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Highlights

¢ A bioinspired delivery platform using optimized 24-mer ferritin protein nanocages (FNCs) was developed to provide robust

protection for siRNA against RNase-mediated degradation.

¢ The FNC platform effectively bypasses physical barriers, facilitating efficient internalization of siRNA into both the leaf and

root tissues of Cucumis sativus and Arabidopsis thaliana.

¢ Potent non-transgenic gene silencing was achieved, with significant reductions in GFP reporter mRNA levels and
fluorescence, providing a scalable framework for transient trait modification.

Plant functional genomics and precision molecular breeding
have become pivotal in modern agriculture, offering
transformative potential to enhance crop yields, nutritional
quality, and resilience against biotic and abiotic stresses (Raza
et al. 2025; Yong et al. 2025). While genetic modification
and gene silencing remain indispensable tools for these
advancements, their widespread application is fundamentally
constrained by the limitations of traditional genetic material
delivery systems. Conventional methods, most notably
Agrobacterium-mediated transformation and biolistic
particle bombardment (gene guns), frequently encounter
significant bottlenecks, including low delivery efficiency, host-
range specificity, tissue damage, and a heavy reliance on
complex transgenic regeneration protocols (Zheng et al.
2018; Zhang et al. 2021; Goralogia et al. 2025; Wang et al.
2025). Consequently, the development of Agrobacterium-
independent delivery platforms — capable of achieving robust,
non-transgenic, and high-efficiency nucleic acid transport
— has emerged as a primary frontier in plant biotechnology
(Shen et al. 2025; Zhu et al. 2026)

Nanotechnology has introduced a diverse repertoire of
nanomaterials as versatile delivery vectors, leveraging their
high surface-area-to-volume ratios, tunable physicochemical
properties, and excellent biocompatibility (Zhu et al. 2026).
Inorganic platforms such as gold nanoparticles (AuNPs) have

demonstrated substantial prowess in plant systems, achieving
up to 80% gene knockdown efficiency in Arabidopsis
tissues with minimal structural damage compared to macro-
sized carriers (Qiao and Qi 2021; Qi et al. 2024, 2026).
Similarly, surface-functionalized carbon nanotubes (CNTSs)
have enabled unprecedented organelle-targeted delivery to
chloroplasts and mitochondria, surpassing the capabilities
of conventional transformation techniques (Santana et al.
2022; Kandhol et al. 2025; Wu et al. 2025). Furthermore,
programmable self-assembled DNA nanostructures have
been shown to enhance the stability of small interfering
RNAs (siRNAs), facilitating potent gene silencing in mature
leaves (Ding et al. 2024). Despite these advancements, the
plant cell wall remains a formidable barrier; previous studies
indicate that while nanoparticles in the 5-20 nm range can
more effectively penetrate cell-wall pores (Ming et al. 2025),
achieving high specificity and reproducible delivery across
diverse species with thickened or lignified walls remains a
critical engineering challenge.

To overcome these constraints — specifically the issues
of nanocarrier stability, biodegradability, and the protection
of cargo from enzymatic degradation — bioinspired protein-
based platforms have gained significant attention (Zhu
et al. 2024). Ferritin-based nanomaterials, characterized
by their highly ordered 24-mer protein nanocage structure,
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represent a robust and adaptable in solution (Lee et al.
2015). Classic ferritin shell has a outstanding thermal
stability, which normally remains non-denatured after heating
at temperatures above 60°C for 10—-30 min, while certain
species can tolerate heating at 100°C. Originally optimized
for medical applications such as targeted cancer therapeutics
and multivalent antigen presentation, ferritin nanocages
exhibit exceptional structural stability, low off-target toxicity
and various interaction interfaces for cargo loading. Recent
research has further established that engineered ferritin
shells can effectively shield RNA molecules from nuclease-
mediated degradation while facilitating cellular uptake through
functionalization with cell-penetrating or endosomal-escape
motifs (Wang et al. 2013; Zheng et al. 2018; Yang et al.
2025). Given its high biosafety and scalability, the application
of optimized ferritin vectors for the targeted delivery of RNA
interference (RNAI) triggers into specialized tissues, such as
plant roots, represents a significant step toward the future of
precision agricultural biotechnology (Jin et al. 2025).

