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Targeted Delivery of Sucrose-Coated Nanocarriers with
Chemical Cargoes to the Plant Vasculature Enhances
Long-Distance Translocation

Su-Ji Jeon, Yilin Zhang, Christopher Castillo, Valeria Nava, Kurt Ristroph,
Benjamin Therrien, Leticia Meza, Gregory V. Lowry, and Juan Pablo Giraldo*

Current practices for delivering agrochemicals are inefficient, with only a
fraction reaching the intended targets in plants. The surfaces of nanocarriers
are functionalized with sucrose, enabling rapid and efficient foliar delivery into
the plant phloem, a vascular tissue that transports sugars, signaling
molecules, and agrochemicals through the whole plant. The chemical affinity
of sucrose molecules to sugar membrane transporters on the phloem cells
enhances the uptake of sucrose-coated quantum dots (sucQD) and
biocompatible carbon dots with 𝜷-cyclodextrin molecular baskets (suc-𝜷-CD)
that can carry a wide range of agrochemicals. The QD and CD fluorescence
emission properties allowed detection and monitoring of rapid translocation
(<40 min) in the vasculature of wheat leaves by confocal and epifluorescence
microscopy. The suc-𝜷-CDs more than doubled the delivery of chemical
cargoes into the leaf vascular tissue. Inductively coupled plasma mass
spectrometry (ICP-MS) analysis showed that the fraction of sucQDs loaded
into the phloem and transported to roots is over 6.8 times higher than
unmodified QDs. The sucrose coating of nanoparticles approach enables
unprecedented targeted delivery to roots with ≈70% of phloem-loaded
nanoparticles delivered to roots. The use of plant biorecognition molecules
mediated delivery provides an efficient approach for guiding nanocarriers
containing agrochemicals to the plant vasculature and whole plants.

1. Introduction

The increasing global demand for agricultural productivity by
a rapidly growing population requires a large increase in food
production.[1,2] Agricultural practices wield some of the earth’s
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most significant pressures on natural re-
sources, leading to deforestation, ground-
water pollution, and increased greenhouse
gas emissions.[3,4] The large inefficiencies
of agrochemical delivery for pesticides and
fertilizers in agricultural land are among
the most negative impacts on environmen-
tal and human health.[5] Pesticides such as
insecticides, fungicides, and herbicides a
major class of agrochemicals, accumulate
in the environment, and through biomagni-
fication can move into the food chain or af-
fect non-target species.[6,7] While pesticides
increase crop yield and quality, frequent use
leads to resistance to agricultural pests (i.e.,
pathogens and weeds), impacts air quality
and contaminates water and soil.[8–10] Pesti-
cide usage is particularly concerning since
only a small fraction[11] ofmillions ofmetric
tons of these agrochemicals applied annu-
ally worldwide[12–14] reach the intended bi-
ological target. Herbicides lacking systemic
translocation across whole plants also im-
pair their effectiveness in combating weeds
requiring larger frequency and amount of
application in crop fields.[15] A solution to-
ward these inefficiencies is rooted in the

ability to precisely deliver the agrochemicals to their intended
targets in plants where and when they will be most effective.
To achieve this, new technologies and delivery approaches are
needed to increase the efficiency of agrochemical delivery.[2,16]

Over the past decade, nanotechnologies have emerged as tools
to meet agricultural demands and offer potential solutions to
mitigate the inefficiencies of agrochemical delivery.[17,18] Semi-
nal studies demonstrating the ability of nanomaterials to bypass
plant cell barriers led to a growing interest in using them as tools
for the delivery of chemical and biomolecule cargoes in plants.[19]

The tunable physical and chemical properties of nanomaterials
enable a higher delivery efficiency to specific targets in plants. For
example, the size and charge of nanomaterials can influence their
foliar delivery efficiency to plant cells and organelles, including
stomata guard cells and chloroplasts.[20] Targeted and controlled
release studies for biomedical applications set a foundation for
the field of nano-enabled agriculture to use nanocarriers for im-
proving the delivery of agrochemicals in plants.[21] Recently, we
have demonstrated that engineered nanomaterials can be guided
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by peptides that target chemical cargoes to plant organelles.[22,23]

Plant biorecognition approaches to target nanomaterials to plant-
specific cells and organelles have been exploited for delivery to
plant stomata, trichomes, and chloroplasts.[22,24] However, amain
agricultural need is to target the plant vasculature where the
phloem vascular tissue is a primary route for long distance and
systemic agrochemical translocation in plants[25–27] and the host-
ing site of devastating plant pathogens that impair crop yields.[28]

Recently, targeted delivery approaches mediated by nanomateri-
als have focused their attention on the plant phloem.[29]

The plant phloem offers a transport system for agrochemi-
cal translocation from leaves to other plant organs, including
stems and underground roots, without interacting with com-
plex and diverse types of soil matrices.[30] In contrast, nanopar-
ticle delivery to plants through the roots is limited due to the
selective permeability of roots and the presence of various bar-
riers such as the root endodermis which can hinder plant up-
take into the vasculature.[31] Long-distance phloem transport of
organic compounds such as amino acids and photosynthetic
products (i.e., sugars) from leaves to other organs is driven by
bulk flow through sieve vascular elements and loading and un-
loading of phloem sap from cell-to-cell in phloem companion
cells.[32–34] Mechanisms for loading molecules into the phloem
and translocation to plant organs vary among plant species and
have been reported by previous studies.[35] However, approaches
for enhancing nanomaterial delivery and loading into phloem tis-
sues have not been elucidated. Oparka and colleagues reported
functionalizing molecules with sucrose to induce sucrose trans-
porters and enhance uptake into the phloem through sucrose-
uptake transporters.[35] Plant transport of sucrose, a primary
sugar transported in the phloem of plants, is highly regulated and
requires sucrose transporters.[32,34] These innate mechanisms
of sucrose recognition and transport by the phloem provide an
untapped opportunity to target nanomaterials with agrochemi-
cal cargoes.[36–39] Approaches using the molecular machinery of
plants to target nanomaterials to the phloem have not been ex-
plored. Current methods for delivering chemicals to the phloem
rely on conjugation with antibodies that are inadequate for agri-
cultural applications due to their high costs and stability at am-
bient conditions.[40–42] Herein, we tested an alternative approach
using surface functionalization of nanoparticles with biorecogni-
tionmolecules of sucrose that can be scalable and low cost. These
nanoparticles have a distinct capability to bypass plant cell barri-
ers including the plasma and organelle membranes by passive
disruption of lipid bilayers.[43,44]

Quantum dots (QDs) exhibit optical and electronic properties
that make them model traceable nanoparticles for assessing in-
teractions with plant biointerfaces using multiple advanced ana-
lytical tools.[45,46] The QDs are intrinsically bright and offer non-
photobleaching fluorescence with tunable emission wavelength
for imaging in plants at high spatial and temporal resolution
by confocal fluorescence microscopy.[22] Quantitative analysis of
the distribution of QD core elements, such as cadmium and tel-
lurium, can be performed in plant tissues using inductively cou-
pled plasmamass spectrometry (ICP-MS). Furthermore, QD tun-
able surface chemistry permits coating with biorecognition mo-
tifs for targeted delivery to plant tissues, cells, and organelles.[47]

