3B, when LDH nanoparticles were infil-
trated into leaves, they did not show an even pattern of dis-
tribution throughout the infiltrated area. At 5 min after
infiltration, the accumulation of LDH nanoparticles was
highly concentrated around the point of infiltration, and
then steadily decreased in intensity according to the dis-
tance from the point of infiltration (green line, Figure 3C).
Thus, the apoplast seemed to act as a filter to restrict the
movement of the LDH nanoparticles relative to the water
component of infiltration solution. More specifically, the
highest abundance of LDH nanoparticles was located within
0.1–0.3 cm of the infiltration point, whereas the water com-
ponent of infiltration solution was observed to extend to
1.5–2.5 cm from the point of infiltration. Accordingly, the
abundance of LDHs within the infiltrated area of the leaf
gradually decreased from approximately 180–190 fluores-
cence units at the infiltration point, to approximately 12–14
fluorescence units at a distance of 1.4–1.5 cm away from
the infiltration point, a value that was nevertheless substan-
tially higher than that of the background signal (55 units,
blue line, Figure 3C). At 90-min post infiltration, the LDH
nanoparticle distribution curve had flattened, when com-
pared to the shape of the curve at 5-min post infiltration. A

lower fluorescence intensity was observed within 0–0.3 cm
of the infiltration point but increased fluorescence was evi-
dent at more than 0.3 cm away from the infiltration point
(red curve, Figure 3C). The flattening of the distribution
curve thus strongly suggests that LDH nanoparticles gradu-
ally diffuse from the point of infiltration to the surrounding
area within 90 min of their application.

We conducted additional experiments using nanoparticles
that were either larger in size (4100 nm), or very small in
physical size (3–5 nm), compared to the preferred size of
40 nm for LDH nanosheets. More specifically, larger LDH
nanoparticles with an approximate diameter of 4100 nm
were observed to solely accumulate in the area immediately
adjacent to the infiltration point (Supplemental Figure S9).
In direct contrast, smaller sized quantum dot nanoparticles
of 3–5 nm in diameter were observed to be uniformly
distributed throughout the infiltrated area of the leaf imme-
diately post the application of the infiltrate. These images
clearly show that the degree of nanoparticle movement
through the apoplast was size dependent. Time-course im-
aging (Supplemental Figure S10) reveals that the transloca-
tion and accumulation of LDH–FITC nanoparticles in the
vasculature occurred within 30–90 min after leaf infiltration.
The green fluorescence of LDH–FITC nanoparticles was ob-
served in vasculature structures and nearby mesophyll cells
(Figure 3D). These nanoparticles were also observed in the
vasculature system of both the inside (ROI1) and outside
(ROI2) regions with respect to the site of infiltration
(Figure 3D), suggesting that the infiltrated LDH nanopar-
ticles translocate along and most probably within the veins
of intact leaves.

To confirm our hypothesis that LDH–FITC nanoparticles
translocate along or within the leaf vasculatures, leaves were
excised from plants, and subsequently the cut point of
the petiole of each excised leaf was directly immersed into a
1.5-mL microfuge tube that contained MES buffer (pH 6.0)
supplemented with LDH–FITC nanoparticles. This approach
was undertaken to allow the LDH nanoparticles within the
MES buffer to directly enter the veins of detached leaves
(Figure 4, A and B). In contrast to detached leaves treated
with FITC only solution, where negligible fluorescence was
observed (Supplemental Figures S11 and S12), much more
intense fluorescence signals were observed in the main and
secondary veins of detached leaves after 5–20 min of incu-
bation with LDH–FITC solution (Figure 4A), and the fluores-
cence increased to almost four times higher in intensity at
10 h (Supplemental Figure S13). The observed fluorescence
continued to migrate distally from the excised petiole tips
through the vascular system of detached leaves as the pe-
riod of incubation in LDH–FITC MES buffer solution was ex-
tended. For example, after 10 h of incubation, strong green
fluorescence was readily observed in the main, secondary,
and tertiary veins of excised leaves (Figure 4A; Supplemental
Figure S12).

Cross section images of leaf midrib at 4 h after petiole ap-
plication of LDH–FITC were taken to examine through
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Figure 3 Internalization and translocation of LDH nanoparticles after infiltration into the whole leaf. A, Representative confocal microscope
images of leaves infiltrated with LDH–FITC (100 mL, 200 mg L–1 LDH, 10 mg L–1 FITC) at 30- and 90-min post infiltration. B, Representative image
of leaf infiltrated with LDH–FITC at 5 min after infiltration (red fluorescence from chlorophyll and green fluorescence from LDH–FITC). Black dot
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where the nanoparticles translocate and how they are dis-
tributed and accumulated (Supplemental Figure S14). Cell
impermeable Dextran–FITC was applied as the xylem mobile
only model molecule for comparison. The fluorescence of
LDH–FITC nanoparticles was detected along the xylem cell
wall, and in phloem and collenchyma cells below and above
the xylem, respectively, as well as in leaf mesophyll cells.
Some of the LDH–FITC signals in the images is likely derived
from collapsed cells that were damaged during sectioning.
Nevertheless, the images suggest that the LDH–FITC nano-
particles are translocated through the xylem, and possibly
the phloem, into the cells around the xylem of the leaf peti-
ole applied with LDH–FITC. On the contrary, weak
Dextran–FITC signal was only observed along the xylem

wall. The low fluorescence intensity inside the xylem was
possibly caused by the low retention and accumulation rate
of nanoparticles and molecules, due to the lack of cell
organelles and complex structures in the xylem.