Building upon the unique structural and functional
advantages of protein nanocages, this study presents
an optimized ferritin-based nanoplatform specifically
engineered to overcome the persistent constraints of
siRNA delivery in plant systems. We demonstrate that this
refined ferritin carrier effectively safeguards siRNA from
enzymatic degradation, a critical requirement for maintaining
cargo integrity in the complex rhizospheric and apoplastic
environments. By leveraging the bioinspired properties of
the ferritin shell, we successfully delivered siRNA into the
leaf and root tissues of both the key vegetable cucumber
and model plant Arabidopsis thaliana respectively. The
efficacy of this Agrobacterium-independent delivery system
was comprehensively validated through a multi-modal
experimental framework: high-resolution confocal laser
scanning microscopy provided direct visualization of the
successful internalization and subsequent reduction of GFP
fluorescence, while quantitative real-time PCR (qPCR)
analysis confirmed significant post-transcriptional gene
silencing at the transcript level. Collectively, our findings
illustrate how combining optimized protein nanocarriers
with quantitative validation can reveal new strategies for
precise gene modulation in plants, impacting the frontier of
both fundamental plant biology and sustainable agricultural
engineering.

Previous studies have established that surface
functionalization of nanocarriers with positive charges can
significantly enhance the delivery efficiency and cellular
internalization of exogenous cargoes in plant systems.
However, the exterior of the wild-type ferritin nanocage
(FNC) possesses a predominantly negative surface charge,
which is disadvantageous for both siRNA complexation and
membrane translocation (Kandhol et al. 2025). To address
these limitations, we fused a positively charged NLS peptide
on N-terminal of the FNC, hoped that it can improve the
both of disadvantages. Since siRNAs typically function
in the cytoplasm for post-transcriptional gene silencing,
we assumed that the NLS-peptide here could be a solely
electrostatic role but not expected to nuclear localization. To
verify the binding ability of NLS-FNC and siRNA preliminarily,

we carried out a molecular dynamics (MD) simulation of
siRNA@NLS-FNC complex based on the structure predicted
by AlphaFold3 (AF3). To conserve computational resources,
the model included one siRNA molecule and three adjacent
FNC chains (Fig. 1-A). Since both the ferritin shell and the
side chains possess high rigidity, the siRNA only contacted
with the neighbor chains mentioned and the curvature of
the protein chains remained in proximity to the initial state
during the MD simulation, we considered it was reasonable
and acceptable to use the above local model to represent
the global environment. After a 100 ns MD simulation, the
Root Mean Square Deviation (RMSD) plot indicated that both
the backbone of FNC and the siRNA achieved equilibrium
(Fig. 1-B). The RMSF plots suggested that the N-terminal
of FNC chains have severe fluctuations, which indicated
the NLS-peptides were important for the process of siRNA
binding (Fig. 1-C). The binding free energy between NLS-
FNC and siRNA was calculated as —44.7 kcal mol™", which
showed that the NLS-FNC might have a capability to bind
siRNA.

We next optimized the assembly of FNCs to serve
as a robust platform for siRNA delivery into plant
tissues. We initially synthesized NLS-FNC, yielding
highly monodisperse protein nanocages. Transmission
electron microscopy (TEM) images revealed that the
optimized FNCs exhibit a uniform hollow spherical
morphology with an exterior diameter of approximately
12 nm (Fig. 1-E). Dynamic light scattering (DLS)
measurements further confirmed a narrow size distribution,
with a mean hydrodynamic diameter of (12.4+1.2) nm
(Fig. 1-F), which is well within the size exclusion limit of the
plant cell wall. To enable efficient siRNA loading, we modified
the internal cavity of the FNCs with cationic motifs, achieving
a significant loading capacity via electrostatic sequestration.

As the fragile nature of siRNA molecules often limits
their application in soil or hydroponic environments, we
next assessed the protective capability of NLS-FNC against
exogenous ribonucleases. We incubated free siRNA
and FNC-encapsulated siRNA with RNase A at 37°C for
varying durations. An agarose gel electrophoresis analysis
demonstrated that while free siRNA was completely degraded
within 10 min, the siRNA loaded within NLS-FNC remained
intact for over 60 min (Fig. 1-G). We attribute this enhanced
stability to the physical shielding provided by the N-terminal
NLS peptides fused on the exterior of the protein shell, which
mediates the electrostatic attraction to the negatively charged
siRNA and prevent nuclease approach the cargo. This
protective effect is crucial for maintaining the functionality of
the siRNA during their journey from the surface to the interior
tissues.

To directly verify the cellular internalization of NLS-FNC,
we utilized the intrinsic biomineralization property of ferritin
by loading the nanocages with Fe** to serve as an electron-
dense contrast agent for TEM (Fig. 1-H). Consistent with
previous literature, the iron cores within the NLS-FNC were
clearly discernible, with diameters reaching approximately
4 nm (Chen et al. 2023). To assess the translocation of
these materials into plant tissues, Fe**-loaded NLS-FNC
were infiltrated into the cotyledons of cucumber seedlings.