Combined, QDs are valuable tools for tracking and quantify-
ing the targeted delivery of nanomaterials in plants for a funda-

mental understanding of nanoparticle-plant interactions. How-
ever, metal-based QDs are not suitable for environmental and
agricultural applications as their degradation could release toxic
metals into the environment, potentially posing human health
and environmental risk.[48] Carbon-based quantum dots (CDs)
coated with molecular baskets (𝛽-cyclodextrins) can carry a wide
range of agrochemicals[22,49,50] and have been recently demon-
strated to act as targeted chemical delivery platforms for plant
organelles.[23] CDs are among the most biocompatible and envi-
ronmentally friendly nanomaterials[51,52] with large potential for
nano-enabled agriculture applications.[53–58] Understanding fo-
liar delivery mechanisms of nanomaterials to the plant vascula-
ture is paramount for the adoption of nano-based technologies
for scalable, efficient, and systemic agrochemical delivery. Pre-
vious studies investigating QD and CD deliveries to the plant
phloem have reported the introduction of the nanomaterials with
mechanical aid, feeding through excised stems, or addition to
the hydroponic growth medium of seedlings.[59–61] Despite these
advances, there are no efficient and scalable approaches nor a
mechanistic understanding of how to target nanomaterials to the
phloem inmore realistic conditions in intact live plants grown in
soil, thus limiting applications of nanotechnology for agrochem-
ical foliar delivery through the plant vasculature.
This study elucidates how foliar delivery of QD and CD

coated with sucrose molecules enables targeted delivery to
the phloem and enhances long-distance translocation in wheat
plants (Triticum aestivum). We hypothesized that delivery of QD
and CDwith 𝛽-cyclodextrins (𝛽-CD) to the phloem is significantly
improved by sucrose moieties on the nanoparticle surface that
bind to sucrose transporters in phloem sieve membranes fol-
lowed by uptake into the phloem through the lipid cell mem-
brane (Figure 1). We performed confocal and epifluorescence
microscopy to determine the nanoparticle distribution in plant
leaves and their translocation rates into the leaf phloem, con-
firmed their loading into the vasculature by synchrotron X-ray
fluorescence mapping, and quantified their uptake and long-
distance transport from leaves to roots and stems by ICP-MS
analysis. We also demonstrated that suc-𝛽-CDs enhance the de-
livery of fluorescent chemical cargoes into the leaf vasculature.
Targeting of traceable CD with molecular baskets to the phloem
can act as tools for improving agrochemical delivery technologies
and lead to a more precise and sustainable agriculture.

2. Results

2.1. Characterization of Nanoparticles for Targeted Delivery to
the Phloem

Sucrose molecules were coated on the QD (sucQD) or 𝛽-CD (suc-
𝛽-CD) surface by strong binding between boronic acid groups
and carbohydrates (i.e., sucrose) containing syn-periplanar hy-
droxyl groups (Figure S1, Supporting Information).[22] We func-
tionalized the CD with 𝛽-cyclodextrin molecular baskets to
act as targeted nanocarriers for the delivery of agrochemicals
in plants (Figure S1, Supporting Information). 𝛽-cyclodextrins
have been shown to load and deliver a wide range of chemi-
cals including pesticides and herbicides (Table S1, Supporting
Information).[22,49,50] Transmission electron microscopy (TEM)
images showed an average size of sucQD and suc-𝛽-CD of
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Figure 1. Targeted delivery of sucrose-coated nanomaterials to the phloem. Foliar applied quantum dots (sucQDs) and 𝛽−cyclodextrin carbon dots
(suc-𝛽−CDs) coated in sucrose are guided through leaf tissues to the plant vasculature via binding with sucrose transporters located in phloem vessels.
The nanoparticles bypass leaf cell barriers and penetrate phloem cells through disruption of the lipid membrane, followed by bulk flow transport through
the phloem from the leaves to other plant organs.

≈5.0 ± 0.8 and 9.1 ± 2.8 nm, respectively (Figure S2, Supporting
Information). The suc-𝛽-CDs were doped with gadolinium (suc-
𝛽-GdCDs) for X-ray fluorescence mapping analysis. Gadolinium
is incorporated into the core structure of the CDs via coordination
bonds during the carbon dot synthesis.[62,63] The hydrodynamic
diameter of QD, CD, and GdCD was measured before and after
functionalization with sucrose or 𝛽-cyclodextrin. The DLS sizes
of the core QD, CD, and GdCD were 15.3 ± 1.6, 3.6 ± 1.5, and
7.5 ± 4.1 nm, respectively. After functionalization with sucrose
or 𝛽-cyclodextrin, the sizes of sucQD, suc-𝛽-CD, and suc-𝛽-GdCD

increased to a similar level of 17.6 ± 1.4, 20.3 ± 3.6, and 17.4 ±
5.7 nm, respectively (in 10 mm TES, pH 7.4, n = 3) (Figure 2a).
The hydrodynamic diameter of sucQD and suc-𝛽-CD were larger
than their TEM size due to the attachment of organic molecules
such as sucrose and cyclodextrin, or dimer and trimer formation
not observed in the TEM. Both QDs and sucQDs are highly neg-
atively charged with 𝜁 potential magnitudes of −57.1 ± 2.5 and
−45.9 ± 7.4 mV (10 mm TES, at pH 7.0), respectively (Figure 2b).
The core CD and GdCD also have negatively charged zeta poten-
tials of −28.9 ± 7.7 and −12.2 ± 1.9 mV, respectively. Coating the
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Figure 2. Characterization of quantum dots (QDs) and carbon dots (CDs) for targeted delivery to phloem. a) Hydrodynamic size of QDs, sucQDs, core
CDs, and suc-𝛽-CDs, uncoated GdCDs, and suc-𝛽-GdCDs (TES buffer, pH 7.0) (n = 3–6). The polydispersity index for all nanoparticles ranges from 0.28
to 0.35. b) zeta potential of QDs, sucQDs, core CDs, and suc-𝛽-CDs, uncoated GdCDs, and suc-𝛽-GdCDs (TES buffer, pH 7.0) (n = 3–6). t-test (Prism
ver. 10, GraphPad), ns (non-significant), ** p < 0.5, **** p < 0.0001. c) Fluorescence emission spectra of sucQD, suc-𝛽-CD, and suc-𝛽-GdCD. Both
sucQD and suc-𝛽-CD fluorescence have minimal overlap with leaf background fluorescence. d–f) FT-IR spectra of sucQDs, suc-𝛽-CDs, and suc-𝛽-GdCD
indicate functionalization with sucrose and/or 𝛽-cyclodextrins on their surface. Error bars represent SD.

