Open Access Article. Published on 19 2569. Downloaded on 31/3/2569 4:59:09.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental

Science
Nano

ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Environ. Sci.: Nano, 2026,
13, 1700

Received 1st October 2025,
Accepted 18th February 2026

DOI: 10.1039/d5en00920k

rsc.li/es-nano

Environmental significance

Unravelling the role of nanoparticle morphology
during uptake and transport in eggplants

Lifei Xi, @23° Yamin Wang,
Chris Boothroyd®® and Yeng Ming Lam

® Alfiz Muhammad Qizwini,® Yee Yan Tay,?
*ab

Understanding how the morphology of nanocarriers influences their interaction with plants is crucial for
assessing their impact on plant health, human safety, and the environment, as well as exploring their po-
tential applications in environmental remediation, plant sensing, and target delivery in plants. In this study,
we designed and synthesized hydrophilic gold (Au) nanospheres and nanowires encapsulated in beta-
cyclodextrin (3-CD) polymer as target nutrient carriers, and studied their translocation in eggplants. Elec-
tron microscopy and elemental analysis reveal that both nanocarrier types can penetrate the leaf surface,
redistribute within leaf tissues, and undergo long-distance transport to stems and roots via vascular-
associated pathways. Distinct morphology-dependent behaviour is observed: spherical nanocarriers largely
retain their shape during transport, whereas wire-shaped nanocarriers frequently appear as fragmented
segments within plant tissues. Given the low fraction of nanospheres in the initial suspension, this observa-
tion indicates in planta transformation rather than selective uptake of pre-existing fragments. Nanocarriers
are predominantly localised in cell walls, intercellular spaces, and phloem-associated regions, with roots
acting as terminal compartments for accumulation or exclusion of non-essential elements. Together, these
results demonstrate that nanocarrier morphology influences both structural stability and spatial distribution
in plants following foliar exposure. While the underlying molecular transport mechanisms remain to be fully
resolved, this study provides experimentally supported insights into morphology-dependent nanocarrier
behaviour and offers a framework for the future design of plant-compatible nanocarrier systems.

The application of nanotechnology in agriculture offers opportunities for improving nutrient delivery and reducing chemical waste but understanding how
nanocarriers interact with plants is essential to ensure environmental safety. Current knowledge gaps on nanoparticle uptake and movement within plants
limit both risk assessment and technological advancement. In this work, we show that hydrophilic gold nanospheres and nanowires encapsulated in
beta-cyclodextrin (B-CD) polymer can penetrate the cuticle, translocate through leaf tissues, and accumulate in roots via the vascular system. Importantly,
nanowires disintegrate into smaller fragments during transport, highlighting the role of physical and chemical forces. These findings provide critical in-
sights for developing sustainable nanocarrier-based agricultural practices with minimized ecological risks.

1. Introduction

stance, Avellan et al. demonstrated that the surface coating
(polyvinylpyrrolidone, PVP, versus citrate) on gold nanoparti-

In recent years, nanotechnology has emerged as a promising
strategy to deliver specialty agrochemicals precisely into sub-
cellular compartments in plants and to control the amount
of nutrients delivered accurately.'™ It is found that the size,
shape, surface charge, and the surface chemistry of nanoma-
terials play critical roles in the nanomaterial uptake path-
ways, translocation and transportation in plants. For in-
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cles (AuNPs) with diameters ranging from 3 to 50 nm plays a
major role in the interaction of AuNPs with wheat leaves,
their path of entry and the subsequent impact on plant
health.” They found that the adhesion of the AuNPs to the
leaf surface was increased when particle size decreased. The
more hydrophobic PVP coating (compared to that of hydro-
philic citrate) increased the interaction of AuNPs with the leaf
surface. Using submicron resolution X-ray fluorescence (XRF)
mapping, they proposed that the surface chemistry of AuNPs
also affects their ability to cross the cuticle, to enter the me-
sophyll and to move through the plant vasculature. The study
also raised questions about unintended side effects, e.g.
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corona formation around the AuNPs and its influence on the
fate of AuNPs in plants and the mechanism of cuticular up-
take. Some of these questions can be answered by using im-
aging techniques with a higher resolution, for instance, scan-
ning transmission electron microscopy (STEM). Wang et al.
combined high-resolution secondary ion mass spectrometry
(NanoSIMS) with high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) to investi-
gate the cellular internalization and intracellular biotransfor-
mation of silver nanoparticles (AgNPs) in unicellular green
alga.® NanoSIMS was used to obtain the elemental distribu-
tion of Ag in the algal cells. They found that AgNPs tend to
accumulate predominantly on the cell walls and in the cyto-
plasm of the algae. HAADF-STEM was used to examine the lo-
calization accurately and to determine if there are any
changes to the morphology of the AgNPs. Although this study
provides solid evidence for particle internalization and bio-
transformation of AgNPs, algae are typically unicellular or
have simple, undifferentiated structures, which makes the
uptake of nanoparticles easier to track compared to more
complex, multicellular plants. As the translocation pathways
can be very different for complex systems, it would be highly
beneficial to have a comprehensive translocation study in
multicellular plants.

In addition to stomatal entry, direct penetration of nano-
particles through the plant cuticle has been hypothesized as
a possible uptake pathway,””® particularly for nanoscale mate-
rials. However, most existing studies rely on indirect or
surface-sensitive techniques and primarily focus on initial
leaf entry, leaving the continuity of nanoparticle transport
from foliar application to distal plant tissues insufficiently re-
solved. High-resolution, compartment-spanning visualization
is therefore required to elucidate whether and how nanocarri-
ers traverse the cuticle and subsequently translocate within
multicellular plants.

As mentioned earlier, though several studies investigated
the effect of nanoparticle size, shape and charge on the up-
take by plants,”” ! there have not been any studies on how
nanocarrier morphology influences their interaction with
plants after loading with agrochemicals and dyes via foliar
application without any external force, e.g. infiltration via
needle injection. A recent study compared DNA-modified Au
nanospheres with different dimensions of 5, 10, 15, and 20
nm, and nanorods with a dimension of 13 x 68 nm, and
found that while sub-20 nm spherical Au nanospheres associ-
ate with plant cell walls but do not enter plant cells, gold
nanorods do enter cells, likely through endocytosis and a
rotation-mediated process that facilitates their translocation
across cell walls."” In that study, Au NPs were abaxially infil-
trated into the leaves. The external force, such as syringe in-
filtration, can significantly affect the uptake and transloca-
tion of nanocarriers in plants. Additionally, their study
focused solely on the distribution of nanocarriers within
plant leaves, neglecting other parts such as stems and roots.
This limited scope may overlook the comprehensive distribu-
tion and translocation patterns of nanocarriers throughout
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the entire plant. Furthermore, little information has been re-
ported about the form of the nanoparticles once they have
been taken up by plants, for example, do they remain in their
original shape, dissolve as metal ions or other precipitated
species of nanoparticles after uptake.'® This is because confo-
cal microscopy, which is commonly used to track the location
of nanoparticles, is used to determine the location of the dye
and the assumption is that the conjugation between the dye
and the nanoparticles is maintained inside the plant. How-
ever, this might need to be re-evaluated for several reasons,
such as the low dye labelling efficiency, the solubility of chro-
mophores™ and integrity of the nanoparticle-dye bond is
challenging to maintain under harsh conditions, e.g. pH vari-
ation or polarity changes amongst the different tissues inside
the plant. X-ray fluorescence (XRF) microscopy can be em-
ployed to provide elemental information but due to its lim-
ited spatial resolution (several tens of nm for a synchrotron
X-ray source to several hundreds of nm with a normal lab
X-ray source), it is not possible to determine whether the
nanoparticle remains intact, or any morphology transforma-
tion happened once it is uptake by plants. Inductively
coupled plasma optical emission spectrometry (ICP-OES) is
an elemental technique with good sensitivity, but it again
lacks spatial resolution.