3500 Han Zhang et al. / Journal of Integrative Agriculture 2026, 25(8): 3498-3502

O
~ ~
B ¢ D Q \/%g o @’2 E NLS-FNC
. ' ) kDa A3 S W
4o~ SiRNA —NLS-FNC o —Chain B—Chain C— Chain G 9740
10l T ‘ 862
0.5+ \i kDa
-8 = A 43 669
<6 Co e "\ [ B 420
34l U w 031 1 31 .
2 41l ‘y‘.“f‘\tp,{,.'f.‘w’%"ﬂ"*' fibhy @, Yoy 'W”“A»*M :}M 232
x 2" 4 T L A 140
o 0.11 W LW 201
0 20 40 60 80 100 00 50 100 150 200 1444 Sk
Time (ns) Residue A - 66
MD simulation box (selected region) SDS-PAGE Native PAGE
F G H NLS-FNC+Fe?* NLS-I_:NC+Fe?‘ 48 hours to processed NLS-FNC+Fe? 48 hours to processed
40
gg NLS-FNC - - + + + +
25 RNaseA - + + + + +

20
15
10

Intensity (%)

Time (min) 10 10 10 20 30 60

Diameter (nm)

J K
Control siRNA siRNA@NLS-FNC

@

o

5 g

o o

o 0

2 o

2 <]

8 =

Injection of cucumber cotyledons 5 o

LA £ G
¥ [S

vox & < 3 2

> M 3 K

FNC &

Immersion of Arabidopsis root system

L Control SIRNA SIRNA@NLS-FNC M N
>

= 3 g

. C o

S o) <

2 £ 8
5

g & 5

5 ° 2

K o <

s = P4

2 © 4

5y e €

ksl

Q

o

<

Fig. 1 Characterization and functional validation of engineered ferritin nanocages (FNCs) for siRNA delivery and gene
silencing in cucumber and Arabidopsis thaliana. A, a truncated simulation system constructed from the AF3-predicted structure.
MD, molecular dynamics. B, RMSD profiles of siRNA and the NLS-FNC backbone. C, RMSF analysis of NLS-FNC residues. D,
the SDS-PAGE (left) and native PAGE (right) of NLS-FNC. E, transmission electron microscopy (TEM) images of NLS-FNC. F,
size distribution of NLS-FNC. G, stability of sSiRNA@NLS-FNC complexes against RNase A (50 ug mL-"). H, the first TEM panel of
NLS-FNC loaded with iron, the scale bar is 200 nm; the second and third TEM panels showing the progression from local to systemic
distribution of NLS-FNC loaded with iron in cucumber at 48 h post-inoculation; scale bars in panels 2 and 3 are 1 ym and 200 nm.
I, schematic illustration of the experimental setup for ferritin treatment in plants, including cotyledon injection in cucumber seedlings
and root exposure treatment in Arabidopsis seedlings. J, uptake of FNCs in cucumber cotyledons. From left to right, representative
confocal microscopy images show GFP-expressing cucumber cotyledons at 48 h after injection with water, siRNA, and NLS-FNC,
respectively. Scale bars, 50 um. K, quantitative analysis of fluorescence intensity in cucumber cotyledons under different treatments.
Data are normalized to the mean fluorescence intensity of cotyledons (mean+SEM; n=5-6 biological replicates). L, uptake of FNCs
in Arabidopsis root tips. From left to right, representative confocal microscopy images show GFP-expressing Arabidopsis root tip at
48 h after injection with water, siRNA, and FNCs, respectively. Scale bars, 50 ym. M, quantitative analysis of fluorescence intensity
in Arabidopsis root tip under different treatments. Data are normalized to the mean fluorescence intensity of root tips (mean+SEM,;
n=5-7 biological replicates). N, gPCR was used to quantify the fold change in GFP mRNA, with the experiment conducted 48 hours
after treatment with water (control), siRNA, and NLS-FNC (mean+SEM; n=3 biological replicates). In panels K, M and N: Treatments
labeled with different lowercase letters are significantly different (P<0.001), as determined by one-way analysis of variance (ANOVA)
followed by Tukey’s honestly significant difference (HSD) post hoc test.
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At 48 h post-infiltration, treated iron tissues were harvested
and processed for ultrastructural analysis. The samples were
fixed with 3% of glutaraldehyde and 1% of osmium tetroxide,
dehydrated through a graded ethanol series, and embedded
in epoxy resin according to standard plant ultrathin sectioning
protocols (Dumancgic et al. 2023).

Representative TEM micrographs of these sections
revealed the presence of NLS-FNC particles within the
intracellular compartments (Fig. 1-H). High-magnification
images (indicated by arrows) clearly show NLS-FNC
associated with and traversing the cell wall, ultimately
localizing inside the cytoplasm of the cucumber leaf cells.
These ultrastructural findings provide definitive evidence
that the NLS-functionalized ferritin nanocages can effectively
penetrate the plant cell wall barrier and achieve successful
internalization.