CD or GdCD with sucrose and 𝛽-cyclodextrins slightly reduces
the zeta potential of suc-𝛽-CD and suc-𝛽-GdCD to −26.1 ± 4.1
and−9.9± 2.4 mV (Figure 2b). The size and charge of nanoparti-
cles coated in polymers have been reported to control their distri-
bution in plant cells or organelles.[20,30] However, little is known
about how these properties influence the translocation and dis-
tribution of nanoparticles coated with biorecognition molecules
such as sucrose. The DLS size of nanomaterials in this study is in
the range (< 40 nm)[30] reported to allow internalization through
leaf biosurface barriers, including the plant cell wall, plasma, and
chloroplast membranes. The 𝜁 potential for all nanoparticles ex-
cept for GdCD and suc-𝛽-GdCD is within the range expected to
facilitate uptake through plant lipid membranes (> 20 mV).[43]

Both QDs and CDs functionalized with sucrose or 𝛽-
cyclodextrin molecules maintained their remarkable optical
properties and colloidal stability. Although sucQD exhibited the
same characteristic absorption peak as QD at 575 nm, the ab-
sorbance of sucQD had a slight increase in the UV range, at-
tributed to the introduction of sucrose molecules on their sur-
face (Figures S3 and S4, Supporting Information). The absorp-

tion spectrum of suc-𝛽-CD showed the broadening of CD ab-
sorption in the UV and visible range due to the introduction of
both sucrose molecules and 𝛽-cyclodextrins (Figure S4, Support-
ing Information). The suc-𝛽-GdCDs also showed both of their
characteristic absorption peaks at 355 nm[62,64] and broad ab-
sorption in the range of 300 to 450 nm after functionalization
(Figure S4, Supporting Information). To determine the colloidal
stability of sucQD and suc-𝛽-GdCD in plant vasculature fluid,
we measured their absorbance at 575 and 355 nm, respectively,
while they were dispersed in artificial phloem sap for 7 days
(Figure S5, Supporting Information). The absorbance of sucQD
and suc-𝛽-GdCD did not change during this timeframe, con-
firming their colloidal stability in artificial phloem sap. One of
the remarkable properties of QD and CD is their high, tunable,
and stable fluorescence that allows tracking of their transloca-
tion and distribution within leaf tissues and cells.[20,23] The max-
imum fluorescence emission peak for sucQD, suc-𝛽-CD, and
suc-𝛽-GdCD was 590, 490, and 420 nm, respectively (Figure 2c).
The QD and CD fluorescence emission spectra minimize op-
tical interference with autofluorescence from leaves within the
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imaging detection range of 450–680 nm (Figure 2c).[20,22] We
confirmed the functionalization of QD, CD, and GdCD with su-
crose and/or 𝛽-cyclodextrins by Fourier transform infrared spec-
troscopy (FT-IR) (Figure 2d–f). The sucQD, suc-𝛽-CD, and suc-
𝛽-GdCD showed characteristic vibrational peaks for: amide I
(1657 cm−1 for sucQD and 1643 cm−1 for suc-𝛽-CD 1637 cm−1

for suc-𝛽-GdCD), amide II (1590 cm−1 for sucQD and 1548
cm−1 for suc-𝛽-CD 1561 cm−1 for suc-𝛽-GdCD) due to func-
tionalization with boronic acids through amide bonding; C–H
bending of sucrose or 𝛽-cyclodextrin molecules (1459, 1413, and
1406 cm−1); B–O stretching from sucQD, suc-𝛽-CD, and suc-
𝛽-GdCD (1326, 1330, and 1325 cm−1 respectively); C-O stretch-
ing of sucrose from all nanoparticles at 1047, 1045, and 1030
cm−1; and C–O or C–O–C stretching of 𝛽-cyclodextrin from
sucQD, suc-𝛽-CD, and suc-𝛽-GdCD at 1101, 1106, 1108 cm−1,
respectively.

2.2. Enhanced Delivery of Sucrose-Coated Nanoparticles to the
Plant Vasculature

We investigated how the sucrose surface coating of QD and 𝛽-
CD affects nanoparticle translocation from the leaf surface into
the phloem by confocal fluorescence microscopy imaging (206–
233 nm x−y and 2 μm z-axis resolution) (Figure 3). The nanopar-
ticles were delivered by foliar application to the adaxial (top)
leaf surface in a formulation containing 10 μL of sucQD or QD
(200 nM) in buffer (10 mm TES) with 0.1 wt% Silwet L-77, an
organosilicone surfactant used to facilitate agrochemical uptake
through the plant epidermis. The QDs were imaged by con-
focal microscopy in the loading area right underneath where
the nanoparticles were topically applied on the wheat leaf sur-
face (Figure 3a). After 30 min exposure, unmodified QDs were
distributed across the entire leaf within and outside leaf mes-
ophyll cells containing chloroplasts. In contrast, sucQDs were
mainly localized in a linear arrangement within leaf areas that
were surrounded by leaf mesophyll cells with chloroplasts, in-
dicating uptake into parallel veins of wheat leaves (Figure 3a).
To determine the vascular tissue transporting sucQDs, we per-
formed colocalization assays of sucQD with phloem tissue la-
beled with a fluorescent dye. The 5,6-carboxyfluorescein diac-
etate (CFDA) is converted into its fluorescent form carboxyflu-
orescein (CF) when it reacts with cellular esterases after perme-
ation in phloem tissues.[65] This technique is used for live imag-
ing of phloem companion cells and sieve elements in plants.[65]

The CF fluorescence emission was imaged within the optical re-
gion that does not significantly overlap with the QD fluorescence
(< 550 nm) (Figure S6, Supporting Information). The CFDA dye
translocated within the leaves and across the vasculature in a
similar spatial pattern as sucQD (Figure 3b and Figure S7a,b,
Supporting Information). The sucQDfluorescence colocalization
with the CF dye (87 ± 5.5%) indicates translocation of sucQDs
through the leaf phloem tissue. In contrast, uncoated QDs were
not observed to translocate in the leaf vasculature (Figure S7c,
Supporting Information). Colocalization experiments of carbon
dots with CF dye were not feasible because this fluorescence
dye quenches the CD fluorescence emission. To examine the
distribution of carbon dots in wheat leaves, Gd-doped CDs ap-
plied on the leaf surface were imaged by confocal microscopy

and synchrotron X-ray fluorescence (XRF) mapping. In planta
confocal fluorescence microscopy images indicated that suc-𝛽-
GdCDs were localized in the wheat leaf vasculature 2.2 times
higher than the sucrose uncoated 𝛽-GdCDs (Figure 3c). We also
conducted synchrotron XRFmapping of Gd-ion doped CDs func-
tionalized with 𝛽-cyclodextrin and coated with sucrose (suc-𝛽-
GdCDs) (Figure S1, Supporting Information). XRFmapping has
been previously used in wheat leaf cross sections as a line of evi-
dence of gold nanoparticle loading in the leaf vasculature.[30,66]

Gd was chosen to label the CDs for X-ray mapping because
of its low background signal in plant tissues, minimal overlap
in fluorescence emission energy with elements of interest (Ca,
K), and its strong binding affinity with the synthesized CDs.[67]

To identify plant cell structures, we used bright-field images of
leaf cross sections (Figure 3d) and followed previous studies re-
porting the use of Ca, and K, X-ray fluorescence emission lines
for determining extracellular (apoplastic) and intracellular (sym-
plastic) spaces.[68–70] Ca was used as a main component of the
apoplastic middle lamella of plant cell walls while K was associ-
ated with the symplastic cell cytoplasm.[71,72] K is an indicator of
plant vasculature and a major cation in the phloem sap.[73] The
XRF mapping was performed at 0.5 × 0.5 μm resolution on a
control wheat leaf without nanoparticles (Figure S8a, Support-
ing Information) to image the cellular distribution of Ca and
K. Both Ca and K have distinguishable fluorescence emission
from Gd emission (Figure S8b, Supporting Information), thus
these two elements were selected to scan the wheat leaf treated
with suc-𝛽-GdCDs (Figure 3e). The XRF map showed the fluo-
rescence emission characteristic of Gd in a selected region con-
taining a leaf vascular bundle. In this region, colocalization anal-
ysis of Gd with K (62%) was higher than with Ca (32%), indicat-
ing higher delivery inside the vasculature compared to the plant
cell wall outer layer. The XRF spectrum for a control leaf with-
out nanoparticles did not exhibit a Gd XRF signal (Figure S8b,
Supporting Information). The XRF analysis corroborated that su-
crose coating increases the translocation of nanocarriers into the
vasculature tissue compared to non-sucrose nanocarrier counter-
parts.
Nanomaterial physical and chemical properties (i.e., size,