Further analysis showed time-dependent accumulation of
LDH–FITC fluorescence intensity in the main vein of excised
leaves at a distance 0.2 cm from the tube filled with LDH–
FITC solution (point A, Figure 4B). An increasing accumula-
tion of LDH–FITC signal was observed at this distance over
the first 5 h of incubation, which was then followed by a
plateauing at this point onward (Figure 4C). A similar curve
was obtained for the main leaf vein at a distance of 1.0 cm
from the tube (point B, Figure 4B); however, the increment
of increased FITC fluorescence over time was relatively less

Figure 3 (Continued)
illustrates infiltration point; dotted arrow represents the line for analysis of nanoparticle translocation from the infiltration point (see (C)); dashed
bold line indicates the boundary of infiltration area where infiltrated solution reached immediately after infiltration; ROI indicates regions of inter-
est relative to infiltration point and infiltrated area (see (D)). C, Green fluorescence intensity at various distances from infiltration point of non-
treated leaves and leaves infiltrated with LDH–FITC at 5- and 90-min post infiltration, with the average intensity based on three biological
replicates (independent treatment on different leaves). D, Representative confocal microscope images of LDH–FITC (200 mg L–1, 100 mL) in veins
and surrounding cells inside (ROI1) and outside (ROI2) the infiltrated area of leaves at 90-min post infiltration.

Figure 4 Translocation of LDH nanoparticles in veins of excised leaves. A, Representative images of translocation of LDH–FITC along or inside the
veins of excised leaves treated with LDH–FITC (200 mg L–1 LDH, 10 mg L–1 FITC) in pH 6.0 MES buffer (bar, 1 cm). B, Representative image of the
experiment system used; the petiole of the excised leaf was immersed in a tube filled with pH 6.0 MES buffer containing 200 mg L–1 LDH–FITC
(bar, 1 cm; dashed line represents tube filled with LDH–FITC; white dots are representative points where time-dependent analysis of fluorescence
was conducted; arrowed line indicates the main vein region of interest for spatial-dependent analysis of fluorescence in (D). C, Statistical data of
time-dependent LDH–FITC fluorescence increase on the main vein at 0.2 cm from the tube (point A in (B)). Data represented as mean ± SEM

(n = 3 biological replicates). D, Statistical analysis of spatial distribution of LDH–FITC fluorescence along the main vein of leaves (indicated by ar-
row in (B)) at 1 h after immersion of the excised leaves in MES buffer containing 200 mg L–1 LDH–FITC (n = 3 biological replicates). Steep red lines
and arrows indicate sudden decrease (cliff) and flat gray lines indicate slow decrease or increase (plateau). (C and D) represent the average fluores-
cence intensity from three biological replicates (independent treatment on three leaves).
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with a greater statistical variation (Supplemental Figure S15).
The spatial distribution of the green fluorescence (i.e. LDH–
FITC nanoparticles) along the main vein at 1 h after leaf in-
cubation in LDH–FITC solution is shown in Figure 4D.
Generally, the fluorescence distribution decreased as the dis-
tance from the tube increased, although some plateaus (e.g.
at 0.5–0.7 cm, 0.8–0.9 cm, and 1.0–1.4 cm as indicated by
the gray lines in Figure 4D) and cliffs (e.g. at 0.3, 0.7, and 0.9
cm as indicated by red lines in Figure 4D) in the fluores-
cence profile deviated from the generally observed trend.

These observations collectively suggest that LDH nanopar-
ticles translocate along the main vein and smaller secondary
veins in a spatial- and time-dependent manner. The time-
dependent fluorescence distribution profile generally fits
Fick’s Law of diffusion at each measured point in the whole
vein range (0.1-cm interval from 0.1 to 1.5 cm; Supplemental
Figure S15A). The average diffusion coefficient for all points
were calculated to fit the spatial-dependent translocation of
LDH nanoparticles along the vein with that predicted by
Fick’s Law of diffusion (Supplemental Figure S15 and
Supplemental Table S2). The observed distance-dependent
fluorescence profile generally fitted well with that predicted
by Fick’s Law using the average diffusion coefficient at 95%
confidence level (Supplemental Figure S15, B–E), suggesting
that diffusion is the main process driving the translocation of
LDH–FITC nanoparticles along or within the vein. The ob-
served deviations most likely resulted from alterations in vein
structures, such as a change in vein size or the frequency
of branch points along the main vein, leading to varied
diffusion coefficients around these points. Alternatively, the
plateaus and cliffs observed in the distance-dependent fluo-
rescence profile along the main vein could reflect the size
distribution of the LDH nanoparticles and size-dependent dif-
ferences in diffusion rates of the nanoparticles.

Apart from the spreading of nanoparticles through the
veins after petiole application, the nanoparticles may also
translocate to other leaves and organs through the vascular
system. As illustrated in Supplemental Figure S16, LDH–FITC
signals were observed in the vascular system and the sur-
rounding cells of preliminary leaves and cotyledons at 10 h
after direct application of LDH–FITC nanoparticles to the
excised stem of Arabidopsis seedlings.

LDH nanoparticles deliver nucleic acid to leaf cells
Cy5-labeled 21-bp DNA (Cy5–DNA, listed in Supplemental
Data Set S1) was initially used as a model nucleic acid for
conjugation with LDH nanoparticles (LDH–Cy5–DNA, 100
mg�L–1 of LDHs and 10 mg�L–1 of Cy5–DNA). LDH–Cy5–
DNA suspension was infiltrated into the abaxial side of
leaves of the N. benthamiana transgenic line 16c, which
constitutively expresses a GFP transgene. At 90-min post
LDH–Cy5–DNA infiltration, the leaves were imaged using a
confocal microscope (Figure 5A), and the captured images
were used to determine the relative amount of Cy5–DNA
uptake by plant cells. The Cy5–DNA internalization ratio

was quantified through measuring the colocalization coeffi-
cient between magenta Cy5 fluorescence and the institutive
GFP, which was adopted as the indicator of the intracellular
cytosol (Figure 5B).