In this study, we designed and synthesized monodispersed
Au nanospheres and nanowires capped with hydrophilic beta-
cyclodextrin (B-CD) polymer that can serve as carriers for dif-
ferent micronutrients. $-CD is widely used as a surface modi-
fication for biomaterials in various biomedical and pharma-
ceutical applications. These synthesized Au nanospheres or
nanowires are loaded with micronutrients via physisorption
while the dye molecules are adsorbed in the cavities of 3-CD
forming inclusion complexes. The agrochemical-loaded Au
nanospheres or nanowires, referred to as Au spherical or wire
nanocarriers, are subsequently applied to the eggplant leaves.
Foliar application is a widely employed method in agriculture,
horticulture, and gardening for various purposes. It has sev-
eral advantages over soil-applied fertilizers because the nutri-
ents are applied and taken up very quickly and directly by the
stomata or epidermis, providing a specific and rapid correc-
tion of nutrient deficiency or improvement to plant
health.’®"® In this study, our aim is to understand how the
shape of the nanocarrier affects their uptake by plants. Once
they are successfully taken up by the plants, by following the
location of these Au nanoparticles, it would be possible to elu-
cidate the uptake pathway and understand how the various
parameters affect this translocation. The structural differ-
ences between spherical and wire nanocarriers resulted in dis-
tinct uptake and distribution patterns within plant tissues
and the unique geometries of these nanocarriers will lead to
different interaction mechanisms with plant cell walls, which
can be revealed by several complementary techniques, confo-
cal microscopy, ICP-OES and STEM energy dispersive X-ray
spectroscopy (EDX) mapping. Using HAADF-STEM and high-
spatial resolution STEM-EDX we can determine the form and
distribution of Au nanocarriers in the plants.
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2. Experimental section

2.1. Synthesis of hydrophilic gold nanospheres and
nanowires

B-CD capped Au nanospheres were synthesized by reducing
gold(m) chloride (HAuCl,) with B-CD polymer in alkaline
aqueous solution using a method similar to that used by
Aswathy et al.'® Briefly, 40 mL of deionized (DI) water, 10 mL
of 15 mM B-CD polymer (Product number: C2485, molecular
weight: 2000-300 000 Da, Sigma-Aldrich) and 1 mL of 15 mM
HAuCl, (trihydrate, >99.9% trace metals basis, Sigma-Aldrich)
solutions were stirred at room temperature until the solution
was thoroughly mixed and turned clear. Subsequently the pH
of the solution was adjusted to be about 11 using NaOH solu-
tion. The solution was heated to 100 °C and maintained for
30 min while being vigorously stirred (800 rpm). The colour of
the solution gradually changed from orange to pink indicat-
ing the formation of Au nanospheres. The solution was natu-
rally cooled, then centrifuged and washed twice with DI water.
The Au nanowires were prepared by the self-assembly of 3-CD
polymer capped Au nanospheres for an extended period,
adapted from a previous report.'” The initial reaction protocol
is similar to that used for the synthesis of Au nanospheres. Af-
ter heating, 0.3 mM EDTA solution was added to the mixture,
which was then left undisturbed at room temperature over-
night to facilitate self-assembly. The resulting nanowires were
isolated and washed twice with DI water. After washing, the
B-CD polymer capped Au nanospheres and nanowires were
then redispersed in DI water.

2.2. Agrochemical loading

To obtain Au nanocarriers loaded with the agrochemical Cu-
EDTA (ethylenediaminetetraacetic acid copper(u) disodium
salt, >97.0%, Sigma-Aldrich) and labelled with a dye, rhoda-
mine B (RhB), an excess of Cu-EDTA and rhodamine were se-
quentially added to a solution of B-CD polymer capped Au
nanospheres or nanowires. RhB was used for tracking the
nanoparticles in the plant using confocal microscopy. In de-
tail, 2.25 mL of 100 mM Cu-EDTA aqueous solution was
added to 10 mL of B-CD polymer capped Au nanosphere or
nanowire aqueous solution, sonicated for 3 min and then
transferred to a magnetic stirrer plate. After 2 h of stirring at
room temperature in the dark, 1.75 mL of 24 uM of RhB
(Sigma-Aldrich) aqueous solution was added and left to stir
overnight. Finally, the solution was centrifuged and washed
with 2-3 rounds of DI water until there was no purple colour
from RhB in the supernatant. The RhB-labelled Cu-EDTA-
loaded Au nanospheres or nanowires, subsequently referred to
as Au spherical or wire nanocarriers, were re-dispersed in DI
water or N-{tris(hydroxymethyl)methyl]-2-aminoethanesulfonic
acid (TES) (Sigma-Aldrich) buffer (7.4 pH) for characterization
or foliar application. TES buffer was selected due to its pK, of
~7.4, which is suitable for maintaining physiological pH, its
low propensity for metal ion complexation, and its estab-
lished use as a plant-compatible buffer in similar nanoparti-
cle delivery studies.'®"®
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2.3. Plant growth and Au nanocarrier application

Solanum melongena (eggplant) was chosen as the plant for the
experiment. Our plants were grown in a CMP6010 growth
chamber (Conviron) with 200 pumol s m™ air ventilation,
60% relative humidity, a day and night temperature of 22 °C
and 18 °C respectively and a light-dark cycle of 16 h:8 h. Soil
(Organic Vegimix soil from Baba ™ Kean Beng Lee Industries
SDN BHD) was mixed with vermiculite in a ratio of 2:1.
Seeds (Hort Garden Pte Ltd) were placed on water-moistened
towel paper in a zip-block bag and kept in the dark at room
temperature for germination. After sprouting, 2 seedlings
were transferred to each ~15 cm diameter pot and then
grown in a growth chamber. Plants were watered as needed
with untreated water. Once the plants had sprouted at least 4
true leaves, two concentrations of nanocarrier were applied
and subsequently referred to as the low concentration and
high concentration. For the low concentration treatment
groups, spherical (9.28 ug mL™ elemental Au) or wire (9.54
ug mL™" elemental Au) nanocarriers were prepared in TES so-
lution. This solution was gently applied manually using a flat
art brush to both adaxis (predominantly) and abaxis surfaces
of two fully expanded leaves per plant with 10 mL applied
per leaf during each round. The treatment consisted of three
applications performed on day 0, day 1 and day 2. During fo-
liar application, any excess runoff was promptly wiped away
with a tissue. The high concentration treatments were
attained by doubling the volume of the Au stock solution
while maintaining a consistent total application volume.
Some plants were treated as controls and had no nanocarrier
applied. The plants were harvested on day 3.

2.4. Plant sample fixation and embedding

Fresh leaves, stems or roots from the eggplants treated with
the medium concentration were harvested after 3 days and
flushed with DI water with gentle brushing to remove particle
agglomeration from the surface, followed by washing with
ethanol. Samples were cut into areas ~1-2 mm? and initially
fixed in 2.5% glutaraldehyde (v/v) in pH 7.4 phosphate buffer
solution. On the following day, the primary fixative was re-
moved and the samples were washed 3 times with phosphate
buffer saline (pH 7.4). Samples were immersed in secondary
fixative (1% uranyl acetate solution). After 2 h in a rotary
mixer at 80 rpm (Pelco R2), the secondary fixative was re-
moved and samples were washed 3 times with DI water. The
samples were dehydrated by immersion in a series of ethanol
solutions with increasing concentrations followed by 3 rinses
in pure acetone, each time for 20-30 min at room tempera-
ture. Subsequently, the samples were immersed in different
ratios (1:2, 1:1, 2:1 and 3:1) of LR White (LR White me-
dium grade, EMS)-acetone mixture for 1 h for 1-2 times at
room temperature, then pure LR White at 4 °C overnight.
The fixed specimens after recovery at room temperature were
transferred into gelatine capsules, positioned at the tip of the
capsules, sealed, and cured at 60 °C for 2-3 days.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5en00920k

Open Access Article. Published on 19 2569. Downloaded on 31/3/2569 4:59:09.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano
2.5. Characterization

For size, morphological and elemental composition informa-
tion, nanospheres, nanowires, and their respective nanocarri-
ers were dispersed in DI water. The nanocarrier solution was
dropcast on carbon-coated nickel or molybdenum grids. For
tracking the location of the nanocarrier in the plant, the pyra-
midal ends of the plastic blocks were trimmed, sliced with
an ultramicrotome (UC7, Leica microsystems) and put on 200
mesh carbon-coated Ni grids (Ted Pella). HAADF-STEM im-
ages, TEM images, and EDX maps of Au nanocarriers were
collected using an aberration-corrected JEOL JEM-ARM200F
TEM operated at 200 keV with an Oxford X-Max TLE 100
mm” windowless silicon drift detector (SDD) EDX, an
aberration-corrected JEM-ARM300F TEM operated at 300 keV
with a JEOL JED-2300T 100 mm? windowless SDD detector
EDX, and a JEOL 2100F TEM operated at 200 keV with a 100
mm?* windowless Oxford Ultim Max detector EDX. The zeta
potential ({) was used to measure the electrostatic interaction
between the surface of the Au nanospheres, nanowires and
their respective nanocarriers and the liquid medium. The
zeta potential of aqueous suspensions of above-mentioned
nanomaterials in 10 mM TES buffer solution (pH 7.4) was
measured using a Nano Particle Analyzer SZ-100 (HORIBA).
The optical absorption of RhB, Cu-EDTA, Au nanospheres,
Au nanowires, and their respective nanocarriers in aqueous
solution was tested using a UV-visible spectrophotometer
(UV-2700, Shimadzu). Fourier-transform infrared spectros-
copy (FT-IR, Perkin Elmer Frontier) was used to identify the
surface functional groups of the AuNPs, agrochemical and
dye adsorption. Au nanospheres, nanowires, and their respec-
tive nanocarriers dried at 60 °C were mixed with KBr before
being compressed into a pellet. The spectra were recorded
from 400 to 4000 cm ™' over 64 repetitions.

