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ABSTRACT: The need for sustainable agriculture amid a growing
population and challenging climatic conditions is hindered by the
environmental repercussions of widespread fertilizer use, resulting
in the accumulation of metal ions and the loss of micronutrients.
The present study provides an approach to improve the efficiency
of nanofertilizers by controlling the release of copper (Cu) ions
from copper oxide (CuO) nanofertilizers through bioionic liquids
based on plant growth regulators (PGR-ILs). A 7-day study was
conducted to understand the kinetics of Cu ion release in aqueous
solution of five different PGR-ILs, with choline ascorbate
([Cho][Asc]) or choline salicylate ([Cho][Sal]) leading to 200-
to 700-fold higher dissolution of Cu ions in comparison to choline
indole-3-acetate ([Cho][IAA]), choline indole-3-butyrate ([Cho]-
[IBA]), and choline gibberellate ([Cho][GA3]). The tunable diffusion of Cu ions from CuO nanofertilizers using PGR-ILs is then
applied in a foliar spray study, evaluating its impact on the growth phenotype, photosynthetic parameters, and carbon dioxide (CO2)
sequestration in Nicotiana tabacum in a greenhouse. The results indicate that nanoformulations with lower concentrations of Cu ions
in PGR-IL solutions exhibit superior outcomes in terms of plant length, net photosynthetic rate, dry biomass yield, and CO2
sequestration, emphasizing the critical role of dissolution kinetics in determining the effectiveness of PGR-IL-based
nanoformulations for sustainable agriculture.
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■ INTRODUCTION
In the face of global population growth, the concept of
sustainable agriculture and food security is becoming
increasingly important. It is estimated that food production
needs to increase 50−80% by 2050.1 Among the ineffective
practices, the use of fertilizers in agriculture is a major problem
because only about 30% of fertilizers are utilized by crops,
resulting in unnecessary waste of energy, water, and arable
land.2,3 Therefore, novel agricultural strategies are being
sought, and among these, tailored nanomaterials (NMs)
stand out as sustainable alternatives because they have the
potential to control the release of nutrients and stimulate plant
defenses against biotic (such as pests and pathogens) and
abiotic stresses (such as drought, salinity, temperature, etc.).4

Micronutrients play an important role in plant response to
diseases, as they are able to defense plant from pathogens.5

Usually, micronutrients are applied to crops in the form of salts
or hydroxides.6,7 Although on one hand this approach is quite
effective, on the other hand one must be careful with the
possible accumulation of metals in soils and sediments and

leaching into watercourses.8,9 Moreover, the availability of
micronutrients in soil is limited and foliar applications are quite
ineffective for many pathogens due to the limited transfer of
nutrients from leaves to roots.6 In this sense, NMs represent an
interesting micronutrient delivery system due to their large
surface area and the fact that their properties such as shape and
composition can be tuned to optimal conditions.2,4,10 Among
the nanoscale micronutrients currently under investigation,
metals and metal oxides stand out due to their increased
availability and translocation in plants.10 In addition to
enhanced nutrient uptake, nanoformulations of metal oxides,
such as copper oxide (CuO) and iron oxide (Fe2O3), are
known for their effectiveness in mitigating disease damage.2,11
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The interaction of engineered NMs with plants is influenced
by several factors, including their size, shape, surface charge,
stability, solubility, and controlled release profile.12 These
properties of NMs can promote plant defense, stimulate the
production of secondary metabolites, and ensure cost-
effectiveness for sustainable agricultural practices.6,11,13 Studies
on the structural and surface properties of NMs and their
beneficial effects on plant growth, productivity, and gene
delivery have been reported.14,15 However, studies addressing
the dissolution effect of NMs on micronutrient use efficiency
and controlling plant growth are scant. Borgatta et al.6

demonstrated that Cu-based NMs were able to suppress
Fusarium infections in watermelon and increase yield. Later,
Ma et al.2 investigated the morphology, composition, and
dissolution of various Cu-based micronutrients capable of
suppressing sudden death syndrome in soybeans. Both
papers2,6 evaluated ion release profiles and attempted to
control the release of Cu ions from NMs using surfactants and
simulated xylem sap solutions. In addition, Cu-based NMs may
exhibit dual functionality: at low concentrations, they promote
plant growth, while at high concentrations they inhibit overall
plant development due to the formation of excessive reactive
oxygen species.16 Therefore, it is important to understand the
release kinetics of Cu ions from CuO nanoparticles (NPs) to
improve the effectiveness of NM-based formulations. In this
article, we propose for the first time the suitability of ionic
liquids based on plant growth regulators (PGR-ILs) for the
controlled release of metal ions from NMs, envisaging
agricultural applications.
ILs are a well-known class of green solvents whose structures