charge, amphiphilicity) have been reported to control their
translocation in plants.[20,30,43,44,74,75] Smaller nanoparticle DLS
size and larger zeta potential have been associated with improved
plant cell uptake through cell barriers including the cell wall and
plasma membrane. Interestingly, our confocal microscopy and
XRF imaging analysis of suc-𝛽-CD and suc-𝛽-GdCD suggest that
sucrose moieties enhance vasculature loading of these nanocar-
riers despite having an increased DLS size or lower zeta poten-
tial magnitude than uncoated CD or GdCD. Our findings indi-
cate that surface functionalization with biorecognitionmolecules
is a determining property of the translocation of nanomateri-
als into the phloem compared to their size and charge over the
range of size and charge investigated here. Previous studies re-
porting QD delivery in plants including the vasculature were
demonstrated using non-intact plants in which excised stems
were fed with nanoparticle formulations.[59,60] Although these
studies provide valuable insights into nanoparticle-plant interac-
tions, they are not practical for agricultural applications or plant
biology research that requires in planta technologies. Herein, we
demonstrate a scalable and practical method for targeted foliar
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Figure 3. Nanomaterial distribution in leaf vasculature and surrounding mesophyll cells. a) 3D confocal microscopy images of leaves near the QD
or sucQD foliar application area in intact live plants show that sucQD (in green) was localized in wheat parallel leaf veins between mesophyll cells
containing chloroplasts (in magenta). b) Representative images showing the high colocalization of sucQD with carboxyfluorescein (CF) fluorescent dye
that labels phloem cells (in blue). Scale bar = 30 μm. c) In planta confocal fluorescence microscopy images of 𝛽-GdCDs and suc-𝛽-GdCDs in wheat leaf
vasculature. The suc-𝛽-GdCD were localized in the vasculature 2.2 times higher than the uncoated GdCD. Scale bar = 30 μm. d) Bright-field image of a
leaf-dried cross-section exposed to 0.5 μg suc-𝛽-GdCD analyzed by XRF mapping within the selected scanned area. Scale bar = 100 μm. e) XRF maps
collected on 5-ID at NSLSII in a selected region of interest in the leaf vascular bundle. The Gd k𝛼 XRF images (green) represent suc-𝛽-GdCD and the
K k𝛼 (magenta) and Ca k𝛼 (blue) represent the vasculature tissue. Labels indicate vasculature (v) and bundle sheath (b) tissues in the overlay image.
Scale bar = 50 μm.

delivery of CDs with molecular baskets to the phloem of intact
live wheat plants, a major field crop with the need for technolo-
gies that allow systemic delivery of agrochemicals through the
whole plant.[30,76,77] Our approach of coating nanomaterials with
sucrose molecules promotes their translocation into the plant
vasculature without mechanical aid by facile foliar delivery in
planta.

2.3. Translocation of Sucrose Coated Nanoparticles into the
Phloem

To investigate the translocation dynamics of nanoparticles in in-
tact live plants, we customized an epifluorescence microscope
to detect changes in nanoparticle fluorescence intensity in the
leaf vasculature (see Experimental Section, Figure 4a). Changes
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Figure 4. Rapid uptake and translocation of QDs in the phloem is enhanced by nanoparticle sucrose coating. a) Real-time imaging of QD in the phloem
of wheat leaves in planta was performed in a customized inverted epifluorescence microscope. A wheat leaf from an intact live plant was mounted on
the microscope stage and b) a trace region 10 mm away from the loading area was excited to image QD translocation in the phloem. Scale bar = 100
μm. c) Fluorescence intensity changes in the tracing area indicate rapid loading and translocation of the sucQD in the phloem. The sucQD fluorescence
intensity changes were significantly higher than for unmodified QDs and glucose-coated QDs (gluQDs). Epifluorescence image of wheat leaf vasculature
after exposure to sucQDs (40 min) indicates sucQD phloem loading and potential pathway of leaf uptake through stomata. Scale bar= 100 μm. One-way
ANOVA Dunnett’s multiple comparison test (Prism ver. 10, GraphPad), n = 4–5, ** p < 0.01, *** p < 0.001. d) Differences in sucQD translocation in
the phloem at 4 and 25 °C indicate a phloem bulk flow-dependent mechanism of nanoparticle loading and translocation into this vascular tissue. n = 4.
Scale bar = 100 μm. Error bars represent SD.

in QD fluorescence intensity were monitored in real-time down-
stream of the foliar topical application area (towards the stem)
in leaves of intact plants (Figure 4b). The phloem sap in mature
intact leaves is transported towards the stem, whereas the xylem
sap moves in the opposite direction.[65,78,79] The sucQD fluores-
cence intensity doubled downstream of the foliar application area
during 40 min indicating the nanoparticles are rapidly translo-
cated by the phloem vascular tissue (Figure 4c). In contrast, the
unmodified QD fluorescence intensity increased only 1.25 times
relative to the initial intensity within the same timeframe. The
merged bright-field image of the leaf vasculature with QD fluo-
rescence illustrates the nanoparticle localization in the phloem
after 40 min of exposure (Figure 4c and Figure S9, Supporting
Information). The rapid translocation of QDs in the leaf vascu-

lature is within the timescale expected for a typical phloem sap
velocity of 0.05 to 0.2 mm per second.[80,81] QD fluorescence sig-
nals in stomata guard cells on the leaf surface suggest a mech-
anism of entry via the stomatal pathway into the leaf tissues
and the vasculature (Figure 4c). Foliar applied nanoparticles in-
cluding CDs have been demonstrated to translocate from the
leaf surface into mesophyll cells through micron-size stomatal
pores.[20,82–85] Silwet L-77 surfactant reduces the water surface
tension allowing rapid uptake into leaf stomatal pores and also
increases permeability in the epidermal layer through partial re-
moval of the cuticular layer.[20,66] The epifluorescence imaging
analysis indicates that sucrose-coated QDs can be rapidly taken
up through the leaf epidermis and translocated through the leaf
phloem.
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To understand the mechanisms guiding sucrose-coated nano-
materials into the phloem, we examined the translocation kinet-
ics of sucQDs and glucose-coated QDs (gluQDs). We hypothe-
sized that the sucrose transporter membrane proteins that facili-
tate sucrose loading into the phloem increase the binding affinity
of sucQDs to the cell membrane of this plant vascular tissue.[86,87]