To monitor the uptake and translocation of the nanocarri-
ers in the plants using confocal fluorescence microscopy,
fresh plant leaves, stems and roots were harvested from the
plants. Au nanocarriers on the surface of the leaves were
brushed away then samples were washed with DI water, cut
and mounted on a glass slide. DI water was added to prevent
cell dehydration. Samples were imaged using a laser scan-
ning confocal microscope (LSCM, Leica TCS SP5). A laser ex-
citation of 543 nm was used to locate the dye in the plant
samples and 633 nm excitation was used for chlorophyll. The
photomultiplier tube (PMT) detection range was set to 550-
620 nm for RhB and 650-750 nm for chloroplast autofluores-
cence from chlorophyll.

The Au and Cu concentrations in dried plant samples and
the stock solutions were measured using ICP-OES. Leaf, stem
and root samples from the plants were collected, washed
with deionized water, and then oven dried at 75 °C for ~2
days. Dried plant samples were ground, weighed and
microwave-assisted acid digested to extract elements. Micro-
wave digestion was carried out using an UltraWAVE™ micro-
wave oven (Milestone Microwave Laboratory Systems, Ger-
many) at 230 °C for 10 minutes with concentrated nitric acid
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(HNO;, Sigma-Aldrich). The concentrations of Au and Cu
were determined using an Optima 8300 ICP-OES (Perkin
Elmer, USA). Commercial standard solutions (PerkinElmer)
of copper and gold were used for calibration. The calibration
curves obtained for all the studies had correlation coeffi-
cients of at least 0.99. The nutrient loading rate of Cu-EDTA
on Au nanocarrier was calculated by dividing the detected
concentration of Cu in the stock solution by the sum of the
Cu and Au concentrations.

3. Results and discussion
3.1. Design of the Au nanocarrier

Cyclodextrins (CD) are cyclic oligosaccharides containing
p-glucose units connected via a (1,4) glycosidic bonds. Com-
mon cyclodextrins contain six, seven or eight p-glucose units.
They have been widely used as an ideal functional molecular
host to modify the surface of nanoparticles.>*>* B-CD poly-
mer has been used for the development and construction of
biomaterials such as hydrogels, nanoassemblies and nano-
carriers.”*® The host-guest interactions between B-CDs and
guest molecules are mainly driven by the hydrophobic associ-
ations.”® The toroidal cavity of B-CDs has a hydrophobic inte-
rior and a hydrophilic exterior. The stability of the inclusion
complex formed between B-CD and the guest molecule also
determines the release behaviour of the guest molecule. It
was thought that CD can act both as a reductant and as a
capping agent in Au and cadmium telluride nanoparticle
synthesis.”**”

Scheme 1 shows a schematic drawing of the stepwise
preparation of the Au spherical and wire nanocarriers used
in this study. B-CD polymer capped-Au nanospheres or nano-
wires were synthesized, loaded with the agrochemical
followed by the dye. Copper (Cu) is one of the micronutrients
necessary for plant growth and acts as a structural compo-
nent of proteins and enzymes. It also participates in the vari-
ous vital growth processes such as mineral nutrition, photo-
synthesis, mitochondrial respiration, cell wall metabolism
and hormone-signalling pathways.”® It is essential for the
building and the conversion of amino acids to proteins.
EDTA has four carboxylic groups, which are dissociated to
give a tetravalent anion, thus the Cu-EDTA complex has a net
charge of -2 and a very stable chelate can be formed between

one molecule of EDTA and Cu*".*°
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Scheme 1 Schematic drawing showing the preparation of nanospheres,
nanowires, and their respective nanocarriers.
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Due to the presence of these carboxylic groups, Cu-EDTA ex-
hibits hydrophilic properties. In this study, given its hydro-
philic nature, Cu-EDTA is unlikely to be encapsulated inside
the hydrophobic cavity of 3-CD; instead, it more plausibly inter-
acts with the hydroxyl groups on the exterior surface of 3-CD
through hydrogen bonding and electrostatic interactions when
coating the Au nanoparticles. Cui-EDTA has been widely used
to increase the availability of Cu to plants or Cu management
in agriculture.*® RhB is widely used as a tracer dye in biology or
biotechnology applications, such as in fluorescence microscopy
to determine the rate and direction of flow and transport.>">*>3!
RhB is reported to enter the f-CD's cavity via a hydrophobic in-
teraction.>' RhB is used to track the location of the Au nanocar-
riers using confocal microscopy. AuNPs are attractive as nano-
carriers because of their inertness, biocompatibility, and high
contrast in TEM.**"** In plants, Au nanospheres and nanowires
have been used to track morphology and location. Beyond im-
aging, their use as carriers offers opportunities for targeted de-
livery and controlled release of agrochemicals, potentially more
effective than foliar Cu-EDTA solution alone.

Physical characterization. The size, morphology and com-
position of our Au nanospheres, nanowires, and their respec-
tive nanocarriers were studied using TEM and STEM-EDX
(see Fig. 1 and S1 and S2 for additional images and EDX re-
sults, SI). TEM analysis revealed that both the spherical and
wire nanocarriers have narrow size dispersity and crystallin-
ity. The size and morphology of the nanospheres or nano-
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wires remained constant even after loading them with agro-
chemicals. As shown in Fig. 1A, as well as Fig. S1 SI, the
average diameter of the Au nanospheres was 8.8 + 1.0 nm.
The Au nanospheres exhibited lattice spacings of ~2.4 A cor-
responding to the (111) planes of face-centered cubic (FCC)-
gold.* Details regarding the size, morphology, and crystallin-
ity of Au wire nanocarriers can be obtained from the HAADF-
STEM image shown in Fig. 1B and S2, SI. The average diame-
ter of the Au nanowire is found to be 9.6 + 3.1 nm, while the
length ranged from a few tens of nanometres to several
micrometres. Due to significant entanglement and agglomer-
ation of the nanowires, a statistically meaningful average
length could not be reliably determined. The increase in the
diameter of the nanowires compared to the spherical nano-
particles was attributed to the self-assembly process or the
Ostwald ripening effect at a lower concentration of the cap-
ping agent, B-CD polymer, as reported previously.'”

As mentioned previously, the nanowires were formed via
self-assembly of nanospheres followed by transformation into
nanowires. The following mechanism is proposed: due to the
use of a relatively low molar ratio of B-CD polymer to Au precur-
sor, 3-CD polymer may only partially cover the surface of the Au
nanospheres, resulting in a thermodynamically unstable sys-
tem.*® The hydrophobic portions of the B-CD polymer-capped
Au nanospheres interact with the hydrophobic cavity of the
B-CD units in the polymer. Instead of wrapping around the sur-
face of the nanospheres, the f-CD polymer guides the oriented

Au spherical Au wire

Au
c 10 Nanospheres nanocarriers Au nanowires nar

IS
S

=

=

Zeta Potential (mV)
&
8

-50

Absorbance (a.u.)

