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Nanomaterials are being increasingly studied for their use in agriculture to promote healthy crop growth
and mitigate the damaging effects of plant diseases. Copper is among the elements delivered and managed
with nanoenabled-agriculture practices, but it is challenging to balance copper levels because some doses
mitigate disease, but in excess, it can be harmful and interrupt photosynthetic function. Carbon dots (CDs)
are an emerging, sustainable class of fluorescent nanomaterials with affinity for copper ions that possess
good biocompatibility and low toxicity, making them an ideal candidate for use in crop applications. Here,
a range of CDs were synthesized from citric acid and urea with varied affinity for copper ions. We
investigated how chelated copper affects CD fluorescence and structure, and we propose a mechanism
Received 19th June 2025, for the chelation of Cu?* by CDs. Additionally, the effects of the Cu-CD complex on both healthy and
Accepted 6th February 2026 disease-bearing tomato plants were evaluated. The data show that the complex had no toxic effects on
DOI: 10.1039/d5en00576k the plant and can increase seedling biomass by 44-61% when applied through a vacuum seed infiltration
method. The desorption of copper from the Cu-CD complex exhibited a slow-release profile, indicating

rsc.li/es-nano that CDs could be an effective tool for mitigating excess copper in plants.

Environmental significance

Engineered nanomaterials, including carbon dots, have great potential for agricultural applications to deliver needed cargo or remove harmful pollutants.
In this work, careful study reveals how carbon dots enter and localize within plants, have minimal unintended toxicity, and can chelate Cu*" to control
critical in-plant levels.

Introduction disposal of the commercial products.* The literature on the
nanotoxicology of engineered nanomaterials is both robust and
complex, with some nanomaterials exhibiting significantly
greater toxicity than others, although dose, exposure conditions,
and organism are critical factors at play. For example,
semiconductor quantum dots were found to release heavy metal
ions that are toxic to bacteria® and fresh water
macroinvertebrates.®” In contrast, copper-based nanomaterials
such as copper phosphate nanosheets have been shown to be
beneficial, suppressing fungal disease progress in crops such as
watermelon.® Copper, specifically, is an essential plant

Engineered nanomaterials have been increasingly employed in
various commercial applications such as in batteries," light-
emitting diodes,” and personal care products.® As such, it is
important to understand their impact on the environment since
they are being produced in increasing amounts and will likely
be released into the environment during use, recycling, or
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bactericides."* As such, it is imperative to ensure that excess
copper can be mitigated in plants to achieve beneficial
concentrations regardless of delivery method. Designing
nanomaterials that can chelate copper to appropriate
concentration levels will improve crop health by mitigating toxic
concentration levels of copper within the plant.

Carbon dots (CDs) are an emerging nanomaterial in the
carbon allotrope family that can be synthesized via simple
methods and have good biocompatibility, water solubility, and
bright photoluminescence.”>™” However, there are limited
studies on the impact of CDs to plants. Among the small
number published, several have focused on applying CDs to
mung bean sprouts. Li et al. showed that when CDs were
applied at concentrations from 0.1 mg mL™" to 1.0 mg mL ™, no
phytotoxic effects on mung bean growth were evident.'®
Alternatively, Wang et al. found that CDs can promote mung
bean sprout growth, increasing the carbohydrate content by
21.9% when applying their optimal concentration of 0.02 mg
mL™" CDs." Zheng et al. also reported that CDs increase the
biomass of hydroponically cultured Rome lettuce by 48%.>°
However, other studies have raised concerns about the
accumulation of CDs in plants and the potential resultant
toxicity.>' For example, Qian et al. applied polyethyleneimine-
based CDs to pumpkin seedlings and found that the CDs
decreased the fresh biomass by 25%; the authors proposed that
this phytotoxicity was attributable to the plant's defense
mechanism based on a change in antioxidant enzyme
activities.”" Combining the conflicting results of these recently
published studies and the great potential of CDs for agricultural
applications, it is clear there is a need to better understand how
CDs impact plant growth and physiology.