can be tailored according to the desired properties and are
therefore used in various fields.17 These neoteric solvents are
known for their excellent abilities in extracting and dissolving

various types of compounds from biological resources.18 PGR-
ILs represent an innovative approach in agricultural science,
where the unique properties of ILs are shaped to influence and
enhance plant growth. Those are typically composed of the
choline precursor which is commonly found in plant tissues
and naturally derived anions such as plant growth hormones
like indole-3-acetic acid or gibberellic acid. The resulting ionic
compounds offer a controlled and sustained release of PGRs,
creating a targeted delivery system that optimizes their
efficiency while minimizing environmental impact, as these
compounds are biodegradable and non-toxic. DNA was
previously solubilized and successfully preserved in choline
indole-3-acetate IL.19

The present study primarily aims to investigate the
dissolution kinetics of Cu ions from CuO in aqueous solutions
containing bio-based PGR-ILs composed of biomolecules
derived from PGRs. CuO was selected because it is widely
used as nanofertilizers, plant protectant, and nanozymes to
mitigate plant stress.20 In addition, aqueous nanoformulations
of PGR-ILs and dissolved Cu ions were administered to
Nicotiana tabacum (tobacco) plants in a greenhouse to assess
the impact of NPs on the growth phenotype, photosynthetic
parameters, and CO2 sequestration. Overall, the formulation
with fewer Cu ions led to improved plant growth parameters. It
is expected that the results of this research will contribute to
the further development and understanding of various
mechanisms associated with NMs in the field of plant
nanotechnology to achieve progress in sustainable agriculture.

■ MATERIALS
Choline bicarbonate (80% w/w aqueous solution, Sigma), ascorbic
acid (99.7%, Sigma-Aldrich), indole-3-acetic acid (98%, Alfa Aesar),
indole-3-butyric acid (98%, Alfa Aesar), gibberellic acid (>98%, TCI),

Figure 1. Name, abbreviation, chemical structure, and mass fraction purity (% determined by 1H NMR (Figure S1)) of synthesized PGR-ILs.
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and salicylic acid (99%, Acofarma) were used without further
purification to synthesize the PGR-ILs. Figure 1 shows comprehensive
details about the ILs and their corresponding chemical structures.
Ultrapure water was double distilled, passed through a reverse
osmosis system, and further treated with a Milli-Q plus 185 water
purifier (resistivity = 18.2 MΩ cm, total organic content <5 μg dm−3,
free of particles >0.22 μm). CuO nanopowder water dispersion (CuO,
99.95%, 25−55 nm, 20 wt % in water, stock# US7566, CuO CAS#
1317-38-0, H2O CAS# 7732-18-5) was purchased from US Research

Nanomaterials, Inc (USA). The NPs were homogenized and freeze-

dried before use. Analytical grade ethanol was purchased from Fisher

Scientific, and dialysis tubing cellulose membranes were purchased

from Sigma (D9277). Additional experimental details are described in

the Supporting Information (SI). The composition of each system, in

terms of IL and CuO concentrations, is listed in Tables S1 and S2 for

the ion release profile and plant application experiments, respectively.

Figure 2. Time-dependent dissolution of Cu ions from commercial CuO NPs in different systems at 25°C and at an initial mass concentration of
approximately 100 mg/L (see Table S1 for exact values). Panel (a) shows a comparison with data from Ma et al.2 in CuO NP and nanosheets
(NS). Plots (b)−(f) show dissolution kinetics of Cu ion in the aqueous solutions of [Cho][Asc], [Cho][IAA], [Cho][IBA], [Cho][GA3], and
[Cho][Sal], respectively.
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■ RESULTS AND DISCUSSION
Effect of PGR-ILs on the Cu Ion Release Kinetics from

CuO Nanofertilizer. Like most metal oxides, CuO has a
packed crystal structure and thus high lattice energies (UCuO =
4050 kJ mol−1) due to the small distances between the oxygen
anion and the Cu cation,21 which makes it a very stable
compound and leads to low dissolution. Another useful
thermodynamic parameter that helps in estimating stability is
the Gibbs energy of formation (ΔGf,CuO0 = −128.4 kJ mol−1);22
more stable compounds have a smaller value of ΔGf0. However,
other factors, such as variations in speciation, coordination
numbers of metal ions, and the presence of foreign ligands that
determine the tendency for ion release of CuO, are also
important. Previous studies have shown that the release of Cu
ions from CuO-based NMs can be tuned using surfactants and
simulated xylem sap solutions containing sugars and organic
acids such as succinic acid, fumaric acid, and malic acid.2,6,23