There was only a weak magenta background fluorescence
in leaves infiltrated with blank MES. The weak Cy5-like sig-
nals in the blank control is mainly attributed to interference
stemming from the background chlorophyll fluorescence. In
contrast, a very strong magenta fluorescence signal was ob-
served for leaves infiltrated with LDH–Cy5–DNA at 90-min
post infiltration (Figure 5A). Relatively, infiltration of the
equivalent amount of naked Cy5–DNA resulted in only
weak magenta fluorescence in some leaf cells, which was

Figure 5 Cy5–DNA delivery by LDHs into leaf epidermis cells of GFP-
expressing transgenic N. benthamiana line 16c. A, Representative con-
focal images of untreated leaves and leaves infiltrated with Cy5-DNA
(10 mg L–1) and LDH–Cy5–DNA (100 mg L–1 LDH, 10 mg L–1 Cy5–
DNA) at 90-min post infiltration. B, Statistical colocalization coeffi-
cient, for example Pearson’s correlation coefficient of Cy5 with intra-
cellular GFP, n = 3 (independent infiltration on three leaves from
three plants). The lower-case letter with the bar indicates statistical
significance with P5 0.05, by one-way ANOVA with post hoc Tukey’s
analysis, data represented as mean ± SEM.

2194 | PLANT PHYSIOLOGY 2022: 190; 2187–2202 Yong et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac430#supplementary-data


mostly concentrated around the periphery of stomata
(Figure 5A; Supplemental Figure S17). These observations
further indicate that infiltrated LDH–Cy5–DNA nanopar-
ticles were rapidly taken up by the leaf cells. The time-
dependent internalization images (Supplemental Figure S18)
also reveal that LDH–Cy5–DNA effectively entered and ac-
cumulated in the abaxial epidermal cells within 3 h of infil-
tration, while the naked Cy5–DNA could not be efficiency
taken up by the abaxial cells of N. benthamiana leaves.

The control leaves had an average colocalization coeffi-
cient of 0.13± 0.02 between the Cy5 and GFP channels
(Figure 5B), with the residual Cy5-like signal being attributed
to the autofluorescence of chlorophyll. Leaves infiltrated
with LDH–Cy5–DNA showed the highest colocalization co-
efficient of 0.44± 0.04, which was significantly higher than
that determined for leaves infiltrated with naked Cy5–DNA
alone (0.22± 0.02) and blank control leaves (0.13± 0.02).
These data indicate that LDH nanoparticles efficiently deliv-
ered their Cy5–DNA cargo into the leaf cells. In contrast to
the value obtained for leaves infiltrated with LDH–Cy5–
DNA, the Cy5–GFP colocalization coefficient of leaves infil-
trated with naked Cy5–DNA was not statistically different
from that of the blank control leaves (Figure 5B), a finding
that again suggests that naked nucleic acid is either difficult
for intact plant cells to internalize, or is rapidly degraded
prior to its entry into the leaf cells (Demirer et al., 2020;
Zhang et al., 2021). Therefore, the enhanced uptake of LDH-
conjugated nucleic acids into leaf cells can be attributed to
the rapid internalization of the LDH carrier, together
with protection of the nucleic acid cargo from extracellular
endonucleases by the LDH nanoparticles (Supplemental
Figure S19A).

RNA interference induced by LDH delivered siRNA
We next infiltrated GFP-specific siRNA duplexes (sequences
provided in Supplemental Data Set S2), either naked or in
complex with LDH nanoparticles, into the leaves of the N.
benthamiana 16c plant line to compare their capacity to in-
duce GFP silencing. As the 16c line constitutively expresses
GFP, the silencing of GFP can be qualitatively and quantita-
tively assessed via the measurement of GFP fluorescence by
confocal microscopy and the mRNA level, as well as the
subsequent statistical analysis of the captured images.

Initially, 50 mL of LDH–siRNA suspension at a siRNA con-
centration of 800 nM (�5-mg siRNA was delivered per leaf)
was gently infiltrated onto the abaxial side of fully expanded
16c leaves. An obvious reduction in GFP fluorescence was
observed 3 days after infiltration with LDH–siRNA nanopar-
ticles (Figure 6A), suggesting that siRNA delivered by LDH
nanoparticles successfully silenced the expression of the GFP
transgene. In contrast, infiltration of 16c leaves with naked
siRNA and/or with LDH nanoparticles conjugated with non-
specific siRNA (LDH–ns-siRNA) resulted in almost no
change in the level of GFP fluorescence compared to nonin-
filtrated (blank) 16c leaves. As shown in Figure 6B, increasing

Figure 6 GFP gene silencing induced by LDH-delivered siRNA in
GFP-expressing transgenic N. benthamiana line 16c. A, Representative
confocal microscope images of nontreated (Blank), LDH conjugated
nonspecific siRNA (LDH–ns-siRNA), naked siRNA (800 nM), and LDH
complexed siRNA (LDH–siRNA, LDH: siRNA mass ratio at 7:1, siRNA
concentration of 800 nM) infiltrated (50 mL) 16c leaves 3-day post in-
filtration. B, Quantitative GFP fluorescence intensity from confocal
images for nontreated leaves and leaves infiltrated with 50-mL LDH–
ns-siRNA (800-nM siRNA), naked siRNA (800 nM), and LDH–siRNA at
the siRNA concentration of 200, 400, and 800 nM and LDH:siRNA
mass ratio of 7:1, 3-day post infiltration. C, Quantitative GFP fluores-
cence intensity of leaves infiltrated with LDH–siRNA (50 mL, 800-nM
siRNA concentration) at different LDH: siRNA mass ratios. D, Time-
dependent GFP fluorescence intensity of leaves infiltrated with
LDH–siRNA (50 mL, 800-nM siRNA, LDH: siRNA mass ratio at 7:1). E,
RT–qPCR analysis for GFP mRNA levels at Day 1 post infiltration for
leaves infiltrated with naked siRNA or LDH–siRNA, data were normal-
ized based on housekeeping gene elongation factor 1 and the non-
treated leaf (Blank). B–E, Different lower-case letters above the bars
represent statistical significance with P5 0.05 in one-way ANOVA
with post-hoc Tukey’s analysis. Data represented as mean ± SEM. The
diamonds indicate individual biological replicates.
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LDH–siRNA concentration from 200 to 800 nM (LDH:siRNA
mass ratio of 7:1) progressively increased the degree of si-
lencing of GFP expression. More specifically, at 3-day post
infiltration, 800 nM of siRNA loaded on LDH nanoparticles
significantly decreased the GFP fluorescence to 56.5% ± 7.9%
of the untreated 16c control leaves (Figure 6B), while 200
and 400 nM of siRNA loaded onto LDH nanoparticles de-
creased the GFP fluorescence (77.2% ± 7.8% and 74.2% ±
8.6%, respectively), but not significantly. In contrast, at 3-day
post infiltration, the level of GFP fluorescence of leaves
treated with either 800-nM naked siRNA (92.5% ± 2.8%) or
with 800-nM LDH–ns-siRNA control (91.2% ± 1.7%) was not
significantly different from the noninfiltrated 16c control
leaves (Figure 6B, with corresponding one-way analysis of
variance (ANOVA) details in Supplemental Table S3).