Au nanospheres
Au spherical nanocarriers|
—— Au nanowires
Au wire nanocarriers
Cu-EDTA
-——RhB

523 nm

660 760

560
Wavelength (nm)

300 460

Fig. 1 HAADF-STEM images of (A) spherical and (B) wire-shaped Au nanocarriers. Inset: High resolution STEM image showing the Au lattice spac-
ings. (C) Box plot of the zeta potential of the Au nanospheres, nanowires and their respective nanocarriers. (D) UV-vis absorption spectra of Au
nanospheres, nanowires, and their respective nanocarriers after Cu-EDTA and RhB loading, compared with those from Cu-EDTA and RhB.
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attachment of nanospheres along its chain, resulting in elon-
gated complexes such nanowires. The B-CD polymers facilitate
the oriented attachment of the nanospheres, promoting the for-
mation of elongated structures, e.g. nanowires.'” Fig. S1B-F and
S2B-F show STEM-EDX elemental maps of the Au spherical and
wire nanocarriers. They reveal that after sequentially adding
Cu-EDTA and RhB to the nanocarriers, the Cu signal from Cu-
EDTA and the Cl signal from RhB can be detected from the Au
nanocarriers but not from the residue of the gold precursor (see
Fig. S3 for EDX linescan profile, SI), indicating the successful
adsorption of agrochemical Cu-EDTA and dye RhB on both Au
nanospheres and nanowires via physisorption. Based on ICP-
OES tests of Au spherical and wire nanocarrier solutions, the
Cu-EDTA loading rates are calculated to be 35.7 and 64.5% by
mass of Cu to Au, implying a high loading capacity for nano-
wires due to their anisotropic shape and thus a large surface
area to volume ratio of nanowires.*®

Surface charge. As mentioned previously, the surface charge
can affect the uptake of the nanoparticles. The interaction of
the B-CD polymer molecules with AuNPs was reported to occur
through conjugation between the carboxyl groups, which are ox-
idized from the reacted hydroxyl groups of the -CD polymer
and the Au surface via a O-Au bond.?® This conjugation can ef-
fectively stabilize the AuNPs. The electron transfers from the O
atoms of the carboxyl groups of 3-CD polymer to the surface of
the AuUNP and can result in a negatively charged AuNP surface.’”
The zeta potential measurements were used to determine the
surface charge of these nanospheres, nanowires, and their re-
spective nanocarriers in a TES buffer solution (pH 7.4). The pre-
loaded Au nanospheres and nanowires (without the agrochemi-
cals) have negative zeta potentials of —40.08 + 1.62 mV and
-34.42 + 1.45 mV, respectively (see Fig. 1C).

Previous studies of nanoparticle uptake in plants have found
that nanoparticles with sufficiently high positive or negative
surface charge (typically |{] > 20 mV) can enhance interactions
with plant cell walls or chloroplast membranes.' In the pres-
ent study, the Au nanocarriers exhibit moderate negative zeta
potentials after agrochemical loading (-21.17 + 1.77 mV for
nanospheres and -23.1 + 3.58 for nanowires; see Fig. 1C). These
values indicate a modest surface charge that may influence
nanoparticle-leaf surface interactions during foliar application
but do not imply high electrostatic stability in colloidal terms.

Nanoparticle uptake in plants is governed by multiple fac-
tors, including morphology, size, surface chemistry, and the
physicochemical environment at the leaf interface, rather
than zeta potential alone. The B-CD capping layer is expected
to interact weakly with the Au surface and may be sensitive
to changes in ionic strength and pH. Upon agrochemical
loading, Cu-EDTA is more likely to associate with the B-CD
layer through weak interactions such as hydrogen bonding
and electrostatic effects, rather than displacing B-CD from
the Au surface. Consistent with a report that ligand adsorp-
tion can modulate nanoparticle surface charge,®® the ob-
served decrease in zeta potential (A{ = 18.91 mV) after Cu-
EDTA and RhB loading reflects changes in the surface chem-
istry of both spherical and wire nanocarriers.

This journal is © The Royal Society of Chemistry 2026
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Agrochemical loading capacity. The optical absorption
peaks of the as-synthesized -CD capped Au nanospheres and
nanowires can provide some hints to the agrochemical loading
capacity. Both nanostructures appear to have a strong trans-
verse plasmonic resonance at around 523 nm (see Fig. 1D).
The longitudinal surface plasma peak, which typically appears
above 600 nm in Au nanowires, is absent probably due to the
rough morphology. There is a small hump between 332 nm
and 387 nm in the absorption spectrum of Au nanowires,
which probably relates to the high aspect ratio of the nano-
wires. In the absorption spectrum of Au spherical nanocarri-
ers, the strong plasmonic resonance peak almost stays at the
same wavelength after Cu-EDTA and RhB loading. The sharp
peak at 554 nm from RhB is missing, instead a weak shoulder
between 500 nm and 523 nm is visible, which is from RhB. A
broad hump between 620 nm and 880 nm in the Au spherical
nanocarriers is from Cu-EDTA. In the absorption spectrum
from the Au wire nanocarriers, the strong absorption maxi-
mum at around 554 nm from RhB and the broad absorption
hump between 590 nm and 600 nm from Cu-EDTA are promi-
nent. The strong transverse plasmonic resonance peak at 520
nm from the nanowires has changed to a shoulder. The early
rise in absorption of 8 nm may arise from the hump (332-387
nm) observed for Au nanowires. It is observed that in the Au
wire nanocarrier absorption spectrum, peaks from RhB and
Cu-EDTA are much stronger than those from spherical nano-
carriers, implying the nanowires have a higher agrochemical
loading capacity.

Chemical bond formation. FT-IR spectroscopy is a quanti-
tative analytical technique used to identify the bonding
mechanisms in bulk and on surfaces.*>*® FT-IR was used
here to confirm the presence of the macrocyclic structure of
B-CD on the surface of the Au nanospheres and nanowires,
as well as the inclusion of Cu-EDTA and RhB. After agro-
chemical and dye loading, it is found that some of the FT- IR
bands are still maintained while some of them showed signif-
icant band shifts. FT-IR spectra of the gold nanospheres,
nanowires and their respective nanocarriers, along with spec-
tra from B-CD polymer, Cu-EDTA, and RhB, are presented in
Fig. 2. Colour bars (I-VI) are used to illustrate the primary
changes in the spectra. A summary of main IR frequencies
with assignments is presented in Table S1, SI.

The vibration in the range of 3675-3165 cm™" as indicated
by colour bar I (Fig. 2), is typically associated with stretching
vibrations of hydrogen-bonded O-H (hydroxyl) groups, e.g.
from the carboxylic groups or adsorbed water molecules. The
strong vibration bands at 3543 and 3329 cm™ from the Au
nanospheres was assigned to multiple O-H stretching.*" It
was reported that the hydroxyl groups of f-CD molecules par-
ticipate in the reduction of Au®** ions to metallic Au®.>* Based
on the analysis of XPS results, the authors proposed that the
hydroxyl groups of the f-CD molecules are oxidized to car-
boxyl groups.>® A prominent band at 3425 cm™" observed in
the nanowires, spherical and wire nanocarriers as well as in
Cu-EDTA is assigned to OH groups from B-CD polymer and
EDTA, and physically absorbed water molecules.
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Fig. 2 FT-IR spectra from Au nanospheres, nanowires and their

respective nanocarriers compared with spectra from Cu-EDTA, RhB,
and B-CD polymer. Colour bars (I-VI) highlight key spectral changes.

As indicated by colour bar II (Fig. 2), the vibration in the
range of 3003-2845 cm™' shows a characteristic frequency at
2942 cm™ and 2949 em™* in the nanosphere and wire nano-
carriers, corresponding to the C-H band in chelated mole-
cules.”> This implies that the COO™ groups of EDTA are still
attached to the Cu ions in both shaped nanocarriers. The
bands observed at 2938 cm™ can be assigned to CH, bend-
ing,*® while the band at 2885 cm™" corresponds to aliphatic
C-H stretching. Within the vibration region marked by bar
111, several bands located at 1705, 1663, 1604 and 1592 cm *
are identified. These bands are assigned to carbonyl stretch,
v(C=0) of the ester group from RhB, H-O-H deformation
bands of adsorbed water molecules, the asymmetric stretch,
va(C=0) of the COO™ group of Cu-EDTA and/or B-CD poly-
mer, and in-plane C=C skeletal stretching vibration. In the
nanosphere spectrum, a weak band at around 1604 cm™" is
probably due to the oxidation of cyclodextrins by tetrachloro-
aurate and the interaction with the AuNP surface via the O-
Au bond which effectively stabilises the Au nanospheres.*’ In
the spectra from the spherical and wire nanocarriers, the very
strong vibration bands v(C=0) at 1606 and 1601 cm’,
reflecting the covalent character for the Cu-carboxylate
bond,** overlap with those of B-CD polymer capped Au nano-
spheres and nanowires. Similarly, within the vibration region
of 1439-1291 cm™" (colour bar 1V, Fig. 2), stretching bands of
-COO from Cu-EDTA and RhB are present in the nano-
spheres, nanowires and their respective nanocarriers. For ex-
ample, the band at 1414 cm™ due to the characteristic vibra-
tion of the carboxyl group present on the Au spherical
nanoparticle surface.’® A characteristic band at 1391 cm™
due to the C=O0 group shifts to higher frequencies (1398 and
1402 cm™') and the intensities decrease, which might be at-
tributed to an increase in the strength of the N-Cu bond.**
Another band at 1326 cm ™" assigned to the COO™ group shifts
to 1320 cm ™' due to the filling of the dgupshel-