These transporters uptake sucrose and other sugars in phloem
cells; however, the specificity to sucrose is much higher than for
glucose. The gluQD hydrodynamic size and charge were simi-
lar to sucQDs (Table S2, Supporting Information). However, the
translocation kinetics of gluQDs was slower and resulted in a
1.25 times increase in fluorescence intensity in the leaf phloem
(Figure 4c and Figure S8, Supporting Information), similar to
the unmodified QDs indicating that glucose moieties are ineffec-
tive at improving QD loading and translocation into the phloem.
Although the sucrose coating improves the uptake of sucQDs
in the phloem, the translocation of these nanoparticles having
a TEM size of 5.0 ± 0.8 nm (n = 16-25) and DLS size of 17.6
± 1.4 nm (n = 3) (Figure S2 and Table S2, Supporting Infor-
mation) across sucrose transporters having a maximum size of
0.5 nm [88,89] is not possible. Instead, the sucQDs are likely pen-
etrating the phloem cell membranes by temporary disruptions
of the lipid bilayer or by endocytosis. Nanoparticles have been
reported to generate an ionic cloud that opens temporary pores
in plant lipid membranes.[43,44,90] As an additional line of evi-
dence of sucQD uptake by phloem cells, we compared the effect
of temperature on changes in sucQD fluorescence intensity in
the leaf vasculature (Figure 4d). Phloem flow has been reported
to be inhibited and stopped when chilled to 4 °C by numerous
studies,[91–93] an effect that has been attributed to the increase
in viscosity, reduced metabolic activity, and other changes in the
physical properties of the plant’s vascular system.[92–98] Thus we
expected to detect sucQDs in the phloem of the leaf trace area
away from the loading area at 25 °C but not at 4 °C. Indeed, the
sucQD fluorescence emission was observed in the leaf trace area
at 25 °C but not when leaves were chilled at 4 °C. The lack of
sucQDs in the phloem trace area at low temperatures could be
attributed to the reduction in bulk flow of materials including
the nanoparticles through the phloem. Overall, these results in-
dicate that sucQDs are preferentially uptaken by the phloem than
uncoated QDs and that the nanoparticle uptake by the phloem re-
lies on the bulk flow of the nanomaterials through this vascular
tissue.

2.4. Delivery of Chemical Cargoes into the Leaf Vasculature
Mediated by Sucrose-Coated Nanocarriers

To assess the potential of targeted nanocarriers for chemical
delivery to the plant vasculature, we used a model fluorescent
chemical cargo, rhodamine 6G (R6G), that can be loaded in
𝛽-cyclodextrins and delivered by nanocarriers (Figure 5a). The
quenching response of R6G caused by the reaction with 𝛽-
cyclodextrin through electron transfer,[99] indicates loading of
R6G into these molecular baskets (Figure 5b). As the concen-
tration of 𝛽-cyclodextrin increases, the R6G fluorescence inten-
sity decreases up to 0.02 μM concentration where there is a sat-
uration of chemical cargo loaded on 𝛽-cyclodextrins (Figure 5c).
The R6G delivered by CDs functionalized with molecular bas-

kets (𝛽-CDs) without sucrose coating showed weak fluores-
cence intensity from the vascular tissue. In contrast, when R6G
was delivered by suc-𝛽-CD, a higher R6G fluorescence inten-
sity was detected in the vasculature (Figure 5d). When R6G
alone was applied to wheat leaves, its fluorescence was primar-
ily observed in the leaf cell walls or membranes but not in
the vascular tissue (Figure S10, Supporting Information). We
observed a 2.4 times increase in R6G fluorescence when the
dye was delivered by suc-𝛽-CD relative to R6G alone. This in-
dicates a significantly improved delivery of the chemical car-
goes by sucrose-coated nanocarriers into the leaf vasculature.
Our findings demonstrate the effectiveness of a rational de-
sign for targeting nanocarriers with chemical cargoes to the
plant vasculature using sucrose coatings and the large poten-
tial of this approach for improving plant systemic delivery of
herbicides or pesticides in nano-enabled agricultural applica-
tions.

2.5. Translocation Efficiency of Sucrose-Coated Nanoparticles to
Plant Organs through the Plant Vasculature

We quantified both the extent of phloem loading and the dis-
tribution of translocated sucQDs compared to unmodified QDs
by elemental analysis of Cd in wheat leaves, stems, and roots
24 h after foliar exposure (Figure 6 and Table S3, Supporting
Information). The Cd core within QD allows us to determine
the fraction of QD uptake by plant leaves and the fraction trans-
ported through the plant by the phloem. The sucQD had an or-
der of magnitude higher overall transport than the unmodified
QD, with 13.8 ± 3.4% of sucQDs transported away from the ex-
posed leaf to other plant tissues after 24 h compared to 1.9 ±
0.8% of QDs at the same time. The accumulation of sucQD in
roots (8.2 ± 2.7 ng in Cd) was over 6.8 times higher than unmod-
ified QD (1.2 ± 0.9 ng in Cd) 24 h after exposure, indicating a
strong enhancement in nanoparticle phloem loading and long-
distance transport from leaves to roots mediated by the chemical
affinity of sucrose molecules with this vascular tissue. Previous
studies have reported nanoparticles (NPs) delivered to the leaf
vasculature that translocate away from the exposed leaf, where
roots were a significant sink for Au NPs (3, 10, and 50 nm) in
wheat plants,[30] TiO2 and ZnO NPs (25 nm),[100] and polymeric
NP carriers (35 nm)[101] in tomato plants. However, most of these
phloem-loaded metals and polymer-based NPs lacking biorecog-
nition functionality were transported to young leaves and stems
instead of targeting roots.[30,78] The mechanisms for enabling ef-
ficient nanoparticle delivery and translocation in the phloem in
planta are still under debate because total phloem loading of or-
ganic or inorganic nanoparticles is not consistently affected by
either nanoparticle size, charge, or hydrophobicity. Our sucrose
coating of NP approach enabled targetedNP delivery to roots with
≈70% of phloem-loaded NPs delivered to roots. Sucrose-coated
QDs preferential accumulation in the roots relative to uncoated
counterparts could be explained by the roots being one of thema-
jor sucrose sink organs in plants.[102] Our targeted approach is
a significant improvement in delivery to plant root organs com-
pared to a previous study, where less than 30% of phloem-loaded
Au NP (10 nm) were transported to wheat roots.[30]
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Figure 5. Enhanced delivery of fluorescent chemical cargoes to the leaf vasculature mediated by suc-𝛽-CD a) Schematic of suc-𝛽-CD with molecular
basket (𝛽-cyclodextrin) and fluorescent chemical cargo (Rhodamine 6G, R6G). b) Fluorescence spectra of R6G before (black) and after interfacing with
0.05 mM of 𝛽-cyclodextrins (purple) (10 mM TES buffer, pH 7.4). c) RG6 fluorescence intensity at different concentrations of 𝛽-cyclodextrins (n = 3).
The data was fitted to a two-phase decay equation. d) Confocal images of wheat leaves indicating enhanced delivery of R6G into the vasculature by
nanocarriers coated with sucrose (suc-𝛽-CD) relative to RG6 alone and non-sucrose nanocarrier counterparts (𝛽-CD-RG6). The formulations were sus-
pended in Silwet L-77 (0.1 %) and applied on the adaxial surface of wheat leaves. Error bars represent SD.

2.6. Biocompatibility of Targeted Nanoparticles

The biocompatibility of sucQD and suc-𝛽-CD in wheat leaves
was determined by leaf photosynthetic activity and dead cell as-
says after exposure of wheat leaves to nanomaterials. The sucQD
and suc-𝛽-CD did not significantly impact leaf health during the
timeframe of the experiments (< 24 h). The leaf CO2 assimila-
tion rate (A) at different photosynthetically active radiation (PAR)
levels of leaves exposed to QD and CD were similar to con-
trols without nanoparticles (Figure 7a). Both QD and CD also
showed negligible cytotoxic effects in leaves after 24 h of expo-
sure with no significant changes in the percentage of dead leaf
mesophyll cells. The percentage of dead cells was determined by
staining of nuclei of dead cells with propidium iodide dye (PI)
(Figure 7b,c and Figure S11, Supporting Information). The PI dye

enters cells with damaged membranes intercalating into double-
stranded nucleic acids enabling the quantification of dead cells
or damaged cell membranes.[103,104] Together, the biocompatibil-
ity assays indicated no toxicity effects of the nanomaterials during
our experimental timeframe.

