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ABSTRACT: Due to the potential for interactions between
crop plants and engineered nanomaterials (ENMs), there is
increasing interest in understanding the bioavailability and
effects of ENMs released into soil systems. Here, we investigate
the influence of root exudates on the fate of ENMs from a
thermodynamic perspective. Nano isothermal titration calorim-
etry was applied to determine thermodynamic parameters for
the interaction between nanocopper (nCu) and synthetic root
exudate (SRE) and its components (including sugars, organic
acids, amino acids, and phenolic acids), as well as Cu2+ and
SRE. The measured binding constant (Kd = 5.645 × 103 M−1)
indicated strong interactions between nCu particles and SRE, as
well as with individual organic acids. The interaction between
Cu2+ and SRE was stronger (Kd = 7.181 × 104 M−1) but varies for the individual SRE components. nCu dissolution in the
presence of SRE was the predominant interaction. In addition, SRE resulted in a complex transformation of nCu, where Cu2+,
Cu+, and Cu0 were formed via oxidation and reduction. Plant−nCu exposure experiments indicate that the binding of SRE with
nCu and dissolved Cu ions can significantly decrease Cu uptake and bioaccumulation in plants. nITC provides a fundamental
thermodynamic understanding of interactions between nCu and plant root exudates, providing an important tool for
understanding plant NP-interactions.

■ INTRODUCTION

Copper-based nanoparticles (Cu NPs) have many current and
potential applications in engineering, agriculture, and other
fields.1−4 Global production of Cu NPs in 2010 was estimated
at ∼200 t/yr.5 A large fraction of these Cu NPs may end up in
landfills, but a fraction may be released into soils and water
bodies, particularly from copper-based pesticides and via
biosolids.2,5−7 Cu NPs in the soil may impact crop plants.8−15

However, there is a need to better understand the
bioavailability of the NPs, as well as the interactions between
plants, plant-derived biomolecules, and NPs.
Nearly 5% to 21% of all photosynthetically fixed carbon is

transferred to the rhizosphere through root exudates (RE),
which assist the plant in nutrient acquisition from the soil with
the development of the microbiome in the rhizosphere.16−18

RE are comprised of low molecular weight compounds such as
amino acids, organic acids, sugars, phenolic, and various other
secondary metabolites and high molecular weight compounds
(e.g., polysaccharides and proteins).19 The impact of the wide
variety of RE compounds on the fate and behavior of NPs in
terrestrial ecosystems is likely significant but poorly under-
stood.20,21 The stability and dissolution of NPs in the
environment depend on solution chemistry, including ionic
strength, pH, and natural organic matter concentration

([NOM]),7,22,23 and physicochemical properties of NPs, such
as size, coating, and solubility, have significant implication on
their toxicity.6,7,24 RE compounds can be a significant fraction
of NOM in agricultural soils, particularly near the root zone,
and may alter pH and even ionic strength (IS), as well as
enhance microbial activity, which will likely affect the fate of
NPs in this region.
As an example of the interactions between RE and NPs,

amino acids from cucumber plant roots were shown to decrease
plant uptake of Cu2+ and nCu.25 In contrast, organic acids from
RE in rhizosphere may decrease soil pH and enhance the
dissolution of nCu, thus improving the bioavailability of Cu2+.
Complicating matters, some organic acids and amino acids may
act as ligands to complex with Cu ions or Cu NPs and hinder
their uptake by the plant.25 RE can also participate in a number
of redox reactions. Consequently, the presence of RE will most
likely influence the fate and transport of NPs, including their
retention, dissolution, and other transformations.21
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nITC has a much higher resolution than traditional ITC and
has recently been applied in the field of environmental science
and engineering as it can directly measure the heat absorbed or
released during interactions (e.g., bond formation).26−28 nITC
provides accurate, rapid, and label-free thermodynamic data on
the changes in enthalpy (ΔH), entropy (ΔS), and Gibbs free
energy (ΔG) of the interaction. The affinity binding constant
Kd and the interaction reaction stoichiometry can be also
determined in a single titration experiment.29 Thus, nITC is a
novel approach to investigate the thermodynamics of plant−
ENM interactions, particularly in the presence of RE.
In this study, synthetic root exudates (SRE) were used to

study their effect on the fate of nCu particles in soil and plants.
We applied nITC to obtain key quantitative thermodynamic
data of the interactions between SRE (as a mixture and its
individual components) and nCu particles, as well as SRE and
Cu2+ ions, to better understand the dominant mechanisms in
the binding process. The chemical state of nCu after the
interaction with SRE (both mixture and individual compo-
nents) was also studied to understand the transformation
caused by SRE. Furthermore, using cucumber plants exposed to
nCu, we investigated the availability of free Cu ion in the soil
and the bioaccumulation of Cu in the plants in the presence of
SRE.

