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Plant nanovaccines, particularly copper-based nanomaterials, have emerged as promising alternatives to con-
ventional pesticides and fungicides in agriculture. While being sustainable and effective in mitigating biotic and
abiotic stresses, their mechanisms of action in plant systems remain unclear due to the complexity of plant re-
sponses. Here, advanced imaging techniques including X-ray micro-computed tomography, scanning and
transmission electron microscopy, and elemental mapping were employed to track the defence responses to
copper sulfide (CuS) particles inside the leaves of Fusarium oxysporum f. sp. Lycopersici (a fungus that causes
vascular wilt disease) infected tomato plants. The preliminary results suggest that commercial bulk CuS mi-
croparticles (bCuS) triggered sequestration by endogenous calcium oxalate crystals, resulting in isolation from
plant cells (potentially uncovering a previously unrecognized plant defence mechanism against foreign particles).
Conversely, nanoengineered iron (Fe)-doped CuS nanoparticles (nFeCuS), owing to their nanosize, morphology,
and surface properties, evaded this defence mechanism and remained bioavailable within mesophyll tissues.
These findings underscore the value of advanced imaging tools for resolving particle-plant interactions at the
nanoscale-level and lay the groundwork for the design and engineering of next-generation nanovaccines tailored
to specific crops and stress conditions.

To enhance climate resilience and ensure global food security and
safety, there is an imminent need to adapt the nanoplatforms established

1. Introduction

A new paradigm shift in agriculture is emerging, centered on the One
Health concept, which emphasizes the interconnectedness of human,
animal and environmental health. Among many technologies, nano-
platforms with proven success in human health are currently under
extensive evaluation in agriculture for their potential as tools that
respond to specific biotic and abiotic plant stresses. For example, the
mechanisms of action of nanoscale drugs delivery systems in humans are
well-studied by evidence-based clinical studies, which have facilitated
transition from laboratory research to bedside applications for complex
diseases such as cancer [1] as well as for nanovaccine technologies
exemplified by recent commercial mRNA vaccines [2] for immunization
and ongoing efforts to develop similar treatments for lethal cancers [3].
These nanodelivery systems have proven capacities to precisely deliver
poorly soluble molecules, achieve transcellular transport and distribute
multiple drugs to targeted site of action for specific cells.
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in human healthcare for agriculture, to transform efficient agrochemical
delivery through the use of nanofertilizers and nanovaccines, with
plants serving as the new model for applications. Nanovaccines can
enhance plant defence against abiotic and biotic stresses by acting as
elicitors that generate reactive oxygen species (ROS) and activate
defence signalling pathways [4,5], thereby improving targeting preci-
sion, reducing chemical inputs, and minimizing environmental
contamination and resistance development compared to conventional
pesticides. However, there remains limited understanding of the
mechanisms of action of nanovaccines in plants. Plants responses to
nanovaccines are phenomenologically dependent on the nanomaterial
type, environment, exposure dose, timing, and the plant species [6,7].
Foliar-applied nanovaccines can enter leaves through the stomata and
cuticle [8] but an understanding of their physiological interactions
within leaf tissues as first point of entry, especially on the nano to
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microscale, remains unexplored [9-12].