Herein, we aim to design a CD that can chelate Cu*" in
plants to promote growth while inducing minimal phytotoxicity.
CDs for this study were synthesized with citric acid and urea
through a microwave-assisted hydrothermal treatment. This
method was chosen because it is inexpensive, fast, and
scalable,” and the most commonly used CD synthesis method
in the literature. In addition, the weak coordination ability of
urea was hypothesized to make both Cu*" loading and delivery
(association and disassociation) possible. We varied the
precursor ratio to make a series of CDs that had varied affinity
for copper to chelate these ions. We investigated functional
changes to CDs after chelating Cu®*" using UV-is and
fluorescence, and we further examined the chemical bonding
and complexation of Cu®>" being incorporated into the CD using
FT-IR and XPS. After understanding how Cu®" chelates with
CDs, desorption experiments were conducted to evaluate if and
how Cu®* can be re-released from the CDs. The application of
Cu*'-containing CDs was then investigated on tomato plants.
Using confocal microscopy and the fluorescent character of the
CDs, we found that the CDs can penetrate the leaf surface of
tomato plants and enter mesophyll cells. We studied the impact
of CDs and their copper complexes on tomato plants via two
application methods: root ball injection and vacuum seed
infiltration. No phytotoxicity was found with either application
method. Interestingly, 250 ppm CD or 125 ppm CD loaded with
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38 ppm Cu*" can enhance the biomass of seedlings by 44% and
61%, respectively, if they are applied through the seed vacuum
infiltration method. Additionally, the Cu-CD complex can help
increase copper levels in tomato plants infected with a common
root fungal disease known as Fusarium wilt, though in
insufficient amounts to fully protect against the disease with
the treatment regime used herein. This work gives deeper
molecular insight into the complexation of CDs with metal ions
(specifically Cu**), the environmental impact of CDs, and the
effects of Cu-containing CDs on tomato plant growth.

Results and discussion

1. Material characterization of carbon dots (CDs) and the Cu-
CD complex

Carbon dots (CDs) were synthesized via a microwave-assisted
hydrothermal treatment of citric acid and ureaina 1:1, 1:3,
or 1:5 molar ratio. Initial screenings using a copper-selective
electrode indicated that the 1:3 molar ratio of citric acid to
urea is most efficient for Cu** loading, so all experiments
henceforth were done with the 1:3 citric acid: urea CDs. The
resulting CDs were imaged using transmission electron
microscopy (TEM), providing information about the shape
and size of the CDs. The CDs appear spherical in nature, and
the lack of visible lattice planes indicates that they are
amorphous as expected. The average diameter of the CDs was
10.1 + 0.9 nm (n = 231) (Fig. 1a).>*

When CDs were mixed with high concentration aqueous
copper sulfate (CuSO,) solutions (exceeding the maximum
binding capacity of the CDs), a dark precipitate was observed,
indicating successful incorporation of Cu®". After dialysis of the
Cu-CD complex for 7 days, the SO,>" levels were undetectable
by XPS, leaving only Cu®" that binds to/associates with CDs.
Interestingly, it was also found that the pH of the Cu®**/CD
suspension decreased from 6.51 + 0.04 to 5.11 + 0.06 after CDs
were added (Table S1), which indicates that there are protons
released from the CDs upon interaction with Cu®*. This satisfies
the charge balance as both SO,*>” and H are released after CDs
bind to/associate with Cu®".

Dynamic light scattering (DLS) results for CDs mixed with
different concentrations of copper are shown in Fig. 1b. The
CD hydrodynamic diameter increased with copper exposure
from ~20 nm with no added copper to ~130 nm with 170
ppm Cu®'. The zeta potential of the CDs also increased from
-35 mV to nearly neutral (~-5 mV) for the Cu-CD aggregates
as the concentration of Cu®*" increased (Fig. 1c). This could
be due to Cu®" bridging between the surface of the CDs with
subsequent screening of the surface charge. TEM imaging
also showed that significant aggregation occurs after CDs are
mixed with aqueous Cu®>" (Fig. 1d). To understand the
loading capacity of CDs for Cu®*, CDs were exposed to an
excess (0.5 M) of CuSO,, and the precipitate was centrifuged
and washed. The complexes were analyzed with inductively
coupled plasma optical emission spectrometry (ICP-OES); the
data show that every 100 ng of CDs has the capacity to bind
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Fig. 1 (a) A representative TEM image of 1:3 citric acid:urea CDs
before exposure to aqueous Cu?* solution; (b) hydrodynamic sizes,
measured by DLS, of CDs mixed with 0, 20, 70, 120, 170 ppm
aqueous Cu?*; a one-way analysis of variance (ANOVA) with a Tukey
post hoc test found the size significantly increases due to
aggregation as more copper is added to the CDs (p < 0.001, n = 5);
(c) zeta-potentials of CDs mixed with 0, 20, 70, 120, 170 ppm
aqueous Cu®*; a one-way ANOVA with a Tukey post hoc test found
the charge significantly increases, approaching zero, as more copper
is added to the CDs (p < 0.001, n = 3); (d) TEM images of aggregated
CDs following mixing with aqueous Cu?*. Hydrodynamic diameter
results represent five analytical replicates, and zeta potential results
represent three analytical replicates. Error bars represent the standard
deviation.

to 30.6 + 0.4 ug Cu®" (Table $2). For comparison, the 1:1 and
1:5 ratio CDs loaded ~11 and 38 ug Cu®', respectively.