■ MATERIALS AND METHODS
Characteristics of nCu. Uncoated nCu (U.S. Research

Nanomaterials) was employed here; a detailed characterization
was presented in a previous study.7 Briefly, the primary particle
size is 40 nm, and the hydrodynamic diameter (HDD) is 2590
± 1138 nm in deionized (DI, Barnstead nanopure) water at pH
7 (0.5 mM phosphate buffer), at similar concentrations as in
this study. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images of nCu are
presented in the SI (Figure S1). The surface charge, expressed
as zeta potential in a 0.5 mM phosphate buffer solution, is
−29.4 ± 0.8 mV at pH 7.
Synthetic Root Exudates (SRE). A synthetic root exudate

(SRE) solution was prepared, using a filter-sterilized mix of low
molecular weight organics previously reported to occur in plant
root exudates,20 as shown in Table S1. In the current study, the
prepared SRE was used as a model to study the mechanism of
the interactions between nCu and SRE. However, the
concentrations and components of RE are likely to change as
a function of plant species, life cycle stage, and soil type. In
addition, the microbiome in the rhizosphere may affect the
composition of RE due to the microbial exudates and microbial
degradation of plant exudates.30

Isothermal Titration Calorimetry Measurement. A TA
Instruments Nano Isothermal Titration Calorimeter (nITC)
instrument (TA Instruments-Waters LLC, DE, US) was used to
measure the heat exchange between nCu or Cu2+ and SRE
(mixture and individual compounds) at 298 K to determine the
thermodynamic data and binding constants.
nCu nITC Measurements. A nCu suspension, prepared in

degassed DI water (pH 7), was freshly made from powdered
nCu before the nITC measurements to minimize the
contribution from dissolved Cu2+. The nCu (1.31 mM/L)
suspension was placed in the 1 mL nITC sample cell. The
rotational speed of the stirrer was 250 min−1 to ensure nCu was
well suspended, and a solution of either SRE mixture or
individual components was loaded into the 100 μL injection
syringe. (Concentrations are listed in Table S2, and the

concentrations of SRE components were generally 10 times
higher than the concentration of nCu to obtain a strong heat
exchange signal as well as to ensure reaching interaction
equilibrium. The difference in concentrations ratio would not
change the output significantly.31) SRE or its components were
titrated into the sample cell as a sequence of 20 injections of
4.91 μL aliquots. The equilibrium time between two injections
was set at 1600 s for the signal to return to the baseline.
Estimated binding parameters were obtained from the nITC
data using the NanoAnalyze Data Analysis software (Version
3.60) and modeling as described in the SI.

Cu2+ nITC Measurements. A solution of either the SRE
mixture or its individual components (concentrations are listed
in Table S3), prepared in degassed DI water, was placed in the
1 mL nITC sample cell, and a Cu2+ solution (20 mM/L) was
loaded into the 100 μL injection syringe. Cu2+ was titrated into
the sample cell as a sequence of 20 injections of 4.91 μL
aliquots. The rotational speed of the stirrer was 250 min−1, and
the equilibrium time between two injections was set at 800 s for
the signal to return to the baseline.

Transformation of nCu. To study nCu transformations, 40
mg of nCu was suspended in 40 mL of different solutions,
including DI water, the SRE mixture, and individual organic
acids (12.5 mM citric, malic, oxalic, and succinic acids). After
mixing for 48 h to allow for equilibration, the solid fractions
(which included nCu particles and Cu salt precipitates) were
separated from the aqueous phase and analyzed via X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra) and
Fourier transform infrared (FTIR) spectrometry (Nicolet
iS10). To prepare the sample, the solid fractions were separated
from the suspension via centrifugation (10 000g, 30 min).
Particles were immediately dried under vacuum (Yamato ADP-
21) after decanting the supernatant. The Cu concentration in
the supernatant was analyzed by ICP-MS (Agilent 7900,
Agilent Technologies, Santa Clara, CA), and solution pH was
monitored before and after mixing. HDD and zeta potential of
nCu particles after exposed to SRE were measured by dynamic
light scattering (Malvern Zetasizer Nano-ZS90).