Figure 6C (corresponding one-way ANOVA details in
Supplemental Table S4) shows that the concentration of the
LDH nanoparticles in the LDH–siRNA complex (with the
same amount of siRNA) also significantly influenced the de-
gree of inhibition of GFP expression. Specifically, increasing
the loading mass ratio of LDH:siRNA from 1:1 to 7:1 incre-
mentally reduced GFP expression from 86.7% ± 3.8% to
52.5% ± 5.3%, indicating that LDH nanoparticles were essen-
tial for the induction of efficient silencing of GFP expression
in planta. The greatest reduction to GFP fluorescence was
observed at an LDH:siRNA mass ratio of 7:1. The siRNA was
completely loaded onto the LDH nanoparticles at a loading
mass ratio of 7:1, and as the LDH:siRNA mass ratio was ex-
perimentally decreased in increments down to 1:1, there
was an increasing amount of free siRNA detected in solution
(Supplemental Figure S19B), as well as a reduction to the
degree to which GFP expression was silenced (Figure 6C).
On the other hand, the group with the ratio of 9:1 showed
a slightly lower silencing efficiency (61.2% ± 2.4%) compared
to that of 7:1 (52.5% ± 5.3%), which may be attributed to
two reasons. First, more LDHs were used to load the same
amount of siRNA at 9:1, which may have slowed the uptake
efficacy of siRNA compared to that at 7:1 as each nanoparti-
cle loaded much less siRNA molecules (Wu et al., 2018).
Second, after entering the plant cells, the release of siRNA
from LDH–siRNA at 9:1 is predicted to be much slower
than that at 7:1 (Supplemental Figure S19C) in the similar
slightly acidic environment, thus relatively less siRNA is avail-
able for the silencing of target mRNA in the plant cytoplasm
(Figure 6C).

A time-dependent analysis of GFP fluorescence was con-
ducted to reveal the kinetics of GFP silencing (Figure 6D). A
significant decrease in GFP fluorescence was observed 1-day
post infiltration of 16c leaves with 800-nM siRNA in com-
plex with LDH nanoparticles (down to 62.8% ± 2.4% of the
blank control), followed by 56.9% ± 4.0% at day 2 and 52.5%
± 5.3% at day 3, indicating a rapid internalization by the
plant cells and subsequently quick silencing of the expres-
sion of the targeted GFP transgene by LDH-delivered siRNA
(corresponding one-way ANOVA details in Supplemental
Table S5). The decrease in GFP fluorescence was maintained

until 5-day post infiltration with GFP expression still reduced
to a level of 70.3% ± 1.8% of the blank control. However,
GFP fluorescence was observed to recover to a level which
was almost the same intensity as the nontreated 16c control
group had at day 7 post infiltration (91.9% ± 5.5%).
Together, these data reveal that the silencing of GFP by
LDH-delivered siRNA is a transient process that lasts for
approximately 5–7 days post nanoparticle application, at
which timepoint the efficacy of silencing starts to decline.
This transient silencing for 5–7 days has been also reported
with carbon nanotube delivered siRNA (Demirer et al.,
2020).

The silencing of GFP at the mRNA level was additionally
demonstrated by use of a standard reverse transcription–
quantitative polymerase chain reaction (RT–qPCR) ap-
proach, with the abundance of the GFP transcript decreasing
even further than the amount of GFP protein. As illustrated
in Figure 6E, there was only a slightly significant decrease
(19.8% ± 4.9%) in the abundance of the GFP transcript at
day 1 post infiltration for 16c leaves treated with 800-nM
naked siRNA (corresponding one-way ANOVA details in
Supplemental Table S6). In direct contrast, leaves infiltrated
with the same concentration of siRNA in complex with LDH
nanoparticles showed a much more significant decrease to
the abundance of the GFP transcript. Namely, the abun-
dance of the GFP transcript was reduced by 77.4% ± 0.5% in
LDH:siRNA infiltrated leaves compared to the level of this
transcript in the leaves of 16c control plants. Collectively,
these results demonstrate LDH nanoparticles readily facili-
tate the internalization of loaded siRNAs, which in turn en-
hance the efficacy of GFP silencing in 16c leaves.