To better characterize the functional changes caused by
exposing the CDs to Cu®", the optical properties of the CDs
were examined with UV-vis and fluorescence spectroscopy
(Fig. 2a and b). The UV-vis results show that the CDs without
Cu*" binding have an absorption band with /.. = 243 nm,
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indicating n-r* transitions from C=C bonds in the core of
the CD structure. The major peak at 337 nm and the
shoulder peak at 395 nm are attributed to n-n* transitions
for C=0 and C=N, respectively. Fluorescence spectroscopy
results show that the CDs reach maximum emission with
Jmax = 448 nm when excited at 350 nm. When exposed to
Cu?*, the . remained consistent, but the fluorescence was
significantly quenched. CD fluorescence decreases linearly
from 0-30 ppm Cu®" with a limit of detection of 4.8 ppm, as
shown in the inset graph in Fig. 2c, where the decreasing
fluorescence intensity due to copper addition increases the
normalized fluorescence intensity ratio.

It is interesting that the CD fluorescence responds to Cu®",
and there is some precedent work considering the fluorescence
quenching mechanism. Specifically, CD fluorescence is
quenched by Cu®* through the inner filter effect mechanism by
the formation of a cupric amine.>* The inner filter effect
suggests that the photon absorption by a quencher decreases
the apparent emission intensity of a fluorophore. Importantly,
Dong et al. noted that the absorption band of a Cu-CD complex
overlaps partially with the excitation spectrum of CDs.* This is
validated in the present study, wherein the UV-vis spectrum of
copper nitrate overlaps with CD absorption slightly at around
310 nm (Fig. S1). After the addition of Cu**, the absorption of
the Cu-CD complex increased at wavelengths lower than 290
nm and approximately 485 nm. This indicates the formation of
a new complex that has a distinct UV-vis absorption. Thus, it
appears that the inner filter effect could be contributing to the
fluorescence quenching of the Cu-CD complex. While not the
purpose of this study, these data suggest that the CDs used
herein could be useful for Cu®* sensing applications.

Additionally, the fluorescence lifetime of the CDs and Cu-
CD complex with 0-100 ppm added aqueous Cu®>" was
measured to gain further insight into the quenching
mechanism (Table S3). The bare CDs had an average lifetime of
4.9 ns, and after Cu®>" was added, their lifetime was between 5.4
ns and 5.7 ns; there is not a statistically significant difference in
fluorescence lifetime for CDs with and without Cu®" (p > 0.05),
indicating that the fluorescence decrease in the Cu-CD complex
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Fig. 2 (a) UV-vis spectrum of aqueous 1:3 citric acid: urea CDs before exposure to aqueous Cu?* solution; (b) fluorescence spectra of 1:3 citric
acid : urea CDs before exposure to Cu?* solution; (c) fluorescence spectra excited at 350 nm of CDs when exposed to 0, 2, 4, 6, 10, 15, 20, 30, 40,
80, 160, 320, or 640 ppm Cu?* (from top to bottom, or highest to lowest intensity), with the inset showing a linear fit of Fo/F for 0-30 ppm
aqueous Cu?*, R? = 0.998 (F, = initial CD fluorescence and F = CD fluorescence at the given Cu?* concentration).
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Fig. 3 FT-IR spectra of aqueous CDs (black) and Cu-CD complexes
(blue).

is due to static quenching from the CDs binding to Cu*" to form
non-fluorescent complexes that do not contribute to the
fluorescence lifetime.

II. Structural analysis of Cu-CDs

To further understand the binding mechanism and the structure
of the Cu-CD complex, FT-IR and XPS were used. FT-IR showed
that CDs have various functional groups (Fig. 3). A broad band at
3000-3500 cm™ is due to absorption from O-H and N-H
stretching vibrations. A significant peak at 1561 cm™" is assigned
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to an amide II band from N-H bending in combination with C-N
stretching.”>”” A shoulder peak at 1700 ¢cm™' corresponds to
C=0 stretching vibrations that come from either a carboxylic
acid or an amide. Peaks at 1413, 1330, 1173 ecm™* are from COO~
stretching, C-C stretching, and C-O stretching vibrations,
respectively.>” After the CDs complexed with Cu®", a blue shift of
the amide II band from 1561 cm™ to 1573 cm™" was observed. A
similar blue shift in amide II bands were also observed in
polyalanine-metal complexes®® and with the hormone
melatonin.? This is attributed to the partial positive charge on
nitrogen, which also contributes to the increase in the absorption
intensities as the dipole moments become greater.** Additionally,
there is a significant decrease in band intensities at 3000-2700
em*, which indicates consumption of the proton in carboxylic
acids after CDs complex with Cu®". Thus, FT-IR spectra indicate
that CDs bind to Cu®* through nitrogen and oxygen functional
groups, as expected.