However, the detailed dissolution kinetics of CuO NPs are not
discussed. In this article, we investigate the suitability of PGR-
ILs containing various PGRs and signaling molecules to
control the dissolution kinetics of CuO NPs and decipher the
potential of PGR-ILs to fine-tune the CuO nanoformulations’
use efficiency.
The release profiles of Cu ions were studied using cellulose

membranes in dialysis tubes, as described in the experimental
section available in the SI.24 The main advantage of this
technique is that it avoids the sampling of undissolved solutes
dispersed in the aqueous phase, an experimental error that can
lead to overestimated values. With a molecular weight cut-off
of 14 kDa, the dialysis tubing used in the present study is
recommended to retain particles with a molecular weight of 12
kDa or more.25 Dissolution of Cu ions from CuO in pure
water was used to validate the method by comparing the
results to values from the literature (Figure 2a). The results
agree well with the data of Ma et al.2 for the dissolution of
CuO NPs and nanosheets (NS) in deionized water, where the
authors used an initial equivalent Cu molar concentration of
0.69 mM and ultrafiltration centrifugal filter units (3 kDa).
However, it is important to emphasize that the time
dependence of the release of Cu ions from CuO strongly
depends on the initial NP concentration, the morphology of
CuO, and the dissolution medium.26 In addition, an attempt
was made to use only centrifugation (15000 rpm, 30 min) as a
separation technique. However, this proved to be inefficient
and resulted in overestimated dissolved Cu values (Cu ions
>0.5 mg/L, after 19 h), as observed in the work of Borgatta et
al.6

Figure 2a−f shows the dissolution kinetics results of CuO
NPs in water and in different aqueous media comprising
[Cho][Asc], [Cho][IAA], [Cho][IBA], [Cho][GA3], and
[Cho][Sal]. The data of Figure 2 are listed in Table S3. The
Cu dissolution data obtained were described, whenever
possible, by a modified first-order reaction rate eq 1:24

=D t D( ) (1 e )kt
f (1)

where D(t) is the released amount of Cu (μg/L), Df is the final
steady-state concentration of the released Cu, k is the rate
coefficient (h−1), and t the time (h). Both constants, Df and k,
were determined by fitting the experimental data and are
provided in Table 1. NPs are characterized by a rapid initial
release of ions across the different media investigated and
exhibit continuous particle dissolution over the 1-week period

evaluated. An initial logarithm analogous behavior is observed
but without reaching a plateau within the measuring time,
except for water where a nearly constant value was reached
after 100 h (final dissolution, Df,CuO in Hd2O = 61 μg/L). The rate
coefficient of the dissolution curve follows the order of kHd2O

(0.040 h−1) > kHd2O+[Cho][IAA] (0.021 h
−1) > kHd2O+[Cho][IBA]

(0.011 h−1) > kHd2O+[Cho][Sal] = (0.004 h
−1) = kHd2O+[Cho][GA3]

(0.004 h−1), which further highlights the difference in the
dissolution behavior between the different media used. The
presence of [Cho][Asc] in solution alters the kinetic trend,
precluding the use of eq 1 to describe the experimental data. In
this system, data were adjusted using a two-step process with
0th- and 1st-order equations to describe the initial sharp
growth (until 12 h) and the following dissolution points (t >
12 h), respectively. This fitting makes no assumption as to the
final equilibrium concentration.
After 7 days, the dissolution of CuO in water, water +

[Cho][IAA], water + [Cho][IBA], or water + [Cho][GA3]
was 61, 55, 58, and 65 μg/L, respectively, indicating that the
presence of ILs consisting of PGRs (indole-3-acetic acid,
indole-3-butyric acid, and gibberellic acid) did not significantly
alter Cu leaching compared with water (Figure 2c−e).
However, the dissolution coefficient in water is much higher,
indicating faster diffusion of Cu ions from CuO.
With respect to [Cho][IAA], [Cho][IBA], and [Cho]-