We next investigated the capacity of NLS-FNC to deliver
functional siRNA for the suppression of a constitutively
expressed eGFP gene in cucumber leaves. A mix of two
21-bp siRNA sequence targeting the eGFP gene, a well-
established model reporter system effective across various
monocot and dicot species (Cheng et al. 2024), was selected
to evaluate the delivery efficiency of NLS-FNC. A 1 umol L™
dose of the siRNA was loaded onto the 1 pmol L™ NLS-FNC
via electrostatic adsorption, various treatments (siRNA@
NLS-FNC, free siRNA, and sterilized distilled water control)
were administered via microinjection into the cotyledons of
a transgenic cucumber line expressing the eGFP reporter
gene (Fig. 1-1). Following a 48-h incubation in the dark, the
cotyledons were visualized using confocal laser scanning
microscopy (CLSM, Leica SP8).

In the control group, GFP fluorescence was characterized
by high intensity and a uniform distribution across the leaf
lamina, confirming constitutive expression of the reporter
gene under basal conditions (Fig. 1-J). In contrast,
cotyledons treated with free siRNA exhibited a reduction
in fluorescence, indicating that the siRNA molecules
successfully suppressed GFP expression through post-
transcriptional gene silencing. Notably, the injection of
siRNA@NLS-FNC resulted in an even more pronounced
decrease in GFP fluorescence compared to the free siRNA
group (Fig. 1-J). This demonstrates that the FNC nanocarrier
enhanced the delivery of siRNA into the target tissue leading
to a near-complete suppression of fluorescence.

For precise quantification, ImagedJ (v.1.53) was
utilized to analyze the fluorescence data (Yong et al.
2025). Background noise was minimized by establishing
a standardized intensity threshold of 10 within identical
regions of interest. Quantitative analysis revealed that at an
equivalent dosage, free siRNA decreased GFP fluorescence
in cucumber cotyledons by 27.39% (P<0.001), whereas the
siRNA@NLS-FNC treatment achieved a significantly higher
reduction of 57.69% (P<0.001) (Fig. 1-K).

To validate the universality of NLS-FNC across different
plant species and tissue types, we performed additional
experiments using the roots of A. thaliana seedlings
constitutively expressing eGFP (Fig. 1-1). Consistent with
the results observed in cucumber leaves, the sSIRNA@NLS-
FNC complexes demonstrated superior delivery and silencing

performance in the root system. In the control group, robust
GFP fluorescence was evenly distributed throughout the
Arabidopsis root tips (Fig. 1-L). While free siRNA treatment
reduced the fluorescence intensity by 42.31% (P<0.001)
(Fig. 1-L and M), the siRNA@NLS-FNC treatment caused the
GFP signal to nearly disappear (Fig. 1-L). The integration
of the ferritin nanocarrier enhanced the delivery efficiency of
siRNA to 67.4% (P<0.001), resulting in a 19.08% (P<0.001),
further reduction in GFP mRNA levels compared to the
free siRNA group (Fig. 1-N) by gPCR quantification. These
quantitative data collectively demonstrate that the FNC
platform significantly amplifies gene silencing effects by
facilitating efficient intracellular delivery and subsequent
transcript degradation across diverse plant species and
tissues.

In conclusion, our findings establish that 12.4 nm ferritin
nanocages effectively sequester siRNA molecules, providing
critical protection against nuclease-mediated degradation.
This stability is essential for the persistence of siRNA triggers
within the demanding extracellular environments of plants
(Cheng et al. 2024). Furthermore, the ability of NLS-FNC
to achieve systemic biodistribution and bypass the plant cell
wall addresses a primary bottleneck in non-transgenic crop
improvement.

The demonstration of significant gene knockdown
in both A. thaliana and cucumber highlights the broad-
spectrum applicability of NLS-FNC across diverse plant
taxa, including both model organisms and economic crops.
Particularly in the cucumber, NLS-FNC have demonstrated
robust gene-silencing effects, highlighting their significant
potential in plant species where transgenic technologies are
not yet widely implemented. Furthermore, the biological
characteristics of cucumber, such as its relatively short
growth cycle and high environmental plasticity, render it
an ideal model for evaluating the efficacy of NLS-FNC. By
effectively modulating target gene expression in cucumber,
NLS-FNC offer a novel perspective for the advancement of
agricultural biotechnology, specifically regarding the precision
improvement of non-transgenic crops and the management of
pests and pathogens. This versatility is a pivotal requirement
for agricultural biotechnology. While these results are
promising, future research should focus on optimizing
delivery kinetics under fluctuating field conditions — such as
varying soil pH and temperature — and assessing the long-
term metabolic fate of the protein cages. In conclusion,
ferritin nanocages represent a high-efficiency, scalable, and
non-transgenic platform for precision gene modulation in
sustainable agriculture.
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