Discussion
Nanoparticle-mediated delivery of biomolecules is gaining
momentum for plant science and agricultural applications
(Raliya et al., 2018; Zhao et al., 2020), with various advan-
tages including feasibility, biocompatibility, and controlled
release of the cargo (Landry and Mitter, 2019). While most
investigations on nanoparticle entry into plant cells have fo-
cused on the environmental and biological impact of nano-
particles (Lv et al., 2019; Su et al., 2019), there have been
few reports about applying nanoparticles as carriers for the
delivery of biomolecules into plants cells. Carbon nanotubes
and mesoporous silica nanoparticles have been investigated
in this emerging field to date. In comparison to these nano-
particles, LDH nanosheets can be prepared and modified at
low cost, and have now demonstrated superior biocompati-
bility and efficiency when used as nanocarriers for biomedi-
cal applications. Moreover, our previous report has also
demonstrated that when LDH nanoparticles in complex
with long viral-dsRNA were delivered onto leaves, the period
of protection against homologous viruses was lengthened by
up to a month due to the slow release of dsRNA on the leaf
surface via slow degradation of the LDH nanoparticles
(Mitter et al., 2017). However, these LDH nanoparticles were
shown to rarely enter the leaf cells post their surface
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spraying, probably due to the barrier of the hydrophobic cu-
ticle layer on the leaf surface. Our recent study has demon-
strated that LDH–dsRNA nanoparticles of up to 50 nm in
diameter can be taken up to induce RNAi in isolated pollen
(Yong et al., 2021). However, the uptake and translocation
of LDH nanoparticles in whole plant leaves have not been
investigated yet. In this study, we have shown that smaller
LDH nanoparticles with the average size range of �40 nm
can be introduced into whole leaves through infiltration
and, importantly, post their application, the smaller LDH
nanoparticles are readily internalized by the intact cells and
chloroplasts of the infiltrated leaves. We have also demon-
strated that LDH nanoparticles diffuse through the apoplast,
and in particular, within the veins of the leaf, possibly
through both the xylem and the phloem, a finding which
provides considerable mechanistic insights into plant–nano-
particle interactions. We have further revealed that these
smaller LDH nanoparticles efficiently deliver siRNA cargo
into the cells of the infiltrated leaf, and that the delivered
siRNAs are functionally active in directing silencing of the
expression of the targeted GFP transgene in planta.

As illustrated in Figure 7 and based on the experimental
data presented here, we propose that the LDH–siRNA

nanoparticles experience the following processes after infil-
tration into the leaf. Specifically, LDH–siRNA upon infiltra-
tion: (1) enter the apoplast; (2) diffuse and translocate
within the apoplast and the vasculature; (3) are internalized
by mesophyll and epidermal cells; (4) enter chloroplasts and
other subcellular organelles; and (5) in the cytoplasm, release
their siRNA cargo via degradation of LDH nanoparticles,
which can act as functional molecules to direct efficient si-
lencing of targeted genes. Furthermore, the infiltrated LDH
nanoparticles are first driven through the apoplast in the in-
filtration area by the infiltration pressure, initially through
the spongy mesophyll tissue, and then continue to diffuse
further through the apoplast. Their diffusion rate through
the apoplast is size dependent, allowing smaller nanopar-
ticles to move freely away from the infiltration point but
retaining larger nanoparticles around the point of infiltra-
tion. The diffusion of smaller quantum dot nanoparticles
(3–5 nm) is much quicker and much more uniform
throughout the infiltrated tissue (Supplemental Figure S9), a
finding that strongly suggests that the size-dependent diffu-
sion is not controlled by a single size exclusion limit within
the apoplast translocation pathway (Lv et al., 2019; Dietz
and Herth, 2011). Rather than restricting nanoparticle move-
ment according to a single size exclusion limit, our data in-
dicate that the apoplast acts as a matrix and the diffusion
rate of nanoparticles is inversely proportional to their size.
We have also observed LDH nanoparticles in the vasculature
structures far from the infiltration point and even in nonin-
filtrated areas of the leaf (Figure 3D), suggesting that LDH
nanoparticles may utilize the veins to translocate to other
parts of the leaf and perhaps throughout the plant, similarly
to the reports that some nanoparticles translocate to the
shoot after uptake by the root or trunk injection (Sun et al.,
2014; Su et al., 2020). The translocation along the vein has
been confirmed by incubating excised leaves and shoots in
an LDH-containing suspension. As observed in this research,
nanoparticles may translocate through both the xylem and
the phloem (Supplemental Figure S14), which could be valu-
able to aid RNA cargos to overcome the limits of transloca-
tion in the petiole and the leaf vein through the xylem and
apoplast (Dalakouras et al., 2018). Overall, the movement of
LDH nanoparticles into the detached leaves and along the
veins follows Fick’s Law of diffusion (Supplemental Figure
S15). These findings suggest that diffusion is a major driving
force for the movement of LDH nanoparticles along the
veins of leaves.

During the diffusion and translocation through the leaf,
LDH nanoparticles are efficiently taken up by mesophyll and
epidermal cells. The internalization of nanoparticles by intact
leaf cells was already evident at 90 min after infiltration,
with a substantial number of LDH–FITC nanoparticles taken
up by leaf cells (Figure 3A). The high diameter to thickness
ratio (6–7), the high positive charge, and the stiffness of
LDH nanoparticles, together with the highly electronegative
nature of the inner surface of the plant plasma membrane,
may contribute to the effective and rapid internalization

Figure 7 Schematic illustration of internalization and translocation of
LDH nanoparticles in leaves after infiltration. (1) LDH nanoparticles
enter the apoplast region after infiltration; (2) LDH nanoparticles dif-
fuse and translocate within the apoplast region and along the vein; (3)
LDH nanoparticles are internalized by mesophyll and epidermis cells;
(4) LDH nanoparticles bind to chloroplasts and other negatively
charged organelles; and (5) LDH nanoparticles release siRNA, inducing
silencing of the target gene.
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of these nanoparticles by plants cells (Xu et al., 2007;
Zhang et al., 2019; Yong et al., 2021). In contrast, the weak
green fluorescence of leaves infiltrated with free FITC
(Figure 2) may be caused by limited cellular uptake, and
moreover, the quenching of free FITC fluorescence in the
acidic apoplastic region of the leaf (Lanz et al., 1997;
Martiniere et al., 2018). Note that free FITC anions are only
strongly fluorescent in neutral to basic buffers (pH 7–9), but
emit very weak fluorescence in pH 5.0–6.5 buffers due to
the cyclization of fluorescein into a lactone form (pKa, 6.7;
Zhao et al., 1989). Since FITC anions are intercalated within
LDH interlayers, they continue to fluoresce strongly even in
pH 5–7 buffers as they are protected within the layers
(Supplemental Figure S20). Thus, free FITC contributed very
little green fluorescence compared with LDH–FITC nanopar-
ticles when infiltrated into the acidic apoplast environment
of the leaf (pH �6; Martiniere et al., 2018). On the other
hand, free FITC would be expected to fluoresce strongly at
pH �7.5 in the plant cytoplasm, and therefore, the lack of
strong florescence after applying free FITC in the leaf
suggests that free FITC is not readily internalized by cells of
infiltrated N. benthamiana leaves, unlike LDH–FITC
nanoparticles.