After agrochemical loading, a noticeable difference be-
tween nanospheres/nanowires and nanocarriers becomes evi-
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dent at colour bar V (Fig. 2). For example, strong vibrations
from the O-H bending and C-N stretching between 1225-
1180 cm ™" are absent in the spectra of 3-CD polymer and Cu-
EDTA. These vibrations could be assigned to a C-O character-
istic peak from an ester bond, indicating the interaction of
the carboxylic acid of Cu-EDTA with hydroxyl groups of 3-CD.
This suggests the successful loading of RhB in the nanocarri-
ers.** In the vibration region of 1078-975 cm ™" as shown in
colour bar VI, the strong band at around 1037 cm™' is
assigned to the coupled stretch vibration v(C-C/C-0O). In addi-
tion, the band at 1161 cm ™" which corresponds to the asym-
metric glycosidic vibration v,(C-O-C) and the band at 1084
and 1037 em ™" corresponding to the coupled stretch vibration
v(C-C/C-0) are clearly observed and the characteristic bands
of polysaccharide, indicate that Au nanospheres have been
successfully encapsulated by polysaccharide.>*** The band at
861 cm ™ corresponding to the out-of-plane bending vibration
y(C-H) of the B-CD polymer appears in nanosphere, nano-
wires and their respective nanocarriers. Cyclodextrin cavities
are expected to capture RhB molecules through the formation
of inclusion complexes.*”** These bands appear in both
nanocarrier spectra, suggesting that Cu(u) ions might not in-
hibit RhB adsorption onto 3-CD polymer-capped Au nanocar-
riers. The inner diameter of the $-CD cavity is about 0.78 nm,
which allows the arms of the RhB molecule, with a diameter
of around 0.31 nm, to insert into the $-CD cavities via hydro-
phobic interactions while the remaining parts extend out-
ward, providing sites for metal binding.*>** This implies that
the interaction between RhB and the B-CD polymer-capped
nanocarriers is strong enough to remain unaffected by the
presence of Cu(u) ions in the system, due to specific molecu-
lar interactions within the system. The adsorption of dye by
CD cavities on Au nanocarriers could create new specific ad-
sorption sites for other agrochemicals containing metal ions.
Based on the above results, the FT-IR spectra confirmed that
B-CD polymer is effectively bound to the surface of the Au
nanospheres and nanowires, and an agrochemical and dye
are successfully loaded onto the surface of Au nanoparticles.

3.2. Translocation study

3.2.1 Optical studies using confocal fluorescence micros-
copy. Next, we would like to understand how these specially
designed and synthesized nanocarriers were taken up by egg-
plants. Nanocarriers were introduced via foliar application
without any external force such as infiltration, which would
have disadvantages for example a non-uniform distribution
of nanoparticles, injury to plant tissue, risk of infection,
stress induction, and limited uptake mechanisms. The fluo-
rescence signals from RhB (in red), partially located inside
the cavities of B-CD on Au nanocarriers, and from
autofluorescent compounds (in blue), such as chlorophyll
where present and were monitored in the leaves, stems, and
roots (see Fig. 3). The bright red regions in the image indi-
cate the locations where the agrochemical is delivered and
potentially released to the plant. Confocal fluorescence

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Confocal fluorescence microscope images showing the
biodistribution of RhB-labelled spherical nanocarriers in eggplant (A-E)
leaves and (F) stem. (A) RhB signal (in red), (B) autofluorescence signal
from chlorophyll (in blue), and (C) signals overlapped on a brightfield im-
age obtained from the same region of the leaf. Orthogonal views of rep-
resentative confocal microscopy z-stacks displaying the colocalization of
Au nanocarriers in (D) extracellular space of mesophyll cells, (E) stomatal
guard cells (white arrow) and stomatal pore (green arrow). Z-Stack scan
from leaf sample: Z-stacks (1.0 pm z-axis resolution, total 63.4 pum
scanned, 63 x 63 nm voxel x-y resolution). Note: The inset in image (F)
corresponds to the area marked by the green dotted box on the stem.
The dotted yellow regions indicate the presence of nanocarriers.

microscopy images of leaves indicate that the Au nanocarri-
ers have successfully penetrated through the leaf surface (see
Fig. 3A-E). However, we are not able to confirm whether after
foliar application the Au nanocarriers are taken up via the cu-
ticle or stomata using confocal microscopy due to its low res-
olution." Previous studies showed that stomata are protected
against infiltration of aqueous solutions because of their ge-
ometry and the hydrophobic pore walls.***” In our case, simi-
lar constraints may prevent the uptake of our hydrophilic
nanocarriers via stomata. The spatial distribution of the Au
nanocarriers within the plant leaf can be seen from the high
resolution image and the orthogonal views, which are recon-
structed from multiple Z-stack images, collected with a Z step
size of 1 um per scanning layer, which is smaller than the
chloroplast size (5-10 um) (see Fig. 3D and E).'® Fig. 3D

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

shows the presence of the fluorescence signal from the Au
nanocarriers in the extracellular space and the mesophyll
cells.

The process of foliar applied nutrient uptake by plants
through the cuticle pathway is proposed to have three
stages.*® Firstly, the applied substances penetrate the cuticle
and the cellulose-rich cell wall via limited or free diffusion
(no additional energy required). Then they are adsorbed onto
the surface of the plasma membrane via a binding process or
selective permeability including passive and active transports.
Finally, they are taken up into the cytoplasm. This process re-
quires metabolically derived energy.*® We repeatedly observed
the presence of the RhB signal in the regions which contain
no stomata and are close to the epidermis in the Z-stack
scans. Fig. 3E shows the presence of RhB fluorescence signals
from the Au nanocarriers in stomatal guard cells or pores,
implying the involvement of multiple pathways in the uptake
of nanocarriers. Confocal fluorescence imaging also reveals
vein-associated signal distributions after foliar application
(see Fig. S4, SI), which may indicate potential transport path-
ways. Given the possibility of dye leaching, these observations
are considered supportive and are primarily used to guide in-
terpretation of the TEM results. For these nanocarriers, short-
distance transport involving the transport of substances from
cell to cell, via apoplast pathway or symplast pathway, within
tissues or organs essentially plays an important role in con-
trolling the movement of carried nutrients, while long-
distance transport of sap, e.g. from leaf to stem then to root,
within the xylem and phloem works at the level of the whole
plant."****° Water and solutes, e.g. mineral salts, travel
through the xylem while sucrose and amino acids are trans-
ported between the leaves and other parts of the plant by the
phloem. The selective permeability of the plasma membrane
controls the movement of solutes between the cell and the ex-
tracellular solutions.*® So in our case, after the uptake of
nanocarriers, phloem may transport them from the leaf, via
veins, petiole, to the stem and finally to the roots. The trans-
location process is affected by the surface engineering and
morphology of the nanocarriers. Cyclodextrin has excellent
biocompatibility and unique inclusion capability which make
it especially attractive for engineering novel functional mate-
rials for drug or nutrient delivery.*"

RhB fluorescence is also observed in stem phloem regions
and the roots (see Fig. 3F, S5 and S6, SI), suggesting that
nanocarriers could travel from the foliage to the stem and
then to the roots after foliar application. It is worth mention-
ing that the presence of RhB signals in the epidermis (outer
dotted circle regions), the vascular bundle containing the
phloem, and the cambium and the pith in Fig. 3F and S5, SI
indicates that the nanocarriers are well distributed after
translocation and/or translocated via different paths. As these
Au nanocarriers have RhB bound to their surface, one can
follow the distribution by observing the fluorescence signal
from RhB. It is found that the signal is lower in the roots
than in the stem, we can thus conclude that there are fewer
nanocarriers translocated to the root given that the
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nanocarriers and dye are still bound together with nanocarri-
ers. Although confocal microscopy demonstrates that nano-
carriers are taken up and translocated inside the plant, they
are mainly found to accumulate in the plant leaves and stem,
and this was further confirmed by ICP-OES and STEM-EDX
which will be discussed next.

3.2.2 Chemical studies using ICP-OES. The presence of
nanocarrier elements, Au and Cu, in different parts of the
eggplants was confirmed by ICP-OES measurements (see
Fig. 4). To study the effect of the Au nanocarrier morphology
and nominal exposure level on plant uptake and internal dis-
tribution, spherical and wire-shaped Au nanocarriers were ap-
plied to leaves at two concentrations (subsequently referred
to as “low concentration” and “high concentration”). The
high concentration represents to a twofold increase over the
operational low concentration and was employed to verify
whether morphology-dependent uptake trends persist at ele-
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Fig. 4 ICP-OES results from eggplant tissues after foliar application of

spherical and wire-shaped Au nanocarriers at low and high nominal
concentrations for 3 days. (A) Au concentrations and (B) Cu concentra-
tions measured in leaves, stems, and roots. Au concentrations below
the instrumental limit of detection are not shown. Error bars represent
instrumental repeatability (n = 3) of ICP-OES measurements performed
on the same digested sample and do not reflect biological variability.
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vated exposure. These concentrations were chosen to enable
a controlled mechanistic comparison of nanocarrier mor-
phology rather than to represent environmentally or agricul-
turally relevant exposure levels.