An XPS survey spectrum shows that the elemental
composition of CDs is 58.2% C, 7.8% N, and 31.6% O (Fig. 4).
High resolution XPS spectra were calibrated by adjusting the
C-C binding energy to 284.8 eV. For the C 1s spectrum, the C-
N/C-O peak is at 286.1 eV, and the C—=0O/C=N peak is at 288.7
eV. After complexing with Cu®’, copper is visible in the XPS
spectrum. Deconvoluted peaks show that 61.3% copper stayed
as Cu*', while 38.7% copper was partially reduced and has a
lower binding energy (Fig. 4d). Comparing the N 1s spectra of
CDs and CDs associated with Cu®*, the graphitic N content
increased from 34% to 57.4%, indicating that there is electron
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Fig. 4 XPS spectra of C 1s, N 1s, and O 1s regions from CDs before Cu?>* complexation (a-c); and Cu 2ps,,, N 1s, and O 1s from CDs after Cu®*

complexation (d—f).
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Scheme 1 (a) Example of one potential part of the polymeric CD structure containing carboxyl, alcohol, and amide groups. (b) Example of how
Cu?* can chelate with amide groups on the polymeric CD structure to form a stable ring structure. (c) Example of how Cu?* can chelate with a
carboxylic acid and amide group on the polymeric CD structure to form a stable ring structure.

donation from N to Cu, making N more electron deficient. This
also explains why Cu®" ions were found partially reduced. The
deconvoluted O 1s spectrum indicates the component at a
higher binding energy decreases after binding to Cu*". This
could be explained by Cu®** replacing H' ions (which have a
higher charge density);* binding to Cu®" instead of H' thus
decreases the O 1s component at 532.5 eV from 63% to 36%.
An XPS survey scan also supports complexation between CDs
and Cu*" (Fig. $2).

To better illustrate the changes happening to the CD with the
chelation of Cu*", we propose two possible structures that agree
with what is observed in FT-IR and XPS data (Scheme 1). Previous
work details how CDs made from citric acid and urea likely
undergo a dehydration reaction to form a polyamide shell.* We
propose that Cu®>" complexes to the surface level carboxylic
groups (through oxygen) and amide groups (through nitrogen).

III. Examining the translocation of CDs in tomato plant
leaves through confocal microscopy

Because CDs have great potential for agricultural applications,
and these CDs have a clear capacity to load Cu**, studies were
undertaken to characterize plant uptake and translocation of
CDs using fluorescence microscopy. To first understand if CDs
can be accumulated by tomato plants through a foliar (leaf)
application, we infiltrated various concentrations of CDs using
a needleless syringe onto tomato plant leaves and used confocal
microscopy to image the distribution of CDs within the leaf
tissue. As shown in Fig. 5, CDs were found at the epidermis and
mesophyll of tomato leaves. At lower concentrations, such as
0.5 mg mL™", the CDs were often found co-located with stomata.
This indicates that CDs can traverse the leaf surface through
microscale stomatal pores. At higher concentrations, such as 5
mg mL™", CDs were found in guard cells of stomata and other
epidermis cells, indicating that CDs can penetrate plant cell

1592 | Environ. Sci.: Nano, 2026, 13, 1588-1600

walls and move inside leaf dermal tissue. Meanwhile, CDs were
also found at mesophyll cells and co-located with chloroplasts,
further supporting that CDs can effectively penetrate the leaf
surface. Taken together, it is clear that these CDs enter tomato
leaf cells and translocate either through the stomatal and
cuticular pathways. Furthermore, they can also pass through
the leaf cell barriers to enter the cell interior.

IV. Investigating Cu®* desorption from CDs

To understand the release profile of Cu** from Cu-CD
complexes, a desorption study was carried out by dialyzing Cu-
CD complexes loaded with ~30.6% (w/w) Cu®" against either
water or simulated xylem solution and measuring released Cu**
using ICP-OES. Results indicate that in both solutions, minimal
Cu®" was released from 0-8 h before increasing gradually with
time. After 21 days, the percentage of copper released from the
original Cu-CD complexes was only 1.3 + 1.2% in water and 5.1
+ 0.8% in simulated xylem solution (Fig. 6). The higher amount
of copper released into simulated xylem solution is possibly due
to carboxylic acids and malic acids in the xylem solution
complexing with copper and competing with CDs for copper
binding. The slow releasing character of Cu-CD complexes
suggests that they will not have acute toxicity or other
significant impact to plants via release of excess Cu*'. In fact,
this behavior indicates that CDs can be applied potentially as a
slow releasing Cu fertilizer or as a heavy metal ion adsorbent to
ameliorate toxicity from plants that is induced by Cu** or Cd**
due to their strong complexation ability.**

V. Exploring toxicity and the impact of Cu-CD complexes on
tomato plants

Since CDs can enter plant leaves and penetrate plant cell walls
as shown in Fig. 5, it's important to understand the impact of
CDs on plant physiology, including seed germination and