Copper-based nanoparticles (NPs) have attracted increasing interest
since the early 2010s as next-generation substitutes for traditional pes-
ticides and fungicides, offering both antimicrobial efficacy and reduced
environmental impact [13-16]. Herein, we image and characterise the
temporal mechanism of interactions between foliar-applied model
copper-based plant nanovaccines including commercial bulk-CuS
(bCuS) microparticles (MPs) and nanoengineered iron-doped, citrate
coated CuS NPs (nFeCuS, see methods in the Supplementary informa-
tion, SI) and Fusarium oxysporum f. sp. Lycopersici infected tomato plants.
CuS was selected because it exhibits distinct physicochemical properties,
including tunable dissolution kinetics, and has demonstrated superior
disease-suppressing performance compared with other Cu-based mate-
rials [15]. In addition, sulphur (S) can have synergetic effects with Cu
[17,18] and as an essential macronutrient, may provide supplementary
nutritional benefits to the plant. Tomato leaves contain endogenous
prismatic calcium oxalate (CaOy) crystals which can sequester adsorbed
toxic metal ions [19-21], although interactions with particles currently
remain unknown. Here, we studied the interaction between the particles
and the plant's defence system using a suite of imaging tools across
length scales, including X-ray tomography, scanning electron
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microscopy (SEM), scanning transmission electron microscopy (STEM)
and energy dispersive X-ray spectroscopy (EDX), Fig. 1a. X-ray tomog-
raphy enabled 3D visualization of CuS particle dynamics within tomato
leaf tissues at ~370 nm resolution, supported by electron microscopy
and elemental mapping. Preliminary results suggest that bCuS MPs
triggered a sequential defence response involving sequestration by
endogenous CaOy crystals, followed by agglomeration and isolation
from plant cells. Conversely, nFeCuS NPs, owing to smaller size, distinct
morphology, and surface properties, evaded this mechanism and
remained bioavailable within mesophyll tissues. These findings unveil a
fundamental mechanistic distinction in how particle nanoengineering
dictates plant defence evasion and intracellular bioavailability.

2. Results and discussion

We recently reported on the impact of different types of CuS NPs on
enzymatic activity, disease progression and the genetic profile of Fusa-
rium infected tomato plants as compared to bCuS and CuSO4 [22]. CuS
NPs, particularly nFeCuS enhanced the disease resistance of tomato
plants by boosting the activity of ROS-scavenging enzymes and modu-
lating key defence-regulated genes.
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Fig. 1. a) Orthogonal strategies to track the temporal physiological interaction of CuS nano- and MPs in tomato leaves. b) Schematic of the dip-coating protocol of
Fusarium infected tomato plants in 200 mg L™ CusS particles suspension and the different leaf samples taken for characterization.
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In the current study, three-weeks-old Fusarium-infected tomato
seedlings were dip-coated in a 200 mg L™} particle suspension of either
bCuS or nFeCuS, while deionized (DI) water was used for the untreated
control. Cu-based NPs have previously been applied to crops such as
soybean (Glycine max), watermelon (Citrullus lanatus), and tomato (So-
lanum lycopersicum L.) across a broad concentration range (10-1000 mg
L’l) [23-26]. In the present study, a moderate nano/microparticle
suspension concentration of 200 mg L' was employed. This concen-
tration was selected based on our earlier findings showing improved
resistance of tomato plants to Fusarium infection [22]. After two months,
leaves were sampled from the plants and designated as U-1T (un-
treated), bCuS-1T, and nFeCuS-1T, where “1 T” indicates the first
treatment (Fig. 1b). The two-month interval was considered adequate to
allow near-complete dissolution and translocation of the particles within
the plant, thereby serving as an appropriate reference for comparison
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with leaf samples collected at shorter post-treatment intervals. Imme-
diately following this initial sampling, a second dip-coating treatment
was administered to the particles-treated plants. Leaf samples were then
collected 2 and 10 days after this second treatment and designated as
bCuS-2T-2D and bCuS-2T-10D for the bCuS-treated plants, and nFeCuS-
2T-2D and nFeCuS-2T-10D for the nFeCuS-treated plants. Here, “2T”
denotes the second treatment, and “2D” and “10D” indicate the number
of days post-treatment. The leaf samples were subsequently analysed
using a combination of X-ray tomography, SEM, STEM, and EDX.