[GA3], it is hypothesized that the use of weaker acids as ILs
anions such as IAA, IBA, and GA3 prevents the dissolution of
the particles by interacting with the particulate Cu and
stabilizing the dispersion of the NM in the solution. In
addition, the curve fitting data in Figure 2 by using the
shrinking core model indicate that the rate-limiting step in all
systems is a chemical reaction. It has been previously shown
that the addition of the phytohormone IAA can reduce Cu
accumulation in green pea seeds.27 The use of [Cho][Asc] or
[Cho][Sal] resulted in Cu dissolution of 36 and 12 mg/L after
7 days of release (Figure 2b,f), corresponding to 32 and 12% in
terms of mass% dissolution, respectively. This may be
attributed to the potential of ascorbate and salicylate to
dissolve Cu ions by complexation and promote excess [H+],
which in turn could promote the dissolution of more CuO and
drive the dissolution process. This has already been
demonstrated for malic acid, oxalic acid, succinic acid, and
citric acid, which have high binding constants with Cu ions (Kd
= [1.299 × 104−1.921 × 104] M−1).23 This binding is expected
to be stronger when aromatic rings are present in the
mixtures,28 as in the case of equimolar Cu(II) + salicylic
acid, where Kd = 2.818 × 1010 M−1.29

At this point, it is important to emphasize that Cu-based
NMs’ effectiveness can have dual functionality: at low
concentrations, they promote plant growth, while at high

Table 1. Final Dissolution, Df, and Dissolution Rate
Coefficient, k, are Constants of eq 1 for each evaluated
system

System Df (μg/L) k (h−1)

H2O + CuO 61.0 ± 3.5 0.040 ± 0.006
H2O + [Cho][Asc] + CuO
H2O + [Cho][IAA] + CuO 53.5 ± 7.0 0.021 ± 0.007
H2O + [Cho][IBA] + CuO 67.6 ± 9.9 0.011 ± 0.003
H2O + [Cho][GA3] + CuO 123.3 ± 82.4 0.004 ± 0.004
H2O + [Cho][Sal] + CuO 23763.4 ± 1879.7 0.004 ± 0.001
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concentrations, they can inhibit overall plant development.
That is, when NPs are used as fertilizers, high dissolution of the
metal ion may not be desirable, as this may result in it not
being used by the plant and therefore accumulating in leaves,
soils, and sediments. On the other hand, formulations with
higher amounts of dissolved metals can be used to control the
growth of unwanted plants, or as pesticides, as has been shown
previously.2,10,30 Hence, understanding the release kinetics of
Cu ions from CuO is of paramount importance since it allows
fine-tuning of the application of Cu-based NMs in agriculture.
Another aspect is the interaction between organic acids and Cu
ions, which may reduce or hinder the ability of the plant to
absorb the metal ion.23 In general, the observed different
dissolution patterns highlight the importance of both the
dissolution and physicochemical properties of NPs for their
potential as nanofertilizers. Previous studies have also shown
similar results regarding the release of Cu ions from CuO when
it was incubated in soil31 or exposed to different media such as
water, sucrose, fumaric acid, or proline,2,6 as well as when
soluble proteins and yeast extract were used.32

Effect of PGR-ILs on the Structural Properties of CuO
Nanoparticles. The morphology and composition of NMs
can directly affect dissolution and subsequent accumulation in
plants,2 making it important to study these variables.

Accordingly, TEM (Figure 3a−f) and p-XRD (Figure 3g)
techniques were used to characterize the CuO NPs both before
and after measuring the ion release kinetics, especially after
their exposure to ILs. In addition, the pH of the solutions
before (t0) and after (t168h) contact with the CuO NPs was
analyzed (Figure 3h).
Figure 3a shows the TEM image of pristine CuO before the

dissolution experiments, which shows the typical defined shape
of CuO.2,6 A similar morphology was observed in the TEM
images of CuO after the dissolution experiment with
[Cho][Asc], [Cho][GA3], and [Cho][Sal] (Figure 3b−d).
However, the agglomeration of CuO was observed in the
presence of [Cho][Asc] and [Cho][Sal]. The aggregation of
NPs in the solution prevented measurement of the average size
of CuO in the different media. Nevertheless, the distances
between atomic layers in CuO and CuO + [Cho][Sal] were
evaluated. A total of 25 distances were measured, with
dimensions ranging from 0.211 to 0.335 nm. The average
sizes are listed in Table S4 and shown in Figure S2. They show
almost no difference after contact with the PGR-IL aqueous
solution. The EDS mapping of the elements confirmed that the
chemical composition of the materials was pure CuO (Figure
S3). Using p-XRD analysis (Figure 3g), the original freeze-
dried substance was identified as tenorite, a CuO crystal phase,