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Representative confocal fluorescence microscopy images of epidermis and mesophyll of tomato, indicating CD translocation in leaves at
different CD concentrations. CD fluorescence is presented in green, and the chlorophyll (Chl) fluorescence is presented in purple. For both the
epidermis (left panel of 9 images) and the mesophyll (right panel of 9 images), the negative control is in the bottom left corner, showing only the
presence of chlorophyll. The scale bar, shown in the top left image of each 9-image panel, is consistent in all images.

growth of edible fruits and vegetables (tomatoes in this case).
Since the foliar application studies showed no apparent impact
of CD application, this work also considered two other routes to
deliver CDs as a fertilizer or for heavy metal remediation: a root
ball zone injection method (Fig. S3) and a previously developed
seed vacuum infiltration method.> The two methods were
chosen to characterize the impact of CDs and Cu-CD complexes
on tomato growth and seed germination were they to be used
for in-plant heavy metal chelation. Additionally, we looked at
the impact of CDs and Cu-CD complexes on both healthy
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Fig. 6 Cu?* released from Cu-CD complexes when dialyzed against
simulated xylem solution or deionized (DI) water. Though the total
amount of Cu?* released was small, a t-test confirms the Cu-CDs
released significantly more Cu?* at each time point over the 21 day
measurement period (p < 0.05). Dissolution was assessed using ICP-
OES. Error bars represent the standard deviation across 3 replicates.
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plants and plants exposed to Fusarium fungal disease
(Fusarium oxysporum Schltdl.: Fr. f. sp. lycopersici (Sacc.)) to
determine if the addition of CDs or Cu-CD complexes can
have remedial effects on infected plants. Our toxicity study
focused on the short-term impacts of CD addition to tomato
plants as prior studies in rice plants indicate that CDs can be
degraded into wusable materials for growth and
photosynthesis.*>*® Additionally, we assessed the nanotoxicity
using the U.S. Environmental Protection Agency guidelines,*’
with a focus on seed germination and seedling biomass
determination."®

After root ball injection of CDs (representing the
nanostructures before chelation) and its copper complexes
(representing the nanostructures after maximal chelation),
plants were grown for 12 weeks, and the biomass of whole
plants and roots were assessed. Representative images of plants
at the end of these experiments are shown in Fig. S4. No
statistically significant decrease in biomass was found in the
treatments (p > 0.05), indicating that both the CDs and the Cu-
CD complexes had negligible toxic effects to tomato at 125-500
ppm, with or without loading 38-153 ppm Cu** (Fig. 7). The
lack of acute toxicity is likely due to the slow-release character
of Cu-CD complexes, preventing any significant negative impact
to plants via Cu®" release. Additionally, the shoot biomass and
root biomass were collected separately, and the 250 ppm CD
solution loaded with 76.5 ppm Cu*" significantly improved the
root biomass by 63% compared to the deionized water negative
control (p < 0.05) (Fig. 7). Furthermore, the 250 ppm CD
complex loaded with 76.5 ppm Cu®* had 78% higher root
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DI Water

500 ppm CDs
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500 ppm CDs + 153 ppm Cu?*
250 ppm CDs + 76.5 ppm Cu?*
125 ppm CDs + 38 ppm Cu?*

87.5 ppm Cu?* from Cu(NO 3),

Fig. 7 Root biomass and shoot biomass of tomato plants treated via root ball injection with varying concentrations of CDs and Cu-CD complexes.
Error bars represent standard deviations across 10 plant replicates. Statistical differences were determined through a two-way ANOVA with a
Tukey multiple comparisons test. Statistical differences from the positive (dark blue, 87.5 ppm Cu?* from Cu(NOs),) and negative (royal blue, DI
water) controls are shown above; additional statistical differences between treatment groups are shown in Table S4.

biomass than the ion control (p < 0.01), and the 500 ppm CD
complex loaded with 153 ppm Cu*" had 40% higher shoot
biomass than the ion control (p < 0.05). These benefits could
be due to the slow release of Cu*>" from Cu-CD complexes that
promoted root growth at micronutrient-relevant concentrations;
however, further studies would be needed to explore the fate of
the copper and whether it remains chelated to CDs or released
into the plant material. The lack of toxicity of the CDs solidifies
the potential for the use of CDs as carriers of beneficial
micronutrients or for heavy metal chelation.