3. Conclusion

Nanoparticle surface coating with biorecognition molecules is
a promising approach for the targeted delivery of agrochemical
nanocarriers to plant organelles (i.e., chloroplasts),[22,23] cells (i.e.,
stomata),[24] and vascular tissues (i.e., phloem). Herein, sucQD
acting as model traceable nanoparticles for the fundamental un-
derstanding of their interactions with plant biosurfaces and suc-
𝛽-CD used as nanocarriers for targeted agrochemical delivery

Small 2023, 2304588 © 2023 Wiley-VCH GmbH2304588 (9 of 15)
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Figure 6. Delivery efficiency of QD from leaves to other plant organs through the phloem. The leaf uptake and translocation of QD and sucQD to
wheat plant organs were assessed by ICP-MS analysis of the Cd QD core element. a) Schematic represents sampled areas including exposed and trace
leaf areas, stem, and roots. b) The fraction of Cd content detected in wheat plants, after 24 h of nanoparticle exposure, indicates significantly higher
translocation of sucQD to all sampled areas including roots compared to unmodified QD. t-test (Prism ver. 10, GraphPad), n = 5, *** p < 0.001, ****
p < 0.0001. Error bars represent SD.

for agricultural applications allowed us to demonstrate proof of
concept of more efficient delivery of sucrose-coated nanoparti-
cles and chemical cargoes to the phloem. The distribution and
translocation of sucQD or suc-𝛽-CD in plant leaves were as-
sessed by imaging their fluorescence emission through confo-
cal microscopy in vivo and XRF mapping. The sucrose-coated
nanoparticles had high colocalization with the vasculature in
leaves, and translocation rates in intact live plants within the
time scale and direction (towards the stem) reported for phloem
solute transport. The bulk flow-dependent uptake indicates that
the sucrose-coated nanomaterials are rapidly taken up through
the leaf epidermis and translocated in the phloem. The prefer-

ential sucQD loading in phloem vessels over glucose and un-
coated QD supports the hypothesis that nanoparticle biorecog-
nition is mediated by the affinity of sucrose moieties with su-
crose transporters in phloem cells. Knock-out mutant lines for
sucrose transporters with impaired phloem loading are not avail-
able in wheat plants but they could be used to test our biorecog-
nition hypothesis in other plant species.[105] Previously, we have
demonstrated that carbon dot nanocarriers coated with targeting
peptides enhanced the delivery of chemical cargoes to chloro-
plasts in vivo.[23] Herein, we show that sucrose-coated suc-𝛽-CD
nanocarriers significantly enhanced the delivery of chemical car-
goes to the phloem. Together these studies highlight that coating

Figure 7. Biocompatibility of sucQD and suc-𝛽-CD with wheat leaves. a) CO2 assimilation rates at different photosynthetically active radiation (PAR)
levels were similar or higher for leaves exposed to sucQD and suc-𝛽-CD relative to controls without nanoparticles (n = 3–4). b) Confocal microscopy
images of wheat leaves exposed to sucQD and suc-𝛽-CDs for 24 h after being treated with propidium iodide (PI), a fluorescent dye that stains the nuclei
of dead cells (white arrows). c) No significant differences in leaf mesophyll cell death were observed between controls without nanoparticles (Silwet-L77
only) and leaves treated with nanomaterials. t-test (Prism ver. 10, GraphPad), n = 4. Error bars represent SD.
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nanocarriers with biomolecules is an effective strategy to improve
their delivery and their cargoes to specific tissues or organelles.
Quantitative analysis of sucQD leaf translocation kinetics in

planta and long-distance transport analysis were performed by
epifluorescencemicroscopy and ICP-MS of the nanoparticle core
elements (Cd), respectively. The sucQDs are delivered by long-
distance transport through the phloem from exposed mature
leaves to roots was evidenced by a significant increase of Cd in
roots. Our targeted approach provides a tool for foliar delivery of
nanomaterials with agrochemical cargoes targeted to roots while
avoiding interfering interactions with complex and diverse soil
matrices. Coating nanoparticles with sucrose enables unprece-
dented levels of foliar delivery of nanomaterials to roots in in-
tact live plants, a 6.8 times increase in delivery efficiency rel-
ative to controls and remarkably 2.4 times higher than previ-
ously reported for gold nanoparticle delivery to roots after fo-
liar application.[30] This targeted delivery approach mediated by
sucrose coating on the nanomaterial surface was also demon-
strated for biocompatible and environmentally friendly nanopar-
ticles such as CD functionalized with molecular baskets able to
deliver a wide range of pesticides and herbicides. Future stud-
ies would assess the release of targeted nanoparticles from roots
into soils thatmight be expected as plants exude a significant frac-
tion of carbon they fix by photosynthesis[106,107] and nanoparticles
have been reported to be exuded from roots into soils.[85] Our car-
bon dot nanocarrier approach for targeted delivery of agrochemi-
cals could be used to mitigate plant pests such as nematodes that
live in the rhizosphere.[108] In addition, applications in the field
would require the investigation of interactions with themicrobial
community at the leaf surface to determine the effect of sucrose-
coated nanocarriers on microbial growth.
Technologies for targeted delivery of agrochemicals leading

to more sustainable agriculture are required to be scalable,
economically viable, and have low environmental footprint.[109]

Carbon dot nanocarriers can be synthesized on a large scale
through simple bottom-up approaches including thermal syn-
thesis used in this study.[110] In addition, carbon dot nanocarri-
ers are among the most biocompatible nanomaterials made of
abundant, economical, and renewable resources including ani-
mal and plant derivatives[111] such as urea, citric acid, and sac-
charides (e.g., sucrose). Biorecognition foliar delivery of nanopar-
ticles and nanocarriers able to carry active ingredients,[23,112]

nutrients,[113,114] or DNA/RNA[23] to the phloem can transform
current agrochemical delivery technologies into more efficient
and sustainable agricultural practices with reduced environmen-
tal impact.

4. Experimental Section
Synthesis of Sucrose-Coated QDs (sucQDs): The sucQDs were syn-

thesized from carboxylated QD functionalized with 3-aminophenyl
boronic acid (APBA) capped QDs (BA-QD). The carboxylated QDs
(QSH-580, Ocean nanotech., USA) were functionalized by 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and N-hydroxysuccinimide
(NHS) activated reaction. Briefly, NHS (75 nmol) and EDC/HCl (75 nmol)
were added to the 0.5 uM of the carboxylated QDs in TES buffer (10mm
TES buffer, pH 7.4). Then, the mixture was vortexed (750 rpm) for 15min
at ambient temperature. An APBA solution (75 nmol) was added to the
activated carboxylated QD solution to generate boronic acid functional-

ized quantum dots (BA-QDs). The reaction was stirred (750 rpm) for 3 h
at room temperature. The excess APBA was removed using a centrifugal
filter (30 K amicon filter, Millipore) with ddH2O and repeated at least five
times. To avoid agglomeration during the centrifugation step, a bath son-
ication step was used to re-suspend the BA-QDs in the centrifugal filter
after refilling with ddH2O. For the synthesis of sucQDs, the BA-QDs were
suspended in TES buffer (10 mm TES buffer; pH 10.4), then 15 ul of 5 mm
sucrose solutionwas added to the BA-QD solution and vortexed overnight.
TheQD reacted with sucrose using amolar ratio of sucrose toQDs of 0.1:1
and obtained a ratio of 0.06:1 for sucrose-coated QD (Figure S3, Support-
ing Information). Sucrose-coated BA-QDs (sucQDs) were washed using
a centrifugal filter (30 K amicon filter, Millipore) in ddH2O. This step was
performed in the same way as the washing step of BA-QDs. The resulting
sucQDs were suspended in 10mm TES (pH 7.5) for experiments in plants.