Figure 3. (a) TEM micrograph of CuO before (t0) adding to PGR-IL solution. (b−d) TEM images of CuO recovered after dissolution experiment
(t168h) with aqueous solution of [Cho][Asc], [Cho][GA3], and [Cho][Sal], respectively. (e and f) High-resolution TEM images showing lattice
spacing of CuO before (t0) and after (t168h) dissolution in [Cho][Sal], respectively. (g) p-XRD patterns of CuO NPs before (t0) the ion release
profile experiments and of non-dissolved CuO after (t168h) the dissolution kinetics in [Cho][Asc], [Cho][GA3], and [Cho][Sal]-based media. (h)
The pH of the investigated media before (t0) and after (t168h) contact with the CuO NPs. The mean values are significantly different between the
samples with P < 0.05 as obtained from the paired T-test.
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with a purity of 100%. The crystallite size determined was
24.12 nm, which is consistent with the manufacturer’s data.
The diffraction peaks in the range from 10° to 70°
corresponded precisely to the characteristic Bragg reflections
of CuO (JCPDS-652309). Remarkably, no changes or
variations in the X-ray angles were observed for the NPs
upon exposure to different IL-based media. The results
indicate that long-term dissolution and exposure of CuO
NPs in the presence of different PGR-ILs do not cause any
changes in the morphology and crystallinity of CuO. This
indicates that the process is sustainable and allows reuse of the
remaining CuO in subsequent batches.
The pH measurements of the PGR-ILs-based solution

before and after dissolution are shown in Figure 3h. The nearly
neutral and unchanged pH of the aqueous [Cho][IAA]
solution contributes to its poor CuO dissolution behavior
and results in very low concentrations of dissolved Cu ions. On
the other hand, the slightly acidic character of solutions

containing [Cho][Asc] or [Cho][Sal] promotes the dissolu-
tion of Cu ions, leading to the formation of complexes between
Cu ions and the solutions.33 Similar results were obtained by
Borgatta et al.6 for acidic solutions containing citric acid. After
7 days of experiment, almost no changes in pH are observed,
except for the [Cho][Sal]-based solution, where a marginal
increase in pH is observed. Since ascorbic acid is an
antioxidant and reducing agent that can react with air or
light, the 1H NMR spectra of aqueous [Cho][Asc] and
[Cho][Asc]+CuO were evaluated after 7 days to look for
possible degradation products. As can be seen in Figure S4,
minor changes are visible in the 1H NMR spectra of aqueous
[Cho][Asc] and [Cho][Asc]+CuO after 7 days kinetics,
indicating the absence of additional species in the solution.
It is important to note that the reduced quality of the
suppressed spectra hinders a more detailed analysis.
Effect of Cu Ions + PGR-ILs Based Nanoformulations

on the Growth and Development of N. tabacum. As

Figure 4. Digital images of N. tabacum plants captured at the end of the experiment after treatment with control and aqueous solution of PGR-ILs
(a−e) and with water or PGR-IL-modified CuO formulations (a′−e′). Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
2D mapping images showing the distribution of Cu in the leaf parts obtained at the end of the experiment after treatment with control and aqueous
solution of PGR-ILs (f−j) and with water or PGR-IL-modified CuO formulations (f′−j′). The color scale shows the normalized signal of Cu/C.

ACS Sustainable Resource Management pubs.acs.org/acssrm Article

https://doi.org/10.1021/acssusresmgt.4c00041
ACS Sustainable Resour. Manage. 2024, 1, 1291−1301

1296

https://pubs.acs.org/doi/suppl/10.1021/acssusresmgt.4c00041/suppl_file/rm4c00041_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.4c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.4c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.4c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.4c00041?fig=fig4&ref=pdf
pubs.acs.org/acssrm?ref=pdf
https://doi.org/10.1021/acssusresmgt.4c00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mentioned earlier, the use of CuO NPs as nanofertilizers has
been investigated for their ability to provide essential
micronutrients to plants, leading to various potential benefits
such as improved plant growth, higher productivity, and
improved resistance to diseases.2,11,27,34 Considering the
different amounts of Cu ions in the different PGR-ILs-based
mediums, an application study was conducted to evaluate the
impact of such formulations on N. tabacum plant growth.
The nanoformulations were sprayed weekly onto leaves by