Elemental analysis of the dried shoots and roots of the
healthy plants treated via the root ball injection method showed
that plants have relatively similar nutritional compositions
across different treatments, including with Ca**, Fe*", Zn** and
other nutritional elements, as shown in Fig. S5. The plant roots
treated with Cu®>" ions unassociated with CDs had higher Cu®*
concentrations than the negative control in both diseased and
healthy groups (p < 0.0001) (Fig. 8). Additionally, for the
diseased treatment, the Cu®>" concentrations in the plants with
the 500 ppm CD treatment and the 125 ppm CDs loaded with

1594 | Environ. Sci.: Nano, 2026, 13, 1588-1600

38 ppm Cu®" were significantly higher than the control (p <
0.01 and p < 0.0001, respectively). The Cu®" increase could be
attributed to the higher local Cu** concentrations, making it
possible for the plant to absorb more Cu** under the
treatments. It has been reported that plants can tolerate 300
ppm Cu®" treatments,*® and tomato seedlings readily grew in
the treatment and accumulated Cu** with lower Cu®>" dose
treatments. Considering that all the treatments in the diseased
groups had a similar root and shoot biomass (Fig. 7), this
indicates that CDs can facilitate higher Cu®>" concentrations up
to 153 ppm in the roots without having a negative impact on
plant growth. While this concentration is insufficient to
increase the tomato's ability to defend against Fusarium disease,
it suggests that future work with a higher capacity CD could
deliver the necessary dose.

In addition to the root ball injection method, a vacuum seed
infiltration method was employed to represent an option for
market-ready incorporation of nanoparticles for agriculture.
Seeds were exposed to various concentrations of CDs and their
copper complexes using a previously developed seed vacuum

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Cu?* concentrations in dried roots in healthy and diseased groups treated with varying concentrations of CDs and Cu-CD complexes through the
root ball injection method. Error bars represent standard deviations across 9-10 replicates. Statistical differences were determined through a two-way
ANOVA with a Tukey multiple comparisons test; additional statistical differences between treatment groups are shown in Fig. S5.

infiltration method.>* Briefly, seeds were incubated in the
treatment suspension within a vacuum desiccator. The vacuum
was applied for a fixed period of time at -0.1 MPa and then
slowly released before decanting. The seed germination rate in
both healthy and Fusarium-infected plants was assessed over 38
days as shown in Fig. 9a and b and Tables S6 and S7. The
application of CDs and Cu-CD complexes had no significant
impact (p > 0.05) on seed germination compared to the control
group. At the end of 38 days, the final survival rates in the
healthy plant group across all treatment conditions were over
87.5%, demonstrating that CDs and Cu-CD complexes had no
impact on tomato seed germination. In comparison,
Fusarium-infected plants ranged in survival rates from 10-40%,
though there was no significant difference in survivability with

(b)

—_
o
=
a
8

3

32
(=
I
32
S

[
"

any treatment condition (p > 0.05). The Fusarium-infected
group treated with Cu(NO;), experienced a 105% increase in
seedling biomass (p < 0.05), but no other treatment methods
caused a significant difference in the biomass. This indicates
that ions such as Cu** and NO;™ applied to tomato seeds could
help plant growth when they are infected with Fusarium wilt.
These findings agree with previous literature that indicates
these ions have therapeutic effects towards plants affected by
Fusarium fungal disease.***® In healthy plants, applying either
250 ppm CD or 125 ppm CD loaded with 38 ppm Cu*"
significantly increased the biomass per seedling by 44% and
61% respectively (p < 0.0001). Applying 125 ppm CDs also
increased the biomass per seedling by 30% (p < 0.01)
(Fig. 9c and d). Altogether, it seems CDs and Cu-CD complexes
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Fig. 9 Survival rates of plants following seed vacuum infiltration in (a) diseased soil or (b) healthy soil; biomass per seedling for seeds after
treatment in (c) diseased soil or (d) healthy soil. Survival rate error bars represent standard deviations taken across 8 plant replicates. Since biomass
was measured by pot, the biomass standard deviation was calculated per seedling by assuming the seedlings in every pot have equal mass.
Diseased seedling biomass was assessed over 2-16 plant replicates, and healthy seedling biomass was assessed over 31-39 plant replicates.
Statistical differences were determined through a one-way ANOVA with a Tukey multiple comparisons test.
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at optimal concentrations can enhance tomato growth if they
are applied through the seed infiltration method, though those
optimal concentrations were not achieved herein. This is
congruent with other nano-enabled delivery tools for improving
plant health, which generally improve plant biomass by about
30-50% (Table $5).*'™** Similar growth promotion effects of
CDs were also observed with lettuce®”** and mung bean
sprouts,'®™®* and it was attributed to CDs transporting
nutrient ions in the transpiration system®’ or enhancing the
photosynthesis process.'***