Influence of SRE on Bioavailability of nCu in Soil.
Batch studies were conducted to investigate the bioavailability
of free Cu ions in the soil after nCu was exposed to SRE or
individual organic acids. The soil was collected from the
Natural Reserve System of UC Santa Barbara (Sedgwick), and
the soil composition was reported in a previous study.6

Generally, 4 mg of nCu particles were mixed with 5 g of soil
containing 1 mL of SRE solution or individual organic acids
(citric, malic, oxalic, and succinic acids) spiked in 50 mL conical
tubes, and then, the tubes were filled to 50 mL with DI water.
Afterward, these tubes were mixed in an end-over-end shaker
on a Dayton-6Z412A Parallel Shaft (USA) roller mixer with a
speed of 70 rpm at room temperature for 7 days to ensure
sufficient equilibration time. The availability of free Cu ions was
determined by ICP-MS by analyzing [Cu] in the supernatant
separated via centrifugation (10 000g, 30 min). Solution pH
was monitored before and after mixing. All tests were
performed in triplicate, and analysis of variance (ANOVA)
was used to test the significance of results. A p < 0.05 was
considered to be statistically significant.

Influence of SRE on Bioaccumulation of Cu in Plants.
Cucumber (Cucumis sativus) seeds were purchased from Seed
Savers Exchange (Iowa, USA). nCu was suspended in DI water
and sonicated for 30 min before being applied to the soil
(Sedgwick soil). The final concentration of nCu in soil was 0
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(control) and 800 mg/kg. This total Cu concentration is within
the range predicted for biosolids applied to soils32 or due to the
application of copper-based nanopesticides.33 Each treatment
had four replicates. In each replicate, pairs of cucumber
seedlings were grown in 3.0 L Poly-Tainer containers. For the
SRE treatment, 0 (control) and 5 mL of SRE mixture was
added to the soil in the first 30 days. The cucumber plants were
grown 60 days in the greenhouse at a controlled temperature
from 25.5 to 30.0 °C during the day and 17.7 to 18.9 °C at
night. At harvest, the cucumber leaves were oven-dried for 7
days at 60 °C. The oven-dried tissues were ground to powder
and digested with HNO3 and H2O2 (1:4) using a microwave
oven system (Multiwave Eco, Anton Parr). The digestion
method was based on EPA 3051.34 Standard reference
materials, NIST 1547 (peach leaves) and 1570a (spinach
leaves), were also used to analyze the samples. The recoveries
for all elements were between 90% and 99%.35 The mineral
nutrient elements were analyzed using ICP-MS.

■ RESULTS AND DISCUSSION

Determination of Cu2+−SRE Thermodynamic Binding
Parameters by nITC. The heat exchange as a function of time
as Cu2+ is titrated into the SRE solution is shown in the real-
time thermogram (Figure 1). Each injection of Cu2+ results in
heat change due to the binding between Cu2+ and SRE within
the sample cell, causing a change in the heat flow, shown as
peaks in the thermogram (Figure 1). The interaction between
Cu2+and SRE (Figure 1A) or oxalic acid (Figure 1B) is
exothermic, while titration of Cu2+ into amino acids (Figure 1C,
D, and E) indicates an endothermic reaction. Peak amplitudes
and area gradually decrease as more Cu2+ is added since the
number of available binding sites decreases. Eventually, only a
low heat exchange is observed for the last several injections
corresponding to dilution, once binding sites are saturated.
Compared to the strong interaction between Cu2+ and oxalic
acid or select amino acids, nITC measurements of the titration
of Cu2+ into other SRE components (sugars, phenolic acidsand

small organic acids) resulted in a low exothermic interaction,
similar to the titration of Cu2+ into water, reflecting only
dilution heat, as shown in Figure S2.
The energy exchange as a function of the ratio between Cu2+

and SRE, oxalic acid, and three amino acids is presented in
Figure 2. The independent set of multiple binding sites
(MNIS) model36 (eq S1) was applied to process the data, and
all the fitted and calculated thermodynamic parameters are
listed in Table 1. All studied interactions are energetically
favored with spontaneous processes at 298 K with negative
changes in Gibbs free energy (ΔG), ranging from −18.91 to
−27.72 kJ/mol (Table 1). The main driving process for the
Cu2+−SRE interaction is the significant gain in entropy (−TΔS
< ΔH), as shown in Table 1.
For the amino acids (AAs) studied, formation of the Cu2+−