foliar spray in equal amounts per treatment. Treatments
included the following: H2O+CuO, H2O+[Cho][Asc]+CuO,
H2O+[Cho][IBA]+CuO, H2O+[Cho][GA3]+CuO, H2O
+[Cho][Sal]+CuO, and the respective controls (H2O or
H2O + IL). The foliar spray with increased concentration of
the formulation containing [Cho][IBA] was diluted 1000-fold
with ultrapure water, in accordance with the suggestion of
Skoog,35 who studied the effect of the concentration of IBA on
the growth of excised Pisum buds. The amount of Cu ions in
the prepared formulations (see the experimental section in the
SI) was measured using a total reflectance X-ray fluorescence
spectrometer (TXRF) according to the procedure described in
the experimental section (see the SI). After 6 days of
dissolution, the amounts of Cu ions were 0.041 ± 0.001
mg/L for H2O+CuO, 34.210 ± 2.630 mg/L for H2O
+[Cho][Asc]+CuO, ∼3 μg/L for H2O+[Cho][IBA]+CuO,
24.386 ± 0.430 mg/L for H2O+[Cho][GA3]+CuO, and
22.151 ± 0.585 mg/L for H2O+[Cho][Sal]+CuO. The
stability of all prepared formulations (with and without Cu
ions) was investigated after 3 months under room conditions
by 1H NMR. The results, as depicted in Figure S5, show only
minor changes, which are mainly attributed to the quality of
the suppressed spectra. This suggests that the formulations
may exhibit stability after 3 months, thereby supporting the
possibility of storage under room conditions. However, these
results should be interpreted with caution, and further studies
employing different techniques will be pursued in the future.
Figure 4a−e shows digital images of tobacco plants taken at

harvest showing their appearance after spraying with water and
various aqueous solutions of PGR-ILs. In contrast, Figure 4a′−
e′ shows the digital images of plants treated with CuO+H2O or
CuO+PGR-ILs+H2O. Plants subjected to PGR-ILs showed
minor changes in growth characteristics compared to plants
treated with pure water or an aqueous solution of PGR-ILs.
Root system architecture was unaffected in all of the
treatments. In particular, the use of IL [Cho][GA3], both
with and without Cu ions in the solution, resulted in the
development of tall and slender plants (Figure 4d,d′). On the
other hand, based on qualitative observations, treatments with
higher concentrations of Cu ions, such as H2O+[Cho]-
[Asc]+CuO and H2O+[Cho][Sal]+CuO, showed lower plant
growth (Figure 4b,b′ and Figure 4e,e′). Plants treated with
H2O+[Cho][IBA]+CuO (containing the least Cu ions) grew
slightly longer and maintained a healthy appearance (Figure
4c,c′).
To investigate the impact of CuO+PGR-ILs nanoformula-

tions on micronutrient uptake, we performed LA-ICP-MS
analyses of leaf sections (Figure 4f−j) and estimated the
concentration of Cu ions in leaves using TXRF (Figure 5).
Figure 4f−j shows LA-ICP-MS images of tobacco leaf sections
treated with various aqueous solutions, including water and
different PGR-ILs. Figure 4f′−j′ shows LA-ICP-MS 2D
mapping images of plants treated with CuO+H2O or CuO
+PGR-ILs+H2O. It can be seen from Figure 4f−j that a very

low Cu/C signal is observed, which can be attributed to the
absence of Cu ions in these treatments. Similar observations
were made for treatments with minimal Cu ion concentrations,
such as CuO+H2O (Figure 4f′) or CuO+[Cho][IBA]+H2O
(Figure 4h′). Conversely, formulations with higher concen-
trations of Cu ions resulted in greater accumulation of Cu in
the leaves, as indicated by significantly higher Cu/C signals.
This effect is particularly evident when using [Cho][Asc]
(Figure 4g′), [Cho][GA3] (Figure 4i′), and [Cho][Sal]
(Figure 4j′), which are ILs that enhance the dissolution of
CuO. TXRF analysis of Cu ions in the leaves of tobacco plants
obtained after harvest reflected the trend of LA-ICP-MS
mapping of Cu ions in the different treatments (Figure 5).
Overall, Cu mapping by LA-ICP-MS and Cu analysis by TXRF
showed that the formulations containing [Cho][Asc], [Cho]-
[GA3], and [Cho][Sal] released more Cu to the plant leaves,
highlighting the importance of the dissolution profile for leaf-
surface interactions and micronutrient uptake.
Recognizing that the amount of Cu ions affects the uptake of