An interesting phenomenon revealed in this research is
that LDH–FITC nanoparticles are not only internalized by
intact plant cells, but also subsequently colocalize with
chloroplasts in the cytoplasm of leaf cells. This observation
suggests that LDH nanoparticles can penetrate into the sub-
cellular organelles after entering the mesophyll cells. This
finding is in accordance with the previous report that posi-
tively charged nanoparticles penetrate through the cell
membrane and colocalize with chlorophyll in the chloroplast
(Giraldo et al., 2014; Lew et al., 2018). The positively charged
nature of LDH nanoparticles (Supplemental Table S1) may
increase their affinity for the negatively charged membrane
of chloroplasts, enabling LDH nanoparticles to act as poten-
tial carriers of biomolecules, which themselves carry a nega-
tive charge (e.g. DNA and RNA), into these negatively
charged subcellular membrane structures.

We have further demonstrated that LDH nanoparticles ef-
ficiently delivered 21-bp DNA and siRNA duplexes into N.
benthamiana leaf cells. We have shown that LDH delivered
Cy5–DNA into the cytosol of the leaf epidermis, as fluores-
cence of Cy5 colocalized with intracellular GFP signal of 16c
leaf cells. More specifically, LDH nanoparticles delivered
siRNA to silence the expression of the GFP transgene in the
leaves of the 16c plant. Indeed, LDH–siRNA (7:1) reduced
the GFP florescence by 37.2% ± 2.4%, and the abundance of
the GFP transcript by 77.4% ± 0.5%, a single day post the ap-
plication of the LDH–siRNA complex (Figure 6, D and E),
with the observed silencing of GFP expression in 16c leaves
continuing to be observed for 5- to 7-day post infiltration.
Enhanced silencing induced by LDH–siRNA nanoparticles
can be attributed to rapidly facilitated internalization of the
nucleic acid and the protection offered to the delivered
siRNA cargo from endonuclease degradation (Demirer et al.,

2020). Furthermore, the slow release of GFP-specific siRNA
from LDH nanoparticles within the cytosol (Chen et al.,
2018a) sustained the efficient knockdown of GFP expression
for �5–7 days after the leaf was infiltrated. This demon-
strates that the slow release and the biodegradability charac-
teristics of LDH nanoparticles should make it possible to
lengthen the period between repeat applications of LDH
nanoparticles in order to maintain sustained silencing of a
targeted gene.

In summary, the current research shows that rapid inter-
nalization of 40-nm LDH nanoparticles and the concomitant
protection of nucleic acid cargo against degradation by
endonucleases enable the successful delivery of siRNA to si-
lence the expression of a targeted gene in an intact plant
cell. Thus, LDH nanoparticles are feasible carriers of biomole-
cules, not only for plant protection from viruses (Mitter
et al., 2017) and other plant pathogens (Bugatti et al., 2019),
but also for the study of metabolic pathways and the modi-
fication of desirable agronomic traits in plants. The chloro-
plast penetrating ability of LDH nanoparticle makes it a
potential carrier for biomolecule delivery to subcellular
structures and compartments. Moreover, our results suggest
that the LDH-based delivery platform can potentially be
used to deliver other forms of RNA, including mRNAs for
the expression of specific proteins and guide RNAs for spe-
cific gene editing purposes in intact plant cells.

Materials and methods

LDH nanoparticles synthesis and characterization
The synthesis of MgAl LDH nanoparticles was slightly modi-
fied from the previously reported co-precipitation method
(Xu et al., 2006a). Briefly, Mg(NO3)2 and Al(NO3)3 methanol
solution were added into NaOH methanol solution under
constant stirring for 20 min, the mixture was then washed
once with methanol and once with deionized water, and
the collected slurry was dispersed in deionized water. The
as-prepared suspension was then heated in autoclave at
100�C for 30 min to obtain well dispersed LDHs. FITC-
labeled LDHs (LDH–FITC) were prepared by stirring LDH
nanoparticles with FITC solution (LDH:FITC mass ratio was
20:1) for 1 h, allowing FITC to intercalate into LDH inter-
layers (Supplemental Figure S20). The FITC-loaded nanopar-
ticles were washed three times to remove free FITC and
then redispersed in deionized water.

The size distribution and the surface charge were mea-
sured in a Zetasizer Nano (Malvern Panalytical) with the
DLS method. The TEM images were obtained in a JEOL JSM-
2010. Over 200 individual particles were documented for
the size distribution and number-mean size estimation. XRD
pattern of lyophilized LDH sample was collected with a
Rigaku Miniflex X-ray diffractometer at a scanning rate of
2�/min using Cu Ka1 radiation.

Plant growth conditions
Nicotiana benthamiana (nontransgenic wild-type and GFP
transgenic line 16c) were germinated and grown in the
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growth room at the day temperature of 20�C–22�C and the
night temperature of 16�C–18�C (12 h/12 h) with artificial
light. The plants were grown in UQ23/UC mix (50/50 v/v)
mixture soil. Arabidopsis thaliana (Col-0) plants were verti-
cally grown in Murashige–Skoog solid medium in culture
dish in growth room.

Leaf infiltration and uptake of LDH nanoparticles by
excised shoot, leaves, and chloroplasts
LDH nanoparticle suspension (50–100 mL) or other solution
in 20-mM pH 6.0 MES buffer was infiltrated from the abaxial
surface of leaves (5–7 weeks) with 1-mL needleless syringe
slowly. Then kimwipe was used to gently remove residue liq-
uid on the leaf surface. Note that the infiltrated leaves were
attached to the plant and kept in the growth room until
collection for analysis. In LDH–FITC and LDH–Cy5–DNA in-
filtration experiments, the plants were covered with
aluminum-foil-lined plastic lids to keep from lights after infil-
tration. For LDH’s biocompatibility analysis, 100 mL of LDHs
(200 mg mL–1) and 100-mL 1% (v/v) SDS were infiltrated into
leaves and subjected to confocal microscope imaging to
check the leaf cell integrity after 1 h.