Synthesis of Sucrose and 𝛽-Cyclodextrin-Coated Carbon Dots (suc-𝛽-CDs):
The suc-𝛽-CDs were synthesized by coating with 𝛽-cyclodextrin and su-
crose on the CD core. Core CDswere synthesized by the slightmodification
of previously reported protocols.[20] The CD cores were synthesized by hy-
drothermal reactions using citric acid, urea, and ammonium hydroxide. In
brief, 1.92 g of citric acid (Fisher, 99.7%) and 2.40 g of urea (Fisher, 99.2%)
were dissolved in 2 mL of DI water and 1.35 mL of ammonium hydroxide
(Sigma Aldrich, NH3·H2O, 30–33%) was added into the mixture. The mix-
ture was reacted at 180 °C for 1.5 h, cooled down to room temperature, and
redissolved in DI water. The aggregate was removed by centrifugation at
4500 r.p.m. for 30 min. A solution was further filtered by using a syringe fil-
ter (Whatman, pore size, 0.02 μm) to remove large-size particles. Then, the
CD core was functionalized by carboxyphenylboronic acid (CBA) capped
CD (BA-CD). The NHS (75 nmol) and EDC/HCl (75 nmol) were added to
the CD in TES buffer (10mmTES buffer, pH 7.4). Themixture was vortexed
(750 rpm.) for 15min at ambient temperature. A CBA solution (75 nmol)
was added and reacted for 3 h at room temperature. To wash the excess
CBA out, a centrifugal filter (3 K amicon filter, Millipore) was used and re-
peated at least five times. For introducing 𝛽-cyclodextrin and sucrose on
the sucCD, the BA-CDwere dispersed in TES buffer (10mmTES buffer; pH
10.4), then 10 ul of 5 mm 𝛽-cyclodextrin was added and stirred overnight.
After the reaction with 𝛽-cyclodextrin, themixture was washed using a cen-
trifugal filter (3 K amicon filter, Millipore) two times. Then 10 μl of 5 mm
sucrose was reacted with 𝛽-cyclodextrin coated CDs (10 mm TES buffer;
pH 10.4). The mixture was washed using a centrifugal filter (3 K amicon
filter, Millipore) to remove unbound sucrose. The sucrose to CD molar ra-
tio was not possible to calculate for CD as they do not have a well-defined
molecular weight as QD.

Synthesis of Sucrose and 𝛽-Cyclodextrin-Coated Gd-Doped Carbon Dots
(suc-𝛽-GdCDs): To prepare Gd-doped carbon dots, gadolinium (III) chlo-
ride (0.5 g) was dissolved in 6 ml of DI water and then mixed with citric
acid (1 g), tritethylenediamine (0.75ml) in the autoclave reactor. After mix-
ing for 30 min, the reactor was heated at 180 °C for 90 min. The mixture
was cooled down on the lab bench, the reaction mixture was centrifuged
at 5000 rpm for 30 min to get rid of the aggregates and excess reagents,
and the supernatant was then dialyzed (MWCO 1k, Spectrum labs) with 6
L of DI water. The functionalization of GdCD was performed following the
same procedure for CD described above.

Characterization of QDs, Carbon Dots, and Gd-Doped Carbon Dots: The
absorbance, photoluminescence, hydrodynamic size, zeta potential, and
Fourier transform infrared spectroscopy (FT-IR) were measured to char-
acterize their physicochemical properties. Hydrodynamic sizes and zeta
potentials were determined in a 10 mm TES buffer (pH 7) in the presence
of 0.1 mmNaCl using a Nano-S Malvern Zetasizer. The UV–vis absorption
spectra were measured in a UV-2600 Shimadzu spectrophotometer. The
concentration of the QDs, CDs, or GdCDs (mgmL−1) was determined us-
ing Beer–Lambert’s law (Equation (1)), where Abs is absorbance, ϵ is the
extinction coefficient, L is the path length, and c is concentration.

Abs = 𝜖 × L × c (1)

The absorbance peaks were used for the determination of the concen-
tration at 577 nm for QDs, 400 nm for CDs, and 355 nm for GdCDs. The
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extinction coefficient (ϵ) was 2.7⋅105 M−1 for QDs, 10.4 mg−1 ml for CDs,
and 0.18 mg−1 ml for GdCDs, with a path length of L = 10 mm.

Transmission electron microscopy (TEM) was performed on a Philips
FEI Tecnai 12 microscope operated at an accelerating voltage of 120 kV.
The TEM samples were prepared by placing one drop of particle solution
onto the ultrathin carbon film grid. The surface coatings and functional
groups on nanomaterials were characterized by FT-IR (Bruker spectrome-
ter, Alpha I). The FT-IR measurements at each step of the synthesis were
taken to analyze functional groups on the nanoparticle surface.

Preparation of Artificial Phloem Sap: Artificial phloem sap was pre-
pared by combining the following chemicals:[115] potassium chloride at
995 mm, calcium chloride at 90 mm, magnesium chloride at 20 mm,
sodium nitrate at 5 mm, potassium dihydrogen phosphate at 6 mm, su-
crose at 65.9 mm, glucose at 2.5 mm, fructose at 10.3 mm, and citric acid
at 28.2 mm.

Plant Growth: Wheat plants (T. aestivum) were grown in the F-1200
Plant Growth Chambers (Hipoint, Taiwan) under a light intensity of
200 μmol m−2 s−1 photosynthetic active radiation, 24± 1 and 21 ± 1 °C
day/night, 60% relative humidity, and 14/10 h day/night light period. The
soil was purchased from Planet Natural (SunshineMix #1) and autoclaved
before use to avoid unintended effects on plant health and growth by mi-
crobial pathogens or other organisms. Each wheat seedling was grown in
an individual 2.25-inch square size pot. Plants were watered with tap water
once every two days.

Nanoparticle Delivery into Plant Leaves: For fluorescence microscopy,
ICP-MS, and X-ray mapping analysis, a solution of 10 uL QD (200 nM) or
GdCD (0.1 in 10 mm TES buffer (pH 7.4) with 0.1 wt% Silwet L-77 surfac-
tant was applied topically on the adaxial side of the wheat leaf lamina for
30 min to enable the translocation of nanoparticles across the leaf lam-
ina. The remaining droplets were gently removed by wiping them off with
Kimwipes.

Confocal Fluorescence Microscopy of QDs and CDs in Plant Leaves: The
QDs were imaged in wheat leaves by using TCS SP5 laser scanning con-
focal microscope (Leica Microsystems, Germany). Leaves were exposed
to QD or CD, as explained above. The leaf disks were collected with a
cork borer at the loading area and tracing area (10 mm from the load-
ing area towards the stem) and mounted on a microscopy slide for
confocal microscopy imaging of QD or CD. The leaf disks in the mi-
croscopy slide were placed inside a chamber made with observation gel
(132700, Carolina) filled with 0.3 ml of perfluorodecalin (P9900, Sigma-
Aldrich) observation solution for improving confocal imaging. The con-
focal microscopy settings for QD imaging were as follows: ×20 and
×40 objectives (UAPON-340, 1.15 w); 405 nm laser excitation for QD;
z-stack section thickness = 2 μm. The PMT detection range was set to
550–600 nm for QD; 700−800 nm for chloroplast autofluorescence; 500–
550 nm for CDFA. The confocal microscopy imaging settings for CD imag-
ing were as follows: 355 nm laser excitation; detection range was set to
400–480 nm. All confocal microscopy images were analyzed using FIJI
(ImageJ).