AAs complexes is only entropically driven but not both
enthalpically and entropically favored, suggested by the positive
ΔS and positive ΔH values (Table 1). The changes in the
entropy (ΔS) varied from 110.8 to 132.2 J/mol K, which are
close to the ΔS values found for the reaction 2AA− + Cu2+ ⇌
Cu(AA)2, which range from ∼110 to ∼130 J/mol K.37

Furthermore, the stoichiometric values are close to 0.5 (n =
0.486, 0.472, and 0.324 for serine, proline, and leucine,
respectively), which suggests that the major complex formed
is Cu(AA)2. Notably, the stoichiometric value (n) is smaller for
leucine, which may reflect leucine’s larger molecular size;
conformational hindrance may restrict Cu2+ access. Thus, for
Cu2+−leucine complexation, the dominant process may involve
both Cu(AA)2 and [Cu(AA)]+. The positive enthalpy (ΔH >
0) values could be contributed by the dehydration of AA,
resulting from the release of coordinated water molecules upon
binding of the AAs to the Cu2+, which is endothermic.38

Therefore, the process could more accurately be described as
2AA − (H2O)x + Cu2+ ⇌ Cu(AA)2 − (H2O)y + zH2O. Of
these three AAs, leucine is the most hydrophobic, based on its
n-octanolwater (Kow) partition coefficient (log Kow = −1.61
± 0.08), while serine is the most hydrophilic (log Kow = −3.30

Figure 1. Thermograms for Cu2+ titration into (A) SRE, (B) oxalic acid, (C) proline, (D) leucine, and (E) serine solutions at 298 K. Heat flow
reflects the differential signal, with negative peaks indicating an endothermic process and positive peaks indicating an exothermic process.
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± 0.12).39 Thus, serine has a significantly smaller ΔS value
(Table 1), indicating that less water molecules are released
upon binding than for the other more hydrophobic AAs. Serine
also has a smaller enthalpy change (ΔH) value, also reflecting
its lower hydrophobicity.
The binding enthalpy is favorable (ΔH < 0) for the

formation of Cu complexes with both oxalic acid and SRE. The
significantly smaller entropy changes indicate that there is a
much smaller dehydration associated with oxalic acid and SRE.
For oxalic acid, n = 0.839, which is slightly lower than unity;
thus, the complex reaction involves a combination of the

following equilibria:40 Cu2+ + HC2O4
− ⇌ CuC2O4

+, Cu2+ +
C2O4

2− ⇌ CuC2O4, and CuC2O4 + C2O4
2− ⇌ Cu(C2O4)2

2−. For
the SRE mixture, n is considerably lower than unity (n = 0.186),
indicating multiple SRE components may be binding with Cu2+,
forming mixed ligand chelates of Cu2+−SRE, with the following
possible interactions: Cu2+ + A2− ⇌ CuA, CuA + L⇌ CuA and
Cu2+ + A2− + L ⇌ CuA, where A and L represent the acids and
ligands in SRE, for example, oxalic acid41 and amino
groups,42,43 respectively.
The affinity to Cu2+ follows the pattern SRE > oxalic acid >

leucine > proline > serine (Table 1). SRE has the strongest

Figure 2. Integrated heat data as a function of mole ratio of Cu2+ to (A) SRE, (B) oxalic acid, (C) leucine, (D) proline, and (E) serine, fitted with
MNIS model. Symbols represent experimental data, and red lines represent model prediction.

Table 1. MNIS Model Fit of ΔH and n with Confidence Intervals (95% confidence level) from nITC Analysis of the Interaction
between SRE or Its Components and Cu2+ and Calculated Kd, ΔG, ΔS, and −TΔS from Ka and ΔH Values

Components ΔH (kJ/mol) n Kd (M
−1) ΔG (kJ/mol) ΔS (J/K mol) −TΔS(kJ/mol)