Chloroplasts extraction was performed by grinding N. ben-
thamiana leaves in chilled extraction buffer (0.33-M sorbitol,
0.1-M Tris–HCl, pH 7.8, 5-mM MgCl2, 10-mM NaCl, 2-mM
EDTA) followed by filter through a 70-mesh cell strainer.
The suspension was centrifuged at 200 g for 3 min, the su-
pernatant was collected and centrifuged at 1,000g for 7 min.
The obtained chloroplast pellet was dispersed in pH 6.0
MES buffer supplemented with FITC or LDH–FITC.

For experiments on excised leaved, the petiole was cut 0.5
cm from the leaf blade and the cut point of the petiole of
each excised leaf was immersed into a 1.5-mL microfuge
tube that contained MES buffer (pH 6.0) supplemented with
200 mg�L–1 of LDH–FITC or the equivalent concentration of
free FITC. The tube was capped with parafilm to prevent
evaporation and covered with aluminum foil to prevent
photobleaching of FITC.

For excised Arabidopsis shoot uptake assay, 2-week-old
Arabidopsis seedlings were removed from growth medium,
cut at 2–3 mm below the meristem and hanged in a 96-
well plate filled with 20 mM of MES buffer (pH 6.0) supple-
mented with 200 mg�L–1 of LDH nanoparticles, with only
lower part of the stem immersed into culture media.

Nucleic acid loading/release assay and RNase
protection assay
LDH nanoparticles were dropwise added into nucleic acid
suspensions (DNA and siRNA, sequences provided in
Supplemental Data Sets S1 and S2) at the designed LDH/nu-
cleic acid mass ratio, followed by pipette mixing and aging
at room temperature for 2 h to allow maximal conjugation
of nucleic acids onto LDH particles. Electrophoresis was ap-
plied to test if nucleic acids were conjugated to LDHs. Gel
electrophoresis was run at 80 V for 30 min on 2% (w/v) aga-
rose gel.

In RNase protection assay, 250-ng siRNA was firstly loaded
with 1,750 ng of LDHs (LDH–siRNA, LDH:siRNA mass ratio
of 7:1). RNase A (5 ng, Thermo Fisher) was added into the
suspension and incubated at 37�C for 5 min. siRNA was
then released with release buffer (4.11 mL of 0.2-M
Na2HPO4 and 15.89 mL of 0.1-M citric acid; pH 3) after
treatment and then subjected to electrophoresis to test the
siRNA degradation fraction.

In acidic environment release assay, 250-ng siRNA was
firstly loaded with 1,750 and 2,250 ng LDHs (7:1 and 9:1)
and aged at room temperature for 2 h. Then the mixed
suspension (LDH–siRNA) was transferred to pH 6.0 MES
buffer and incubated at room temperature for one day and
subjected to electrophoresis to test the release.

LDH delivery of siRNA to induce RNAi and GFP
fluorescence quantification
LDH–siRNA and LDH–ns-siRNA control (sequence provided
in Supplemental Data Set S2) were prepared by mixing
LDHs with siRNA solution as described above. Naked siRNA
(50 mL) and LDH–siRNA (50 mL) were suspended in MES
buffer and infiltrated into well expanded 16c leaves (5–7
weeks). The infiltrated plants were placed in the growth
room for 1, 2, 3, 5, 7 days and then harvested for tests. The
quantitative analysis of GFP expression level was conducted
based on confocal microscope images, three to four biologi-
cal replicates of individual leaves from different plants were
performed for each group, and five nonoverlap fields of view
focuses on the epidermal layer were measured and averaged
to obtain the value of each replicate. The analysis data were
normalized based on the average intensity of untreated
group (Blank).

Total mRNA extraction and RT–qPCR analysis
The whole infiltrated leaves were detached from the plants
and ground into fine powder in liquid nitrogen and
subjected to RNA extraction. Total RNA extraction from
leaves was performed with TRIzol Reagent (ThermoFisher)
following the manual instruction. Reverse transcription of
extracted total mRNA was conducted with ProtoScript II
First Strand cDNA Synthesis Kit (New England Biolabs). GFP
was selected as the target gene and EF1 (elongation factor 1)
as the reference housekeeping gene, the primer sequences
were listed in Supplemental Data set S3. The RT–qPCR was
set to run 40 cycles with annealing temperature 60�C. The
GFP mRNA level was normalized based on EF1 housekeeping
gene mRNA level and blank control with DDCt method.

Fluorescence parameters
For confocal imaging of leaves, FITC signal was detected
with kex = 490 nm, kem = 500–600 nm, laser intensity
100%, gain at 800, and the lower limit of 15 to exclude
auto-fluorescence; chlorophyll signal was detected with kex

= 490 nm, kem = 600–750 nm, laser intensity 100%, and
gain at 800; Cy5 signal was detected with kex = 645 nm,
kem = 655–750 nm, laser intensity 3%, and gain at 100
with HyD detector applied; GFP signal was detected with
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kex = 480 nm, kem = 490–590 nm, laser intensity 5%, and
gain at 100 with HyD detector applied. The images were
taken on a Leica SP8 Laser Scanning Confocal Microscopy
under 40� objective magnification. For GFP fluorescence in-
tensity analysis in silencing experiment, confocal microscope
images were taken under 10� objective magnification with
kex = 480 nm, kem = 490–600 nm, laser intensity 10%, and
gain at 100 with HyD detector applied. High-resolution chlo-
roplast images were taken with 100� objective magnifica-
tion with kex = 490 nm, laser intensity 100%; FITC signal
was obtained at kex = 490 nm, kem = 500–600 nm, gain at
300 with HyD detector applied, and the lower limit of 20 to
eliminate the interference of auto-fluorescence of leaves;
Chlorophyll signal was obtained at kex = 490 nm, kem =
650–750 nm, and gain at 100 with HyD detector applied.
The images were processed with Leica LasX, and the quanti-
tative GFP fluorescence analysis was performed in ImageJ by
direct measuring the average intensity of GFP channel of the
whole picture.