2.1. Imaging of untreated and CuS treated tomato leaves

X-ray absorption is proportional to material density and atomic
number. To visualize the dense, high atomic number particles embedded
within the leaf tissue, image processing was necessary (see methods in

Fig. 2. a) 3D rendering of X-ray tomography images obtained with sample bCuS-2T-2D. The steps in adjusting the transparency are shown to divulge particles inside
the leaf. b) Side and top X-ray tomography images of sample U-1T showing whole leaf (top) and particles only (bottom). Inset in the particles only top view shows a
cluster of CaOx crystals inside an idioblast. The scale bar is 20 pm. ¢) SEM image and EDX mapping for Ca of CaOx crystals inside an idioblast cell in sample U-1T. The

scale bar is 10 pm.
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SI). Fig. 2a displays the sequential transparency adjustments used to
isolate and visualize solid particles, using sample bCuS-2T-2D as an
example. Trichomes, which are hair-like epidermal structures composed
primarily of low atomic number elements such as carbon (C), oxygen
(0), and nitrogen (N), were used as reference points. By tuning the
image transparency until the trichomes faded from view, only high-
density particles composed of heavier elements such as Ca and Cu
remained visible. Fig. 2b presents the side and top views of X-ray to-
mography images for sample U-1 T, showing both the whole leaf
structure and the isolated solid particles. Interestingly, solid particles
were observed within the untreated leaf tissue that were attributed to
endogenously formed prismatic CaOx MPs, typically localized within
idioblast cells of tomato leaves (the inset in Fig. 2b shows a cluster of
CaOx particles) [20]. This interpretation is supported by complementary
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SEM and EDX analyses (Fig. 2c) which confirmed morphology and
elemental composition consistent with CaOy crystals. X-ray tomography
slice images (acquired along the top-view axis) obtained for a group of
CaOy particle clusters in sample U-1 T (Fig. S1), exposed their hollow
morphology resulting from their organized assembly within idioblasts.

SEM image (Fig. 3a) collected for bCuS show particles with sizes of
1-10 pm. Fig. 3b shows the distribution of bCuS on a tomato leaf after
dipping treatment. A low population density of small bCuS particles
(1-3 pm size range) was observed on the leaf surface, likely due to the
rapid sedimentation of larger particles in the suspension during the
dipping treatment. Two months after the initial bCuS treatment (bCuS-1
T), X-ray tomography (Fig. S2a) and SEM/EDX analysis (Fig. S2b) reveal
the persistence of localized CaOx crystal pockets within the leaf meso-
phyll, similar to those observed in the untreated control (U-1 T). This
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Fig. 3. SEM images of a) bCuS MPs and b) leaf surface after dipping treatment in a 200 mg L' suspension of bCuS. ¢) X-ray tomography top view images of sample
bCuS-2t-2d showing whole leaf (top) and particles only (bottom). The scale bar is 100 pm. Inset in the particles only top view shows clusters of particle aggregates.
The scale bar is 18 pm. d) Slice X-ray tomography image of a segment of bCuS-2t-2d acquired along the top-view axis of image showing whole leaf (dotted square in
3c). ) SEM image and EDX mapping for Ca of particle cluster in sample bCuS-2T-2D. f) X-ray tomography top view images of sample bCuS-2t-10d showing whole leaf
(top) and particles only (bottom). The scale bar is 100 pm. Inset in the particles only top view shows clusters of particle aggregates. The scale bar is 18 pm. g) SEM
image and EDX mapping for Cu and S of particle cluster in sample bCuS-2T-10D. The scale bar of EDX mapping is 5 pm. h) Particle size distributions of particle
clusters from particles only X-ray tomography top view images for bCuS-2T-2D and bCuS-2T-10D.
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outcome is expected, as the applied bCuS particles would have largely
dissolved or translocated to other tissues by this time, and new leaf
growth would have occurred. Notably, significant morphological
changes are evident in samples after the second particle sample appli-
cation. For bCuS-2 T-2D (Fig. 3c and inset), X-ray tomography reveals
large, compacted aggregates of particles. Slice X-ray tomography of a
leaf segment from bCuS-2 T-2D (Fig. 3d), acquired along the top-view
axis, exposes distinct colour contrasts (yellow vs. dark orange) within
the particles. These core-double-shelled structures are comprised of a
composite of high atomic number middle shell and lower atomic number
core and outer shell regions. For comparison, X-ray tomography slices of
aleaf segment from sample U-1 T (Fig. S3) were analysed to visualize the
internal structure of the CaOx particle clusters. Unlike sample bCuS-2 T-
2D, the slices did not exhibit distinct colour contrasts within the clusters,
indicating the presence of a single element type. SEM and EDX cross-
sectional surveys of bCuS-2T-2D (Fig. 3e) identified large micro-
aggregates (~7 pm in size) composed of prismatic and irregular Ca-
rich particles, yet no detectable CuS particles or corresponding Cu/S
elemental signals were observed. Hence, Figs. 3(c-e) and S3 indicate
that the CuS MPs in bCuS-2 t-2d are likely embedded within the ag-
gregates, predominantly occupying the middle shell. In the X-ray to-
mography image for bCuS-2 T-10D (Fig. 3f and inset), the aggregates
appear smaller but denser (darker colour). Here, SEM and EDX analyses
of bCuS-2 T-10D (Fig. 3g) confirm the presence of discrete microsized
CusS particles (~8 pm) embedded within the leaf tissue, consistent with
the particle size distribution observed in the corresponding X-ray to-
mography images (Fig. 3h). These embedded particles were notably
larger than the bCuS particles detected on the leaf surface; in addition,
the particle sizes are much larger in bCuS-2 T-2D relative to bCuS-2 T-
10D (Fig. 3h).