SRE −9.696 ± 0.567 0.186 ± 0.006 7.181 × 104 −27.72 60.45 −18.02
Oxalic acid −9.863 ± 0.923 0.839 ± 0.049 1.372 × 104 −23.62 46.13 −13.75
Proline 20.09 ± 4.73 0.472 ± 0.031 2.429 × 103 −19.32 132.2 −39.41
Leucine 19.00 ± 3.45 0.324 ± 0.018 3.731 × 103 −20.39 132.1 −39.39
Serine 14.13 ± 0.76 0.486 ± 0.012 2.054 × 103 −18.91 110.8 −33.04
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interaction with Cu2+, with a binding constant of 7.181 × 104

M−1, while all the amino acids showed much weaker affinity,
with serine having the weakest binding constant of 2.054 × 103

M−1, more than a 10-fold difference. Previous studies suggest
amino acids bind Cu2+ to the nitrogen atom of the amino group
and to an oxygen atom in carboxylate, which would result in
lower binding constants.37,44 To understand the stronger
binding of Cu to the SRE mixture, mixed ligand chelates may
form with Cu2+, like an amino-phenolic ligand.45 Within the
mixture, binding between Cu2+ and aromatic rings and π-
stacking between different components in more complicated
geometries may be possible, further contributing to the higher
binding affinity.37,44,46

Determination of nCu−SRE Thermodynamic Binding
Parameters. The nITC thermograms for SRE and four
different individual organic acids solution titrated into the nCu
suspension are shown in Figure 3. The titration of the other
individual SRE components (sugar and amino acids) into the
nCu suspension resulted in a low exothermic interaction
(Figure S3), similar to the titration of SRE into water, reflecting
dilution heat but minimal binding. The interactions between
nCu and SRE or these four organic acids are exothermic.
Notably, in each thermogram, the first several peaks have a
much larger peak area than the rest, indicating a very large heat
exchange. Furthermore, it took a longer time for the heat flow
signal of the first injection to return to the baseline, featuring a
long tail associated with the peak. This indicates there was a
strong interaction process at the beginning, followed by many
binding interactions induced by the pulse of titrates. The
continuous heat exchange reflects the release of Cu2+ from the
surface of nCu particles via dissolution, which is also an
exothermic process and strongly depends on the concentration
of H+ in the environment.24,47 Thus, when SRE or organic acids
are added into the cell, they can bind to the nCu particles or
dissolved Cu2+ via complexation, and the excess H+ promotes

further dissolution of nCu. There is an important difference in
the thermogram of SRE titrating into nCu compared to the
titration of the organic acids: for SRE titration the broad peaks
were only observed in the first six peaks, which were then
followed by sharp peaks. However, for the titration of the
individual organic acids, more broad peaks and less sharp peaks
were observed. This indicates that SRE can dissolve nCu faster
and further than the individual organic acids due to higher
[H+].
The energy exchange as a function of the molar ratio of SRE

or organic acids to nCu particles is presented in Figure 4. The
corresponding fitted thermodynamic parameters are listed in
Table 2. The interactions between nCu and SRE at 298 K are
energetically favored spontaneous processes with ΔG ranging
from −21.41 to −29.72 kJ/mol, and the interactions are
enthalpically driven with negative ΔH values. Negative changes
in entropy (ΔS < 0) suggest there could be strong bonds
between Cu2+ or nCu with hydration water (metal−oxygen
bonds), as the entropies of hydration are negative.48,49 Notably,
the stoichiometric values are much smaller than unity (Table
2). Malic acid has the lowest value (n = 0.098), and SRE the
highest value (n = 0.336). It is possible that SRE or its
components can form bridges or cross-link the nCu
particles.26,27 The bridges or cross-linked structure may restrict
further access to the surface of the nCu particles due to
conformational hindrance; thus, larger molecules (e.g., malic
acid and citric acid) have a smaller n, while smaller ones (e.g.,
oxalic acid) have larger n. For the SRE mixture, the
stoichiometry value is significantly higher than for the
individual organic acids since within the mixture several SRE
components may bind with the nCu particles simultaneously,
involving the following interactions: nCu + A2− + L ⇌ nCuLA,
nCu + H2− → Cu2+, Cu2+ + A2− ⇌ CuA, CuA + L ⇌ CuLA,
and Cu2+ + A2− + L ⇌ CuLA. Since several SRE components
can be consumed, the stoichiometric value is larger.