The leaf photographs were taken on a Cannon EOS 600D
equipped with an orange filter, excited with blue light pro-
vided by 4 Dark Reader Hand Lamps (Clare Chemical
Research), and the aperture was set at F7.1 and the expo-
sure time 20 s. The background deduction by channel split-
ting and fake color were uniformly done with ImageJ.

Colocalization analysis
The colocalization fraction between the GFP and Cy5 chan-
nels, and between the FITC and chloroplast channels in con-
focal images was quantified through ImageJ based on
Pearson’s correlation coefficient. The ratio is normalized
where “1” stands for perfect colocalization and “0” for no
colocalization. Three biological replicates of individual leaves
collected from different N. benthamiana plants were infil-
trated, and three nonoverlapping fields of view focused on
epidermal and mesophyll cells were measured and averaged
for each replicate.

Statistical analysis
Data are represented as mean ± standard error of mean
(SEM). Statistical significance was analyzed through one-way
ANOVA with Bartlett’s test and Brown–Forsythe test to
confirm the consistence of deviation and post hoc Tukey’s
multiple comparisons for significance between each group.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Representative TEM images.
Representative TEM image of A, LDH–FITC and B, LDH–
siRNA.

Supplemental Figure S2. Confocal images of N. ben-
thamiana leaves at 90 min after infiltration with 200 mg�L–1

LDH–FITC (100 mL).
Supplemental Figure S3. Statistical colocalization coeffi-

cient of FITC with chloroplasts estimated with Pearson’s

correlation coefficient, n = 3 (different lower-case letters
above the bars indicate statistical significance with P5 0.05,
by one-way ANOVA with post-hoc Tukey’s analysis, data
represented as mean ± SEM).

Supplemental Figure S4. Representative confocal images
of isolated chloroplasts, showing internalization of LDH–FITC
after co-incubation with 200 mg�L–1 LDH–FITC for 90 min.

Supplemental Figure S5. Representative confocal micro-
scope images of 4-week-old wheat leaf cells internalization
of LDH–FITC after infiltration of 25 mL 200 mg�L–1 LDH–
FITC for 90 min.

Supplemental Figure S6. Biocompatibility of LDH
nanoparticles.

Supplemental Figure S7. Representative confocal images
of LDH–FITC entering abaxial mesophyll cells from the ex-
tracellular region at �30 min after infiltrated with 100 mL of
LDH–FITC (200 mg�L–1).

Supplemental Figure S8. Representative confocal images
of adaxial side mesophyll and epidermal cells, showing inter-
nalization of LDH–FITC at 90 min after infiltrated with 100
mL of LDH–FITC (200 mg�L–1).

Supplemental Figure S9. Blue light excited images of
leaves infiltrated with different nanoparticles.

Supplemental Figure S10. Time-course confocal
microscope images of LDH–FITC showing translocation and
accumulation in vasculatures after infiltration of LDH–FITC
(200 mg�L–1, 100 mL) and possible translocation direction
(white arrow).

Supplemental Figure S11. Representative images of de-
tached leaves treated with 10 mg�L–1 FITC solution in pH
6.0 MES buffer (bar, 1 cm).

Supplemental Figure S12. Excised leaves petiole treated
with nanoparticles.

Supplemental Figure S13. Time-dependent fluorescence
increase on the main veins at 1.0 cm away from the tube
containing LDH–FITC (point B in Figure 4B and white dot
in Supplemental Figure S11A) and FITC (white dot in
Supplemental Figure S12B).

Supplemental Figure S14. Cross-sectional images of FITC
signals in midrib of N. benthamiana 1 cm from petiole, 4 h
after petiole application of 200 mg�L–1 LDH–FITC and 10
mg�L–1 Dextran-FITC.

Supplemental Figure S15. Time- and spatial-dependent
translocation and accumulation of LDH–FITC in veins.

Supplemental Figure S16. Representative confocal images
of LDH–FITC translocated to 2-week-old A. thaliana seedling
cotyledon and young leaf, 10 h after application of 200
mg�L–1 LDH–FITC on stem of excised shoot.

Supplemental Figure S17. Representative confocal images
of infiltrated Cy5–DNA (100 mL, 10 mg�L–1) localized around
abaxial side stomata and in stomata chock at 1.5-h post-
infiltration.

Supplemental Figure S18. Representative confocal images
of time-dependent internalization by leaf abaxial epidermal
cells after infiltrated with LDH–Cy5–DNA and Cy5–DNA
(100 mL, 10 mg�L–1 of Cy5–DNA).
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Supplemental Figure S19. Gel images on LDH loading,
protection, and release of siRNA.

Supplemental Figure S20. Schematic illustration of FITC
intercalated into LDH nanoparticles.

Supplemental Table S1. Summary of characteristic prop-
erties of LDH, LDH–FITC, and LDH–siRNA.

Supplemental Table S2. Simulated diffusion coefficient
(D) and regression coefficient (R2) of time-dependent curve
at each point with 0.1-cm interval.

Supplemental Table S3. Detail data of GFP gene silencing
induced by LDH-delivered siRNA in Figure 6B.

Supplemental Table S4. Detail data of GFP gene silencing
induced by LDH-delivered siRNA in Figure 6C.

Supplemental Table S5. Detail data of GFP gene silencing
induced by LDH-delivered siRNA in Figure 6D.

Supplemental Table S6. Detail data of GFP gene silencing
induced by LDH-delivered siRNA in Figure 6E.

Supplemental Data S1. Cy5–DNA sequence (50–30).
Supplemental Data S2. siRNA sequence (50–30).
Supplemental Data S3. RT–qPCR primers (50–30).
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