micronutrients and promotion of tobacco plant growth, we
then investigated how those affect the growth characteristics,
physiological status, CO2 uptake, and crude protein content of
tobacco plants. Figure 6a shows the leaf area of tobacco plants
treated with different formulations. Interestingly, the leaf area
was larger in all treatments without Cu ions, except for the
treatment with CuO+[Cho][Sal]+H2O. On the other hand,
leaf chlorophyll index (CI) values were higher in all treatments
with CuO-based formulations (Figure 6b). The treatments
with low Cu ion concentrations, such as CuO+H2O and CuO
+[Cho][IBA]+H2O, showed higher CI. On the other hand, the
use of ILs based on [Cho][Asc], [Cho][GA3], and [Cho][Sal]
resulted in higher dissolution of CuO but not in higher CI.
These findings are consistent with the observations presented
in Figures 4 and 5.
Results on gas exchange parameters such as the net

photosynthetic rate (PN) (Figure 6c), leaf transpiration (Tr)
(Figure 6d), and stomata conductance (Figure 6e) indicate
significant changes due to the inclusion of CuO in the
formulations. However, the results of the intercellular CO2
concentration (Ci) were not significant between the different
formulations with and without CuO. The highest PN was
obtained with the formulation containing lower Cu ion
concentrations (CuO+[Cho][IBA]+H2O), which agrees well
with the higher chlorophyll index data. Overall, foliar

Figure 5. Leaf Cu content obtained after harvesting and analyzed by
total reflectance X-ray fluorescence spectrometry. The mean values
are significantly different between the different treatments with P
<0.05 as obtained from the paired T-test.
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application of CuO-based NMs modified with PGR-ILs
significantly affects the phenotype, physiological parameters,
and photosynthetic rate of N. tabacum plants. The activity can
be correlated to PGR-IL, which determines the concentration
of Cu ions in the solution.
The increase in PN in the treatments with low Cu ion

concentrations, such as CuO+H2O and CuO+[Cho]-
[IBA]+H2O, resulted in an increase in the overall plant length
(root + above soil) (Figure 7a) and higher dry biomass
accumulation (Figure 7b). This indicates that there was a
higher level of assimilation of photosynthetic carbon in the
plant parts. In contrast, it was observed that treatments with a
higher concentration of Cu ions resulted in a decrease in the
plant length and dry biomass yield. A similar trend was

observed in the amount of CO2 sequestered per plant (Figure
7c), where treatments with lower concentrations of Cu ions
had 20−30% higher CO2 sequestration capacity compared to
the other treatments. The crude protein content per plant was
higher in all treatments with CuO than in the corresponding
aqueous formulations (Figure 7d). However, a significant
difference was observed in the formulation with a low Cu ion
concentration. Overall, the above results suggest that the
dissolution of CuO plays a crucial role in considering its
potential as a sustainable nanofertilizer.
This study acknowledges the potential of Cu-based NMs in

the suppression of plant infections. The amounts of Cu
dissolved in the nanoformulations applied ranged from ∼3 μg/
L for H2O+[Cho][IBA]+CuO to around 34.2 mg/L for H2O

Figure 6. Effect of different treatments on the leaf area (a), chlorophyll index (b), net photosynthetic rate (c), leaf transpiration rate (d),
conductance to H2O (e), and intercellular CO2 concentration (f). The mean values for panels a, b, and f are significantly different between the
different treatments with P <0.05 as obtained from the paired T-test.
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+[Cho][Asc]+CuO. Drawing a comparison with relevant
studies, Borgatta et al.6 demonstrated that foliar exposure of
watermelon to Cu3(PO4)2 nanosheets at a concentration of 10
mg/L effectively suppressed Fusarium infection. Additionally,
CuO NPs exhibited similar impacts but at much higher
concentrations ranging from 250 to 1000 mg/L. Subsequent
research by Ma et al.2 revealed that Fusarium virguliforme
infection significantly reduced soybean shoot mass and that the
foliar application of CuO nanosheets at 50 and 250 mg/L
alleviated much of the damage. Both cited works emphasize
the importance of particle characteristics, such as morphology,
coordination environment, and dissolution profile, as crucial
determinants of the plant’s response. The concentration range
of Cu ions in the nanoformulations in this study falls within the
effective range identified in previous research, suggesting the
potential efficacy of the applied nanoformulations in
suppressing plant infections while highlighting the importance
of particle characteristics in influencing outcomes.
Ecological Footprint. Cu plays a crucial role in disease