Conclusion

Amorphous polymeric CDs have the potential to load, store,
and release metal ions, making them potentially useful for in-
plant delivery of micronutrients or in-plant metal remediation.
Here, blue-emitting CDs synthesized from citric acid and urea
were found, using confocal microscopy, to penetrate the tomato
leaf surface and colocalize with chloroplasts. From FT-IR and
XPS characterization, it was found that CDs complex Cu®"
through N and O functional groups. By ICP-OES analysis, the
complexing ability of the best-performing CDs was found to be
30.6 pg Cu®" per 100 ug CDs. Since CDs can load Cu** and be
accumulated by plants, greenhouse experiments were
conducted to analyze CD impact on tomato growth. Generally,
CDs do not show toxicity to tomato plants when applied by the
root ball injection method. Additionally, if they were applied
using a seed infiltration method, CDs and Cu-CD complexes
can enhance the seedling biomass by 44% and 61%,
respectively. This is consistent with previous literature that
indicates nano-enabled micronutrient delivery can increase
plant biomass, increase elemental nutrients, and slow disease
progression.*’ **%1 Qverall, while these CDs may not be
suitable for rapid copper delivery to plants, it is clear that they
have good complexing ability for heavy metal ions such as
copper. Considering that CDs and their copper complexes can
enter tomato plants using various application methods and
have minimal inherent toxicity towards tomato plants, CDs can
be potentially applied as a Cu®>" adsorbent. Additionally, other
CDs could be synthesized to selectively bind other toxic
elements such as As, Cr, or Pb to remediate heavy metal
contamination in fields. While this work pushed the study of
CD toxicity to plants into a realistic greenhouse study, further
mechanistic studies on CD plant impacts are needed to better
understand CD impact on plant function.

Experimental section
CD synthesis

Citric acid and urea were obtained from Sigma-Aldrich and
Mallinckrodt, respectively, and used without further purification.
CDs were synthesized following a previously reported method
with minor modifications.*® Specifically, 0.40 g citric acid and
0.36 g urea were fully dissolved in 10 mL MilliQ water. The
solution underwent a microwave-assisted hydrothermal
treatment in a CEM Discover® SP reactor at 160 °C for 4 h under
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medium stirring conditions. The crude product was filtered with
a 0.22 um filter and was dialyzed with a molecular weight cut-off
(MWCO) = 3500 Da dialysis membrane for 3 days.

CD characterization

The hydrodynamic diameter and zeta potential of the CDs were
measured with a Malvern Zetasizer. The CD nanoparticle size
was measured with FEI Tecnai 12 TEM using an accelerating
voltage of 120 kV; the reported CD size was determined by
averaging the diameter of 231 CDs. UV-vis absorption spectra
were collected with a Mikropack DH-2000 UV-vis-NIR
spectrometer. Fluorescence spectra were measured with a
Horiba PTI QuantaMaster™ 400 fluorometer. The Cu®'
concentration calibration curve was measured with a Synergy
H1 plate reader. ATR-FTIR spectra were obtained using a
Thermo Scientific Nicolet iS5 Fourier transform infrared
spectrometer. XPS spectra were measured with PHI 5000
VersaProbe III photoelectron spectrometer. For FT-IR and XPS
characterization of Cu-CD complexes, 0.5 mg mL™" CDs were
mixed with 1 mg mL*? aqueous CuSO,. The solution incubated
for 12 h and was then centrifuged to obtain a pellet of Cu-CD
complexes; this pellet was dried in an oven overnight. To
quantify the loaded Cu®" amount, the Cu-CD complex pellet
was washed and centrifuged 3 times to eliminate any free Cu®",
then suspended in 0.5 mL water. The solution underwent
sample digestion before being analyzed by inductively coupled
plasma optical emission spectroscopy (iCap 7600 Duo ICP-OES)
by the Research Analytical Laboratory at the University of
Minnesota.

Desorption experiments

To evaluate the Cu-CD complex Cu®" release profile, a
solution containing 3.33 mg mL™' CDs and 3.01 mg mL™"
Cu(NO3;), was prepared. This ratio facilitates the maximum
loading amount as determined by ICP-OES. The solution was
adjusted to pH 7 by adding HCl or NaOH. The Cu-CD
complexes were dialyzed against DI water through a MWCO =
500 Da dialysis membrane. Simulated xylem solution was
used as the other dialysis medium to simulate the intraplant
xylem environment. Simulated xylem solution was prepared
on the basis of a reported method;** briefly, a solution
containing 890 uM malic acid and 1.71 mM citric acid was
prepared, and its pH was adjusted to 6 with NaOH.
Triplicates for each sample were made. The samples were
stirred on a magnetic stir plate, and aliquots from the
dialysate were taken after 1 h, 12 h, 24 h, 7 d, and 21 d.
Copper concentration was analyzed by ICP-OES with Thermo
Fisher iCAP 6500.

Confocal microscopy imaging of CDs in tomato leaves

All nanoparticle formulations used Silwet L-77 (Bio World,
0.2%) as a wetting agent. The concentrations of CDs were
0.5, 1, 2, and 5 mg mL™". Application of the nanoparticles
happened in the dark and on the whole surface of the first
true leaf. Tomato leaves were infiltrated with CDs using a
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needleless syringe (1 mL) and incubated for 10 min prior to
imaging.