Although almost identical suspension concentrations and
application protocols were used for spherical and nanowire
nanocarriers, the exact mass of material retained on the leaf
surface was not directly quantified. Losses during foliar ap-
plication (e.g., runoff and incomplete adhesion), post-harvest
washing, and uncertainties associated with drying and grind-
ing of plant tissues introduce unavoidable variability. Conse-
quently, the ICP-OES results should be interpreted as semi-
quantitative indicators of relative accumulation and distribu-
tion, rather than as absolute uptake values. Statistical com-
parisons between treatments were not performed due to the
absence of biological replication.

As shown in Fig. 4A, Au was predominantly detected in
leaves, followed by stems and roots, indicating limited down-
ward translocation after foliar application. When comparing
nanocarrier morphology, higher Au concentrations were con-
sistently observed in plants treated with spherical nanocarri-
ers relative to nanowires at both nominal exposure levels.
This trend suggests that nanocarrier morphology influences
foliar retention and/or subsequent uptake and internal trans-
port. The enhanced accumulation associated with spherical
nanocarriers may be related to their isotropic geometry,
which can facilitate interaction with leaf surfaces and cellular
barriers, whereas the high aspect ratio of nanowires may hin-
der internalization and promote aggregation, reducing their
effective bioavailability. While increasing the nominal expo-
sure level led to higher detected Au concentrations for both
morphologies, the relative difference between spheres and
wires remained evident.

Fig. 4B presents the Cu concentrations measured in leaf,
stem, and root tissues. Cu originates from both Cu-EDTA as-
sociated with the Au nanocarriers and endogenous uptake
from soil, as confirmed by control samples. Across all treat-
ments, Cu accumulation was highest in the roots, consistent
with the dominant role of roots in Cu uptake and sequestra-
tion. For control plants and those treated with spherical
nanocarriers, the Cu distribution generally followed the order
root > leaf > stem, whereas for nanowire-treated plants the
order root > stem > leaf was observed. Notably, Cu concen-
trations in plants treated with nanowire nanocarriers were
substantially higher than those measured for spherical nano-
carriers and controls across all plant compartments.

As mentioned earlier, such nanocarrier systems may offer
opportunities for targeted delivery and controlled release of
agrochemicals, rather than permanent immobilization of the
active species.

The disproportionate increase in Cu relative to Au, partic-
ularly for the nanowire treatments, indicates that Cu and Au
do not remain fully coupled during or after foliar application.
The Cu:Au ratio is therefore not conserved between the ini-
tial nanocarrier suspension and the harvested plant tissues,
reflecting partial decoupling of Cu from the Au nanocarrier.

This journal is © The Royal Society of Chemistry 2026
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This behaviour is consistent with partial dissociation or
leaching of surface-associated Cu species, arising from the
weaker coordination of RhB/Cu-EDTA compared with the in-
teraction between the Au nanocarrier and its stabilizing li-
gands. As discussed earlier, such behaviour may facilitate
nanocarrier systems designed for targeted delivery and con-
trolled release, rather than permanent immobilization of the
active species.

Overall, the ICP-OES results highlight a morphology-
dependent influence on the relative accumulation and distri-
bution of Au and Cu, while also underscoring the complex
and partially decoupled behaviour of metal species in planta.
These findings should be interpreted qualitatively, given the
uncertainties associated with foliar dose retention and the
lack of biological replication.

3.2.3 Nanoscale observation using STEM. To investigate
whether Au spherical and wire nanocarriers undergo any
transformation during the uptake and translocation process,
HAADF-STEM and high-spatial resolution STEM-EDX were
employed. These advanced techniques allow for precise deter-
mination of the distribution of nanoparticle and elemental
composition within various materials.”> HAADF imaging in
STEM mode is highly sensitive to the atomic number (Z) of
the atoms, with the image intensity approximately proportion
to Z.> Objects with higher atomic numbers appear bright
(white) in contrast, while those composed of lighter elements
exhibit darker contrast.

Fig. 5 illustrates the presence of spherical and wire-
shaped nanocarriers as white dots or line segments in the
cross-sectioned eggplant leaf samples. Regardless of their ini-
tial morphology, Au nanocarriers were predominantly local-
ized along the cuticle layer following foliar application. A typ-
ical plant leaf structure comprises several distinct layers: the
cuticle, epidermis, palisade mesophyll, and spongy meso-
phyll. The ultrastructure of the cuticle is clearly visible by the
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cell wall
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contrast differences observed under TEM.>® The cuticle, the
outermost protective layer of leaves, fruits, flowers, and non-
woody stems, provides vital mechanical support and defence
against drought, extreme temperatures, UV radiation, me-
chanical damage, and pathogens.>® The cuticle in eggplant
leaves typically measures 1-4 pum in thickness,”® covering the
epidermis and forming the outer surface layer. In Fig. 5A-C,
the green dashed line represents the cuticle. Spherical nano-
carriers are clearly visible, maintaining their original size and
shape as shown in Fig. 5C. It seems that nanocarriers adhere
to and translocate along the cuticle without penetrating the
epidermis or the mesophyll cell. At higher magnification,
Fig. 5B reveals a detailed view of the spherical nanoparticles
embedded within the cuticle, consistent with observations re-
ported by Kohay et al.” In that study, layered double hydrox-
ide (LDH) nanocarrier applied on the adaxial leaf surface
were found to embed within the cuticle and accumulate at
anticlinal pegs between epidermal cells, with uptake path-
ways strongly dependent on leaf surface—predominantly cu-
ticular penetration on the adaxial side and stomatal entry on
the abaxial side. However, direct and high-resolution evi-
dence for nanocarrier localization at the subcellular level re-
mains scarce due to the limitations of the confocal micros-
copy techniques employed in that study, and no TEM studies
were conducted,

The area highlighted by the white dashed square is further
magnified in Fig. 5C, where the white dots represent the Au
spherical nanocarriers. Interestingly, these spherical nanocar-
riers do not agglomerate or form clusters within the cuticle.
Nanocarriers can adhere to or interact with the cuticular
waxes before being taken up into the plant through stomata,
trichomes, or other openings.

Fig. 5D-F show a heterogeneous population of Au nano-
structures in cross-sectioned leaf samples, comprising small
nanoparticles, short rods, and truncated wire-like segments.

= Cuticle

%“ Stoma

[

cytoplast

Fig. 5 HAADF-STEM images of (A-C) Au spherical and (D-F, H and I) wire nanocarriers in eggplant leaves and (G) a schematic drawing showing
uptake and translocation of nanocarriers. Green dotted lines indicate the cuticle; yellow dotted regions highlight areas containing nanocarriers;

white dotted boxes mark the regions of interest.

This journal is © The Royal Society of Chemistry 2026
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We acknowledge that smaller nanostructures are present in
the initial suspension (Fig. 1B and S2A and B); however, this
fraction represents a minor component of the total nanocar-
riers (estimated to be <10%), with the suspension being
dominated by long, continuous nanowires.

A close-up view in Fig. 5F and its inset shows that the
short rods and nanoparticles within the cuticle are frequently
observed in close proximity, aligned along a common direc-
tion and forming chain- or “pearl-necklace”like assemblies.
Such clustered and anisotropic arrangements are difficult to
reconcile with independent uptake of pre-existing small
nanoparticles, which would be expected to exhibit a more
random spatial distribution. Instead, these morphological
features are more consistent with in situ fragmentation of
longer nanowires into shorter segments that remain locally
associated following breakage.

Notably, the Au nanowires in the initial suspension span
lengths from tens of nanometres to several micrometres
(Fig. 1B), whereas within plant tissues they are predominantly
observed as fragmented segments ranging from a few nano-
metres to several hundred nanometres in length, while their
diameters remain largely unchanged. This pronounced shift
in length distribution, without a corresponding reduction in
diameter, further supports a fragmentation process rather
than selective uptake alone. Although this observation ap-
pears inconsistent with the commonly cited plant size-
exclusion limit of ~20 nm,*® previous studies have demon-
strated that nanoparticles spanning a broad size range (e.g.,
TiO,, 4-100 nm) can penetrate the cuticle by locally
disrupting cuticular waxes, as evidenced by TEM-EDX, cuticle
and cell wall damage, and ToF-SIMS depth profiling showing
nanoparticle accumulation beneath the cuticle.®

We therefore propose that the observed Au nanowire seg-
ments access and translocate within plant tissues by locally
bypassing or altering the cuticular barrier. Selective uptake of
smaller nanostructures may contribute to this process but is
unlikely to be the dominant mechanism. Instead, fragmenta-
tion of longer nanowires during uptake and translocation
provides a more consistent explanation for the increased
abundance, spatial organization, and size distribution of Au
nanostructures observed within leaves, stems, and roots.