Epifluorescence Microscopy of QD Uptake and Translocation into Phloem:
To monitor the translocation of sucQDs into the vascular system in real
time, fluorescence images were collected by a customized epifluorescence
microscopy system. A wheat leaf from an intact live plant wasmounted us-
ing metal clips on the microscope stage. The QDs were applied on wheat
leaves as described above. The roots and soil in the pot were wrapped
with aluminum foil to prevent spilling on the microscopy setup. The mea-
surement spot on the abaxial side of the leaf surface was focused 10 mm
away from the loading area exposed to sucQD or QD suspension. An arc
lamp (U-HGLGPS, Olympus) connected to a band pass excitation filter
(400 to 450 nm) was used to excite the QD, and a CCD camera (Retiga
R3, Qimaging) for imaging of QD fluorescence emission after a bandpass
emission filter (570 to 600 nm). Images were collected using optical cube
filters for QD fluorescence emission or chloroplast autofluorescence as
follows: For QD, excitation 405 nm, emission detection range was 570–
590 nm; for chloroplasts excitation 405 nm, emission detection range was
700–800 nm. The integration time was set at 0.1 s. The collected images
were converted to calculate integrated average fluorescence intensity with
FIJI (ImageJ).

X-ray Fluorescence Imaging of CD in Plant Leaves: X-ray fluorescence
mapping (XRF) images with submicron resolution of dried wheat leaf
cross-sections were acquired at Beamline 5-ID at theNational Synchrotron
Light Source II (NSLS-II) at Brookhaven National Laboratory. Fresh wheat
leaves were dosed via drop-deposition with 0.5 μg of sucCDs. The dosed
leaves were harvested, cut, submerged in OCT, and immediately flash-
frozen in liquid nitrogen. The tissues were cut perpendicular to the leaf
vasculature using a cryostat in 50 μm thick slices. Each cross-section was
mounted onto a polystyrene cell culture slide sealed between two pieces of
Kapton tape. The cross-sections were kept frozen until freeze-dried at −80
°C and 0.133mbar for 48 h. To acquire XRF images, samples were oriented
at 45° to the incoming beam (0.5 × 0.5 μm, 9.5 KeV) and to a four-element
VortexME3 silicon drift detector. High-resolution XRFmaps were collected
using a step size of 0.5 μm on fixed tissue with a dwell time of 0.25 s. The
spectral fitting was performed using the PyXRF spectral fitting program.

ICP-MS Analysis of QD Distribution in Plant Organs: The plants were
digested according to previous protocols with some modifications.[116]

All leaf samples were dried at 105 °C for 24 h to remove water. The root
samples were air-dried in a fume hood for 15 days to separate adhered
soil from root tissue. The dried leaf tissues were weighed and digested
overnight at ambient temperature using 0.3 mL of a 2:1 v/v mixture of
70% HNO3 and 30% H2O2. The root samples were digested by 1 mL of
a 2:1 70% HNO3, 30% H2O2 mixture. Both samples were heated at 95
°C for 45 min. The samples were then further digested by adding 0.1 or
0.3 mL of 30%HCl into each leaf or root sample, respectively, with another
30 min of heating at 95 °C. Post digestion, the samples were diluted to 5%
HNO3 by MilliQ water and filtered through a 0.45 μm PTFE syringe filter
before analysis by ICP-MS (Agilent 7700X). The linearity, precision, and ac-
curacy of the Cd concentration by ICP-MS measurements were assured by
calibration (Table S4, Supporting Information) and ICP-MS measurement
settings (Table S5, Supporting Information). The percent mass of Cd de-
tected in different plant organs was converted into fractions delivered to
each plant organ by the following equation.

f (%) =
mCd org

mCd tot
× 100% (2)

where f is the percent of Cd in each plant organ, mCd org is the mass of Cd
detected in each plant organ, and mCd tot is the total mass of Cd detected
in plants. The percentage of phloem-loaded nanoparticles delivered to the
roots was calculated as follows. In sucQD-treated plants, 13.9% of the ap-
plied sucQDs were transported outside the exposed zone to other plant
organs (after 24 h). Among all the plant organs, 9.5% of the sucQD were
detected in plant roots which account for ≈70% of the transported suc-
QDs.

Leaf Cell Viability Assays: Cell viability of wheat leaves exposed to
sucQDs (200 μM) and suc-𝛽-CDs (0.1 mg mL−1) was performed us-
ing PI (Propidium iodide, 0.1 mm, plant cell viability assay kit, PA0100,
Sigma-Aldrich) as described in the previous report.[46] Briefly, wheat
leaves were exposed to buffer control solution (10 mm TES, pH 7.0,
0.1wt% Silwet L-77), sucQDs or suc-𝛽-CDs (in 10 mm TES, pH 7.0,
0.1wt% Silwet L-77). Then, at 3 and 24 h, leaf discs were stained
with PI for 30 min. The stained samples were then mounted on
microscopy slides for confocal microscopy imaging.[22,90] The PMT
detection range was set at 590–640 nm for PI and 690−750 nm for chloro-
plast autofluorescence under 488 nm excitation. All confocal microscopy
images were analyzed using FIJI (ImageJ).

Confocal Imaging of Fluorescent Chemical Cargo Delivery into Plant Cells:
A 500 μl of suc-𝛽-CD (0.1 mg ml−1) suspension was incubated for 6 h
with 5 μl of rhodamine 6G (0.1 mm) in 10 mm TES buffer (pH 7.4) to load
rhodamine 6G on 𝛽-cyclodextrins. After incubation, Silwet L-77 was intro-
duced into the solution, resulting in a final concentration of 0.1 wt%. Sub-
sequently, 5 μl of R6G-loaded suc-𝛽-CD was applied on the adaxial side of a
wheat leaf. After 1 h treatment, a leaf disc was prepared for confocal imag-
ing as described in methods above. Only R6G or only suc-𝛽-CD in 0.1%
Silwet L-77 were applied on leaves as control samples. The confocal mi-
croscopy imaging settings were as follows: ×40 wet objective (Carl Zeiss
Microsystems, Germany); 355 nm laser excitation for suc-𝛽-CD, 532 nm

Small 2023, 2304588 © 2023 Wiley-VCH GmbH2304588 (12 of 15)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202304588 by C
arnegie M

ellon U
niversity, W

iley O
nline Library on [13/02/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



www.advancedsciencenews.com www.small-journal.com

laser excitation for rhodamine 6G; 633 nm for chloroplast. The PMT de-
tection range was set at 410–480 nm for suc-𝛽-CD; 540−600 nm for rho-
damine 6G; and 680−760 nm for chloroplast autofluorescence.

Statistical Analysis: All data were represented asmean,± indicates SD,
and n = biological replicates or independent nanoparticle sample repli-
cates. Statistical analysis was performed using Prism ver. 10. Statistical
comparisons were performed by one-way ANOVA based on post-hoc Dun-
nett and Tukey tests (two-tailed) or unpaired t-test (two-tailed). Statisti-
cal significances among experimental groups were denoted by letters and
their statistical significance was described by asterisks in captions: p <

0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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