At least three samples were used for confocal microscopy
imaging. Samples were mounted on microscope slides (Corning
2948-75X25) having a Carolina observation gel chamber (~1 mm
in thickness) made with a cork borer (diameter, 8 mm). A leaf
disk was taken from a treated leaf with a cork borer (diameter, 6
mm), immersed in the chamber filled with perfluorodecalin
(PFD, 90%, Acros) and sealed with a coverslip (VWR).

The tomato leaves were imaged using an inverted Zeiss
880 confocal laser scanning microscope using a 20x dry
objective lens. Confocal microscopy imaging settings were as
follows: 20x dry objective; laser excitation 355 nm for CD
fluorescence and 633 nm for chlorophyll fluorescence; z-stack
section thickness = 2 pm; line average = 4; PMT 1 (CD
channel) = 401-585 nm, PMT 2 (chloroplast channel) = 647-
721 nm, and PMT 3 (bright field channel).

Green house experiments

Root ball injection and seed vacuum infiltration
experiments. For the root ball injection experiment, tomato
seeds (Solanum lycopersicum L. cv Bonnie Best; Harris Seed Co.,
Rochester NY) were germinated in 36 cell (5.66 x 4.93 x 5.66 cm)
plastic liners (1 plant per cell) filled with soilless potting mix
(ProMix BX. Premier Hort Tech, Quakertown, PA, USA). After
three weeks, the seedlings were fertilized with 40 mL of Peter's
soluble 20-10-20 (N-P-K) fertilizer (R.J. Peters, Inc., Allentown,
PA). The pathogen inoculum was prepared as described
previously.”® Briefly, Japanese millet was autoclaved with
distilled water (1:1, wt:wt) for 1 hour on two consecutive days
and was seeded with three agar plugs colonized with F.
oxysporum f. sp. lycopersici. After culture growth for 2 weeks at
22-25 °C, the millet was air-dried and ground in a mill. The
inoculum was then hand-incorporated into potting mix Mix BX
(without mycorrhizae; Premier Hort. Tech, Quakertown, PA,
USA) at 0.75 g millet inoculum per L potting mix prior to
seedling addition.

Uniformly sized plants with 3-4 leaves were selected for
greenhouse experiments. There were eight treatments in both
the diseased and healthy soil for greenhouse experiments,
respectively: (1) untreated control; (2) 500 mg kg™ CDs with
or without 153 mg kg™ Cu*" (from Cu(NO3),); (3) 250 mg
kg™ CDs with or without 76 mg kg™ Cu®'; (4) 125 mg kg™*
CDs with or without 38 mg kg™ Cu®’; (5) 483 mg kg™ " nitrate
ion alone (KNOj). Each condition was evaluated over ten
biological replicates.

CD suspensions were prepared in deionized (DI) water
amended with a nonionic surfactant (Regulaid® 1 mL L™);
then 10 mL of the prepared solution was injected into the
tomato root ball (Fig. S3). The plants were then transplanted
into 10 cm-diameter plastic pots (350 mL) containing potting
mix that was either infested with Fusarium or not infested.

The tomato seedlings were harvested on the 28th day. At
harvest, biomass, phenotypes, and the area-under-the-disease-
progress curve (AUDPC) were recorded,” together with the
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measured elemental compositions on the 28th day (described
below).

Seed vacuum infiltration was done according to a previously
reported method;** briefly, treatment solutions were sonicated
using an ultrasonic sonicator before seeds were added to ensure
uniform nanoparticle dispersion. Five tomato seeds were then
placed in 25 mL vials containing the respective treatment
solution. The vials were placed in a desiccator, and a vacuum of
-0.087 MPa was applied for 10 min. The pressure was slowly
released, allowing nanoparticles to penetrate the seed coat. After
infiltration, the seeds were washed with DI water and ethanol,
then dried and stored at 4 °C for later use.

Germinated seeds were planted in 36-cell plastic liners (1
plant per cell) filled with soilless potting mix. After 3 weeks,
seedlings were fertilized with 40 mL of commercial fertilizer
(Miracle-Gro Plant Food, Marysville, OH). Survival rates were
monitored for 38 days after which the plant biomass was
evaluated.

Elemental analysis

Root and shoot tissue from the greenhouse were dried in an
oven at 50 °C, ground in a Wiley mill, and passed through a
1 mm sieve. Digestion of ground samples (0.5 g) was done in
50 mL polypropylene digestion tubes with 5 mL of
concentrated nitric acid at 115 °C for 45 min using a hot
block (DigiPREP System; SCP Science, Champlain, NY). The
Cu content was quantified using ICP-OES on a Thermo Fisher
iCAP 6500 (Thermo Fisher Scientific, Waltham, MA); element
content is expressed as pg g ' (dry weight) plant tissue.
Yttrium was used as an internal standard, and a sample of
known concentration was read every fifteen samples.
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