Nanowires are inherently susceptible to fragmentation due
to Plateau-Rayleigh instability,>® and this process may be fur-
ther promoted by mechanical stress, chemical interactions,
and biological activity.””*® During translocation, nanowires
may experience bending or shear forces within plant tissues,
leading to breakage.’® Additionally, interactions with the
plant's internal biochemical environment, including enzy-
matic activity and reactive oxygen species, may further facili-
tate nanowire degradation.’®%¢

Fig. 5H and I and S7A-C suggest that Au spherical nano-
carriers, unlike the wire-shaped ones, translocate through a
‘highway’ within plant leaves, corresponding to the
apoplastic space, such as the network of cell walls and inter-
cellular spaces, facilitating more efficient transport. Several
factors may contribute to the formation of such a pathway
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for spherical nanocarriers. Their smaller, compact shape
could facilitate more uniform and passive distribution
through the plant's vascular system, particularly in the
apoplast and fluid-conducting tissues like the phloem. The
spherical geometry may allow them to avoid clogging or be-
coming trapped in narrow spaces, as they can easily adapt to
the flow dynamics in these channels. Furthermore, their uni-
form surface charge distribution might enhance interaction
with water-conducting pathways, leading to smoother, less re-
stricted movement. Additionally, the plant's uptake mecha-
nisms may favour spherical nanocarriers due to their more
compatible size and shape for vesicular transport or pore dif-
fusion. In contrast, wire-shaped nanocarriers, due to their
elongated form and increased surface area, may experience
more physical obstruction and resistance as they attempt to
navigate through complex plant structures.

To determine whether Cu was successfully delivered or re-
mained associated with the Au nanocarriers, an EDX line
scan across the wire nanocarrier clusters at the plant-resin
interface was conducted, as shown in Fig. S8. The EDX pro-
file reveals a strong signal for Au, a weaker signal for Cu, and
even fainter signals for U, from uranyl acetate staining, and
P, which originates from the plant's natural phosphorus me-
tabolism, all within the Au wire nanocarriers. This suggests
that Cu delivery may be incomplete or still in progress. After
uptake, it is possible that the micronutrient Cu is adsorbed
and gradually delivered to different parts of the plant.

Although Fig. 5A-F show that most nanocarriers remain
within the cuticle, some nanocarriers were observed penetrat-
ing the cell wall and staying inside cells (Fig. S7E) of plant
leaves. In Fig. S7D, although most nanocarriers translocate
the cuticle layer of a plant leaf, some, approximately 50 nm
or smaller as indicated by the dotted yellow circle, appears to
be in the process of penetrating the cell wall. The number of
penetrating nanocarriers is considerably lower than those
traveling along the cuticle, suggesting that movement along
the cuticle is less restricted compared to cell wall penetra-
tion. In this study, we observed that only elongated nanocar-
riers penetrated the cuticle, while spherical ones did not.
This observation may relate to the proposed rotation and in-
ternalization mechanisms.'> It suggests that wire-shaped
nanocarriers primarily enter the plant through wounds or
openings such as stomata, which significantly restricts their
overall uptake and reduces the yield of internalization.

Interestingly, it would be valuable to investigate whether
these penetrating nanocarriers follow a rotation-mediated
mechanism, as suggested in previous studies.” This research
indicated that elongated nanocarriers might traverse plant
cell walls through a rotation process that orients them
favourably at acute angles relative to the plane of the cell
wall. Such orientation could be induced by local changes in
fluid dynamics resulting from applied external forces.

Fig. S7E and inset show another region of the plant leaf.
Several organelles with stacked membrane structures, are
identified as grana, within the chloroplasts. These structures
are crucial for photosynthesis and are abundant in mesophyll

This journal is © The Royal Society of Chemistry 2026
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cells. The well-defined chloroplasts, with their typical grana
structure, signify healthy mesophyll cells. Small, distinct par-
ticles observed in the cellular matrix and chloroplasts are
identified as nanocarriers based on their size, shape, and dis-
tribution. The presence of nanocarriers inside mesophyll
cells indicates successfully uptake and distribution through
the tissue. In plant leaves, spherical nanocarriers maintain
their shape as discrete dots, while wire-shaped nanocarriers
often appear fragmented, due to the mechanical stress or
chemical processes during uptake or translocation. Both
types are found in the cuticle, with wire-shaped nanocarriers
fragmenting as they pass through this barrier. Inside the leaf,
fragments of wire nanocarriers, along with intact spherical
ones, are present within cell walls and mesophyll cells, but
only spherical nanocarriers exhibit “highway-like” transloca-
tion via the apoplastic pathway. A schematic of this distribu-
tion is shown in Fig. 5G.

Fig. 6 illustrates the localization and distribution of spher-
ical and wire-shaped Au nanocarriers within plant stems.
Fig. 6A-C, with increasing magnification, reveals Au spherical
nanocarriers within the phloem of the eggplant stem, includ-
ing structures such as sieve plates, sieve elements, and paren-
chyma cells. The proximity of the Au nanocarriers to the
phloem sieve plates implies that their translocation is facili-
tated by the flow of phloem sap. While the majority of spheri-
cal nanocarriers retain their original morphology (Fig. 6C),
some particles exhibit irregular shapes and agglomerated
structures.

These morphological changes are unlikely to arise from
complete dissolution of metallic gold, which would require
highly oxidative and complexing conditions not expected in
planta. Instead, they are more plausibly attributed to surface-
level restructuring processes, such as partial oxidative etch-
ing, ligand-mediated surface atom detachment, and subse-
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quent re-agglomeration during uptake and translocation. The
complex biochemical environment of plant tissues—includ-
ing organic acids, thiol-containing compounds, and reactive
oxygen species—may facilitate such surface modifications
without full dissolution of the Au core. Together with the ob-
served fragmentation of Au nanowires (Fig. 5 and inset and
6E), these results suggest that Au nanocarriers undergo mor-
phology evolution during plant uptake and transport, driven
by mechanical, chemical, and biological interactions within
plant tissues. The inset in Fig. 6C confirms the presence of
Au nanocarrier clusters through EDX mapping.

Fig. 6D-F present HAADF-STEM images of Au wire nano-
carriers within the eggplant stem. In Fig. 6D, regions contain-
ing wire-shaped nanocarriers are highlighted by green and
purple dashed squares and are magnified in Fig. 6E and F.
These images reveal fragmented Au nanocarriers located
within stem microstructures, including the cell wall and sieve
elements, consistent with the nanowire fragmentation behav-
iour described above (Fig. 5).

Notably, fragmented nanowires appear to translocate
along cell walls and converge or diverge at cell junctions,
such as plasmodesmata, as shown in Fig. 6F. The presence of
wire-shaped nanocarriers near plasmodesmata, further high-
lighted in the green dashed region of Fig. 6D, suggests that
elongated nanocarriers or their fragments may access
symplastic pathways under certain conditions. The inset of
Fig. 6F confirms the presence of Au within these wire-shaped
nanostructures by STEM-EDX analysis.

Fig. 6H highlights the resin and cuticle of a plant stem,
where spherical nanocarriers can be observed within the cuti-
cle layer (see Fig. 6H and S9). As shown in the yellow-dotted
region of Fig. 6H, many spherical nanocarriers are present.
Some are located at the interface between the cuticle and
resin, while others remain embedded within the cuticle. The
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Fig. 6 HAADF-STEM images of Au nanocarriers in eggplant stems: (A-C, H) show spherical nanocarriers, and (D-F, I) show wire-shaped nanocarri-
ers. (G) A schematic drawing illustrating the distribution of nanocarriers in plant stems. White dotted boxes in (A, B, F, H, and I) are magnified to
highlight regions containing nanocarriers, while yellow dotted lines mark areas with nanocarriers. Green and purple dotted boxes in (D) indicate re-

gions of interest, which are further magnified in (E) and (F).
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nanocarriers at the interface are wrapped in waxes, cutin, or
polysaccharides from the cuticle.

For spherical nanocarriers retained within the cuticle, we
propose that these particles are undergoing post-
translocation re-deposition toward the outer stem surface,
consistent with plant exclusion of non-essential elements.
Importantly, in this study, only spherical nanocarriers were
observed at or near the outer cuticle of the stem following up-
take and internal transport, whereas wire-shaped nanocarri-
ers were not detected undergoing a similar re-deposition pro-
cess. This contrast highlights a strong morphology
dependence in nanocarrier fate within plant tissues. While
elongated nanocarriers appear to fragment and disperse
within internal tissues—particularly near sieve elements and
plasmodesmata—spherical nanocarriers remain structurally
intact and are more readily excluded toward the cuticle. The
absence of wire-shaped nanocarriers at the stem cuticle may
be attributed to their elongated geometry, which could hin-
der their ability to migrate through dense cellular architec-
tures or traverse toward the cuticular barrier due to increased
friction, entanglement, or mechanical constraints.