prevention as an essential micronutrient in agriculture.11,20

However, the excessive use of Cu in large quantities has raised
concerns about its possible accumulation in the environment.
Moreover, Cu is considered a strategic raw material whose
availability is limited, posing a risk to the future supply. As
previously stated, CuO-based nanofertilizers can be an
alternative delivery system for nanoscale Cu that could be
useful in controlling plant diseases and increasing the
productivity. CuO nanofertilizers applied to leaves have been
shown to control sudden death syndrome.2 They also provide
protection to plants against pathogens by increasing the

expression of the polyphenol oxidase gene.36 In addition, foliar
application of CuO was found to increase the overall biomass
and fruit yield of tomato and eggplant.11 Nevertheless, it is
important to note that nanofertilizers are large-volume
agrochemicals whose limited uptake by plants can lead to
significant accumulation of metal ions in the environment,
resulting in the loss of micronutrients. Therefore, improving
the efficiency of fertilizer use is critical for sustainable and
environmentally friendly agriculture. As discussed above, the
dissolution rate of CuO is affected by its amalgamation with
non-toxic and biocompatible PGR-ILs. Moreover, greenhouse
experiments conducted using a CuO+PGR-ILs-based nano-
formulation and tobacco as a model plant have demonstrated
the ability of PGR-ILs to influence overall plant growth and
control the amount of Cu ions. These results highlight the
potential of PGR-ILs to control the release of Cu ions in
nanoformulation, with long-term benefits for plant develop-
ment, enhanced CO2 sequestration, and environmental
sustainability. Furthermore, the integration of nanotechnology
and ILs into agricultural practices has the potential to
contribute to sustainable and efficient food production
systems, while minimizing the use of conventional chemical
fertilizers and pesticides. The future of PGR-ILs-based
nanoformulations holds great promise in agricultural innova-
tion due to PGR-ILs’ unique properties and availability,
sourced from natural products and biomass, ensuring
sustainability. Moreover, their scalable synthesis and custom-
ization make them suitable for various crops, allowing mass
production for large-scale agriculture.

Figure 7. Effect of different treatments on full length (a), dry biomass yield (b), CO2 sequestration (c), and crude protein content (d) per plant.
The mean values are significantly different between the different treatments with P < 0.05 as obtained from the paired T-test.
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■ CONCLUSIONS
Understanding how NPs dissolve in exposure media is critical
to classifying their hazard potential and determining their fate
in a living system. In this study, the release of Cu ions from
CuO NPs was investigated in aqueous solutions containing ILs
from biomolecules based on PGRs. The dissolution kinetics
results show that [Cho][Asc] and [Cho][Sal] ILs significantly
increase the release of Cu ions in water (200- to 700-fold
higher than those of the control and other PGR ILs) without
affecting the NP structure. On the other hand, the use of
[Cho][IAA], [Cho][IBA], and [Cho][GA3] does not sig-
nificantly change the Cu dissolution compared to water but
significantly decreases the dissolution rate, indicating slower
diffusion. In addition, the effects of foliar application of Cu-
based nanoformulations with PGR-ILs on N. tabacum plants in
a greenhouse were investigated. Cu mapping by LA-ICP-MS
and Cu ion analysis by TXRF showed that formulations
containing [Cho][Asc], [Cho][GA3], and [Cho][Sal] led to a
higher amount of Cu in the plant tissue. This highlights the
importance of controlling the dissolution in leaf-surface
interactions and plant response. The application of CuO
+PGR-ILs nanoformulations affected the plant phenotype,
physiological parameters, photosynthetic rate, and CO2
sequestration. The activity was found to correlate with the
PGR-ILs used, which determined the amount of Cu ions in the
solution. Based on these results, we emphasize the importance
of using small quantities of nanoscale CuO+PGR-IL-based
formulations as fertilizers by foliar application. These results
provide valuable insights for the development of NM-based
plant nanochemicals, which are crucial in the field of plant
nanotechnology for enhancing crop productivity. Considering
the bifunctional effect of Cu NPs as plant growth promoter (at
low concentration of Cu NPs) and crop protection agent (at
high concentration of Cu NPs), a future study aims to
investigate the advantage of high CuO dissolution kinetics of
[Cho][Asc] and [Cho][Sal] in plants under biotic or abiotic
stress.
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