Next, the interactions of nanoengineered nFeCuS particles were
investigated inside the tomato plant leaf. nFeCuS has hollow nanocube
morphology of ~500 nm (SEM image in Fig. 4a). Fig. 4b shows the
distribution of nFeCuS on a tomato leaf after dip treatment. Contrary to
bCusS, a high density of well dispersed nFeCuS NPs was observed on the
leaf surface. X-ray tomography imaging (Fig. S4a) and SEM/EDX anal-
ysis (Fig. S4b) of the nFeCuS-1 T sample reveal the presence of discrete
particle compartments consistent with CaOy crystals localized within
idioblast cells. Compared to bCuS-1 T, these idioblast regions in nFeCuS-
1 T appear more densely populated with CaOy structures. In contrast to
the distinct structural transitions evident with leaf samples treated with
bCusS, the X-ray tomography and SEM/EDX analyses of the leaf samples
after the second nFeCuS NPs application only show slight changes post-
treatment (Fig. 4(c—f)). Particle clusters are evident in the X-ray to-
mography images for sample nFeCuS-2T-2d and nFeCuS-2T-10d (Fig. 4¢
and e), similar to those found in sample U-1T. SEM leaf cross-sectional
imaging of nFeCuS-2T-2D and nFeCuS-2T-10d reveal groups of NPs,
which were confirmed by EDX as nFeCuS NP clusters (Fig. 4d and f). The
nFeCuS NP clusters were found in close proximity to plant cell bound-
aries (indicated by orange arrows in Fig. 4d and f), indicative of
potentially enhanced bioavailability. Additionally, nFeCuS NPs were
observed adhering to the surface of CaOy crystal aggregates (Fig. S5)
without any overt direct physicochemical interaction. Stomatal uptake
is indicated as the size and shape of the nFeCuS NPs are maintained in
the internal leaf tissues.

STEM coupled with EDX analysis was conducted on ultramicrotomed
leaf sections from U-1T, bCuS-1T, and nFeCuS-1T samples. High-angle
annular dark field (HAADF) images and corresponding elemental
maps for C, O, and Cu are presented in Fig. 5a. The nanoscale globular
structures observed, ranging from ~200 to 500 nm in diameter, are
likely extracellular vesicles (EVs) [27,28]. EVs are secreted by plant cells
and, although their precise biological roles remain ambiguous, they
have been implicated in intercellular communication pathways
involving the transport of proteins, lipids, and RNAs [27,28]. Many
studies have suggested that EVs are opening new frontiers for modern
drug delivery [29]. A comparative analysis of Cu distribution discloses
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an increased Cu content in the EV-like structures in both bCuS-1 T and
nFeCuS-1 T samples relative to the untreated control (U-1 T), with the
nFeCuS-1 T sample exhibiting a markedly higher Cu signal (Fig. 5b).
These findings suggest active or passive incorporation of Cu into plant-
derived vesicular compartments.