Fig. 61 further illustrates the presence of nanocarriers within
stem cells, showing a heterogeneous population with a wide
range of sizes and morphologies. Spherical nanocarriers tend to
remain clustered, whereas wire-shaped nanocarriers are pre-
dominantly observed as fragmented and more widely dispersed
structures. Overall, both nanocarrier types are primarily local-
ized near sieve elements of the stem, as summarized schemati-
cally in Fig. 6G, supporting phloem-associated transport follow-
ing foliar uptake. Together, these observations indicate that Au
nanocarriers undergo pronounced morphology evolution during
plant uptake and transport, driven by mechanical, chemical,
and biological interactions within plant tissues, with size and
shape playing a critical role in fragmentation, transport path-
ways, and exclusion behaviour.
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Fig. 7 and S10 show the distribution of spherical and wire
nanocarriers in transverse sections of eggplant roots. The yellow
dotted lines in the images indicate the locations where Au nano-
carriers are present. Fig. 7A-C reveal that Au spherical nanocar-
riers are primarily distributed around the cell walls, exhibiting
morphologies ranging from isolated spherical particles to ag-
glomerated and irregular particles. The EDX map inset in
Fig. 7C confirms the presence of Au spherical nanocarriers. The
interaction between nanoparticles and plants is complex, influ-
enced by factors such as biomolecules (enzymes and phyto-
chemicals), biochemical environment (pH, presence of ligands,
and metal ion concentrations), transport paths (passive diffu-
sion, active transport, and endocytosis), and nanoparticle sur-
face properties (charge and coating).'®®*®® These variables can
cause changes in nanocarrier morphology. Transformation of
nanocarriers, such as nanowires, predominates within cell wall
and intracellular compartments, where mechanical constraints,
enzymatic activity, and pH variations are higher. Regions associ-
ated with vascular transport may further promote transforma-
tion due to pressure and flow, whereas extracellular or low-
activity regions may experience limited structural change. Fur-
ther research is needed to understand the factors driving these
transformations and the parameters controlling nanocarrier
translocation.

Fig. 7D-F show fragmented Au nanocarriers located at the
interface between the epidermis and resin of root samples.
This localization suggests that, upon reaching the root, nano-
carriers are preferentially retained within epidermal cells or
root hairs, consistent with exclusion of non-essential ele-
ments. Fig. 7H and I further show the presence of nanocarri-
ers in the intercellular space and inside root cells, where
both their morphology and size are altered. These observa-
tions are consistent with confocal fluorescence imaging
(Fig. 3D), which confirms the presence of Au nanocarriers in
roots following foliar application.
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Fig. 7 HAADF-STEM images of (A-C) Au spherical and (D-F, H and I) wire nanocarriers in eggplant roots. (G) A schematic illustrates the
distribution of the nanocarriers. Yellow dotted lines indicate regions containing nanocarriers, and white dotted boxes highlight areas of interest.
The inset EDX map confirms the presence of Au nanocarriers. The region within the dotted box in (H) is magnified in (I) and further magnified in

the inset in (I).
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Notably, Au nanocarriers are consistently observed at the
root surface and epidermal interfaces, regardless of their ini-
tial morphology, suggesting biologically regulated immobili-
zation or exclusion rather than direct root exposure. This in-
terpretation is supported by prior work by Avellan et al.,> who
demonstrated that foliar-applied Au nanoparticles can be
translocated to roots and subsequently exuded into the rhizo-
sphere, indicating that roots can act as terminal sinks or ex-
clusion sites for non-essential nanomaterials. The presence
of Au nanocarriers at the root interface in this study is there-
fore consistent with long-distance transport following foliar
uptake and subsequent exclusion at the root level.

Fig. 7G is a schematic illustration of nanocarriers in plant
roots. Both spherical and wire-shaped nanocarriers are pre-
dominantly associated with cell walls; spherical nanocarriers
tend to retain their morphology and aggregate, whereas wire-
shaped nanocarriers are more prone to fragmentation and
dispersion. Together, these results indicate that nanocarrier
size and shape play a key role in determining transport,
transformation, and exclusion behaviour within root tissues.

3.3. Mechanism

The interaction between nanoparticles and plants is a com-
plex process influenced by nanoparticle properties, plant
physiology, and environmental factors.®” Upon foliar applica-
tion, nanocarriers adhere to the leaf surface via electrostatic,
van der Waals, or chemical interactions.®> They are then
taken up through various pathways, including trichomes, mi-
croscopic wounds, or possibly endocytosis, as noted in previ-
ous studies,”®® although they are not directly resolved here.

The presence of Au nanocarriers in leaves, stems, and
roots demonstrates effective internal redistribution following
foliar exposure (see Scheme 2). In leaves, spherical nanocarri-
ers are predominantly localised along cell walls and intercel-
lular spaces, consistent with transport through intercon-
nected apoplastic pathways (highways). Such transport is
influenced by nanocarrier shape and local physicochemical
conditions. Wire-shaped nanocarriers are frequently observed
in fragmented forms across multiple plant compartments.
Given the low fraction of nanospheres in the initial suspen-
sion, this observation indicates in planta transformation
rather than selective uptake of pre-existing fragments. While
the specific drivers of fragmentation cannot be conclusively
identified, the observations are consistent with mechanical
constraints and biochemical interactions within plant
tissues.

Nanocarriers detected near phloem-associated structures
in stems support long-distance redistribution following foliar
uptake. As the stem surface was not directly exposed during
application, their presence is attributed to internal transport
rather than external contamination. At the root level, nano-
carriers are predominantly localised in epidermal layers, cell
walls, and intercellular spaces, suggesting that roots act as
terminal compartments for the accumulation or exclusion of
non-essential elements.

This journal is © The Royal Society of Chemistry 2026
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Scheme 2 Schematic representation of the uptake and translocation of
Au nanocarriers from the plant leaf to the stem and then to the root.

Overall, the results indicate a morphology-dependent influ-
ence on nanocarrier transformation and spatial distribution in
planta. Spherical nanocarriers largely retain their morphology
during transport, whereas wire-shaped nanocarriers undergo ex-
tensive fragmentation. These findings provide an experimentally
supported framework for morphology-dependent behaviour,
while recognising that the underlying molecular transport
mechanisms require further investigation.

4. Conclusions

This study investigated the interaction of Au nanocarriers
with eggplants, focusing on their uptake, translocation, and
morphological changes. We designed and synthesized uni-
form hydrophilic -CD polymer capped-Au nanospheres and
nanowires, further loaded with Cu-EDTA. Following foliar ap-
plication, we monitored the behaviour of nanocarriers using
various analytical techniques. By employing high-resolution
STEM-EDX for spatial and chemical mapping and supported
by complementary techniques including ICP-OEC and confo-
cal microscopy, we obtained direct evidence for several
morphology-dependent behaviours.

Our key experimental findings are: (1) both spherical and
wire-shaped nanocarriers were taken up and systemically
translocated, with primary accumulation in treated leaves but
detectable presence in stems and roots. (2) Wire-shaped
nanocarriers underwent significant morphological transfor-
mation, including fragmentation and the formation of large
clusters during translocation, whereas spherical carriers
largely maintained their discrete form. (3) Correlative micros-
copy localised nanocarriers along pathways consistent with
apoplastic transport, suggesting a “highway” through inter-
cellular spaces that appears more accessible to spherical mor-
phologies. (4) At the root level, nanocarriers of both types

Environ. Sci.: Nano, 2026, 13, 1700-1716 | 1713
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were found accumulated at the tissue periphery, indicating a
potential point of exclusion or sequestration.

Based on these observations, we propose a model where
nanocarrier morphology critically influences the post-uptake
fate: spherical carriers translocate more readily via apoplastic
corridors (highways), while high-aspect-ratio wires are prone
to physical breakdown and aggregation. These insights, de-
rived from direct nano-scale imaging, advance the under-
standing of shape-dependent nanoparticle transport in
plants. They highlight the importance of design principles
for nanocarriers intended for foliar delivery, where optimiz-
ing shape can modulate mobility, stability, and final distribu-
tion. However, the applicability of these findings is limited to
the eggplant model system used herein. Future work should
expand these findings to other plant species and exposure
scenarios to assess their broader applicability.
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