2.2. Proposed particle-leaf interactions

The biological role of CaOy crystals remains partially speculative,
however, they are widely recognized for their capacity to sequester toxic
metal ions (e.g., AI*t, Cd?*, Pb?", Sr2*, Mn?*") absorbed via the root
system [19,21,30,31]. Based on the current findings, we propose an
analogous protective mechanism for particles, wherein CaOyx crystals
mediate the sequestration of foreign particulate matter in the bCuS
treated sample upon penetration of the leaf mesophyll space via the
stomata. A schematic representation summarising the interactions be-
tween CuS-based particles and CaOx crystals is provided in Fig. 5c.
Specifically, two days after the second dipping treatment (bCuS-2T-2D),
the small bCuS MPs (1-3 pm in size) become encapsulated through a
dissolution-recrystallization mechanism mediated by the CaOy crystals,
leading to the formation of large core-double-shell microparticle
structures with the bCuS small MPs forming the middle shell. This
mechanism likely accounts for the absence of CuS EDX signals in bCuS-2
T-2D, as the particles are fully shielded. CaOy crystal dissolution and
recrystallization at different physiological conditions was demonstrated
in Lemna minor L. [32]. Also, previous studies have reported CaOy
dissolution and Ca remobilization in plants under specific stress condi-
tions [33-35]. The ability of plants to dissolve and reprecipitate exog-
enous metal NPs has also been reported [9]. The zeta potential of the
particles was measured to estimate their surface charges. The zeta po-
tentials of bCuS and nFeCuS were —15.8 + 2.3 mV and +13.18 + 0.4
mV, respectively. The negative zeta potential of bCuS is associated with
a higher surface density of sulfide (S>~/Sx>") species. This negatively
charged surface can promote the local accumulation of Ca%* ions present
in the mesophyll apoplast, which can react with available oxalate to
nucleate CaOy at the particle interface. The Ca?" and oxalate ions are
plausibly supplied through the partial dissolution and remobilization of
endogenous CaOx crystals within idioblast cells, consistent with a dis-
solution-recrystallization mechanism. Within the confined and hetero-
geneous mesophyll environment, CaOx-mediated sequestration is most
likely governed by particle size, surface functionalization, and the
ability of bCuS to act as heterogeneous nucleation substrate, rather than
by classical electrostatic interactions alone. Over time, the sequestered
small bCuS MPs coalesced into larger particles and the CaOx core and
shell may dissociate, releasing the aggregated CuS MPs, leading to
relocation to extracellular spaces (bCuS-2 T-10D) at distance from
metabolically active cells, thereby reducing bioavailability.

Importantly, the presence of citrate molecules and Fe atoms on the
surface of nFeCuS NPs may inhibit CaOy crystallization [36-38]. The
positive zeta potential measured for nFeCuS is indicative of a higher
surface density of Cu and Fe cations, reflecting distinct surface chemistry
compared with bCusS. As a result, electrostatic attraction of Ca%* ions to
the nanoparticle surface would be unfavourable, thereby suppressing
heterogeneous nucleation of CaOx at the particle interface. Thus, nFeCuS
NPs were not sequestered by CaOy crystals in either the nFeCuS-2T-2D
or nFeCuS-2T-10D samples. Thus, nFeCuS NPs remained dispersed
within the mesophyll intercellular spaces, thereby retaining their
bioavailability to surrounding plant cells. Upon penetration within leaf
tissue, CuS particles undergo partial dissolution and diffusion into plant
cells, triggering the formation of EVs enriched in Cu, with the highest
concentrations observed in nFeCuS-treated samples. The released Cu
species, either as free ions or coordinated in proteins and enzymes, can
then be mobilized to distal sites within the leaf or systemically across the
plant, potentially reaching pathogen-affected regions as part of a coor-
dinated defence response. Indeed, our previous work showed that Cu-
dependent enzymes involved in amine metabolism and ROS-mediated
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Fig. 4. SEM images of a) nFeCu$S NPs and b) leaf surface after dipping treatment in a 200 mg L™ suspension of nFeCuS NPs, with a stoma shown. c) X-ray to-
mography top view images of sample nFeCuS-2t-2d showing whole leaf (top) and particles only (bottom). The scale bar is 100 pm. Inset in the particles only top view
shows clusters of particles. The scale bar is 20 pm. d) SEM image and EDX mapping for Ca, Cu and S in sample nFeCuS-2T-2D. Orange arrows in the SEM image point
towards leaf mesophyll cells. The scale bar of EDX mapping is 5 pm. e) X-ray tomography top view images of sample nFeCuS-2t-10d showing whole leaf (top) and
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particles only (bottom). The scale bar is 100 pm. Inset in the particles only top view shows clusters of particles. The scale bar is 20 pm. f) SEM image and EDX

mapping for Ca, Cu and S in sample nFeCuS-2T-10D. Orange arrows in the SEM image point towards leaf mesophyll cells. The scale bar of EDX mapping is 5 pm.
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tomato leaves.

defence signalling were significantly upregulated in tomato plants
treated with nFeCuS NPs, considerably suppressing Fusarium wilt dis-
ease and enhancing plants growth relative to bCuS treatment [22].

The Ca contents measured by ICP-OES in untreated, nFeCuS-, and
bCuS-treated diseased shoot samples were 33,811 + 3329, 35,505 +
4119, and 31,262 + 3078 mg kg~!, respectively, and no statistically
significant differences were observed among the treatments (t-test, p >
0.05). This suggests that calcium uptake by the leaf tissue was not
adversely affected by particle treatment. Instead, the observed CaOx-
mediated sequestration appears to involve local redistribution of Ca*
already present within the leaf, rather than altered bulk calcium
absorption.

This work focused on state-of-the-art imaging techniques to probe
the internal architecture of tomato leaves with and without particle
treatments. Building on these findings, future studies will be directed
towards further testing the proposed sequestration and evasion mech-
anisms. Planned efforts include the extraction of CaOy crystals from
tomato leaves, followed by detailed physicochemical characterization of
CaOy, nFeCuS, and bCusS particle surfaces. Laboratory-scale CaOx crys-
tallization experiments under plant-relevant physiological conditions
will be conducted to assess particle-mediated effects on nucleation and
growth [39]. Gene expression analyses will be performed to quantify
transcriptional changes in pathways associated with oxalate biosyn-
thesis, CaOx crystal formation and degradation, CaZ* transport, and
stress perception and defence [40]. Enzymes and other phytochemicals
implicated in CaOy precipitation and dissolution will be evaluated in
untreated leaves and in leaves treated with nFeCuS and bCuS [41].

3. Conclusion

This work provides important preliminary insights into the elegant
and intricate molecular interactions underlying observed plant defence
and pathology. Fascinatingly, the action of CaOx crystals on bCuS MPs
resembles the engulfing of pathogens by white blood cells in humans,
highlighting striking parallels between plant and animal defence sys-
tems. We propose that the specific and unique physicochemical prop-
erties of nFeCuS, including morphology, nanoscale size, and surface
properties, enable them to elude early-stage sequestration and immo-
bilization by CaOx crystals, that appear to act as a primary plant defence
mechanism against metal toxicity. These findings support the use of
advanced imaging techniques for the rational design and nano-
engineering of next-generation nanovaccines tailored for efficient
bioavailability and plant defence activation, enabling significant prog-
ress in the deployment of sustainable nano-enabled agriculture to
enhance productivity in a rapidly changing climate.
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