Figure 3. Real-time thermogram for titration of (A) SRE, (B) oxalic acid, (C) citric acid, (D) malic acid, and (E) succinic acid into the nCu
suspension at 298 K.
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The affinity to nCu follows the pattern: succinic acid > oxalic
acid > citric acid > malic acid > SRE. Succinic acid has the
strongest interactions toward nCu particles with a binding
constant of 1.61 × 105 M−1, likely from a significant coating of
nCu particles since succinic acid is a relatively large molecule.
Interestingly, SRE has the weakest binding constant (5.65 × 103

M−1) with nCu particles, while the SRE−Cu2+ interaction
(Table 1) is the strongest. A likely explanation is that the
interaction of SRE with nCu is initially dominated by nCu
dissolution (as seen in the first six injections), followed by
sorption and chelation in subsequent interactions (after the
sixth injection). Thus, a significant fraction of the binding

would be between SRE and Cu2+; this is also supported by the
fact that the binding constants of SRE−Cu2+ (Table 1) and
nCu−SRE (Table 2) are similar.

Transformation of nCu in the Presence of SRE. After
exposure to SRE, solid nCu particles are present. However, blue
fiber-like precipitates were observed after nCu was exposed to
citric acid or malic acid and then freeze-dried under vacuum.
These fiber-like precipitates are likely to be organic Cu salts.
Comparing the XPS survey scans of nCu “as received” to those
exposed to SRE or the organic acids (Figure S4), an abundance
of C and O atoms was observed in the exposed nCu, which
reflect the adsorption of organic acids or SRE components. The

Figure 4. Integrated heat data as a function of molar ratio of (A) SRE, (B) citric acid, (C) malic acid, (D) oxalic acid, and (E) succinic acid to nCu
particles, fitted with MNIS model. Symbols represent experimental data, and red lines represent model prediction.

Table 2. MNIS Model Fit of ΔH and n with Confidence Intervals (95% confidence level) from nITC Analysis of the Interaction
between SRE or Its Components and nCu and Calculated Kd, ΔG, ΔS, and −TΔS from Ka and ΔH Values

Titrate/Ligand ΔH (kJ/mol) n Kd (M
−1) ΔG (kJ/mol) ΔS (J/K mol) −TΔS(kJ/mol)

SRE −77.67 ± 19.57 0.336 ± 0.063 5.645 × 103 −21.41 −188.7 56.26
Oxalic acid −97.55 ± 13.31 0.220 ± 0.024 1.921 × 104 −24.45 −245.2 73.10
Citric acid −141.9 ± 47.98 0.122 ± 0.029 1.801 × 104 −24.29 −394.4 117.6
Succinic acid −56.06 ± 8.290 0.127 ± 0.012 1.607 × 105 −29.72 −88.37 26.35
Malic acid −83.64 ± 29.37 0.098 ± 0.032 1.299 × 104 −23.48 −201.8 60.16
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FTIR spectrum (Figure S6) showed that more functional
groups (including C−H, C−O, CO, and O−H) were
detected after nCu was exposed to SRE or organic acids, also
suggesting the adsorption or coating of organic acids or SRE
onto nCu. High resolution XPS scans of Cu 2p3/2 peaks of nCu
particles or precipitates obtained after 48 h mixing with SRE or
individual organic acids are shown in Figure 5 and Figure S5.

All of the peaks used to model different Cu species have full
width at half-maximum (fwhm) values that are ±0.2 eV. Peaks
found at 932.63, 932.18, 933.76, and 934.67 eV are assigned to
Cu (0), Cu (I) oxide, Cu (II) oxide, and Cu (II)
hydroxide.50−53

The fractions of different Cu species in the samples were
determined by integrating XPS spectra peak areas (Table S4).
Initially, as received (dry) nCu particles contained 11.6%
Cu(0), mostly CuO due to atmospheric oxidation (Figure S4).
When nCu particles were exposed to DI water, nCu was
oxidized further to 100% CuO on the surface (Table S4). XPS
can only provide limited information below the surface (∼6
nm).54 In the presence of individual organic acids, there was
partial transformation of Cu(II) to Cu(0) on the surface,
possibly via dissolution of the protective CuO layer and
possibly via reduction. The decreased HDDs and less negative
zeta potential values of nCu (Table S6) also indicated the
dissolution. Based on solution pH before and after nCu was
mixed in, as well as the pKa of these individual organic acids
(Table S5), malic and citric acids release more H+ than oxalic
and succinic acids (also see the less negative ζ values of nCu in
Table S6), resulting in greater dissolution extent of nCu (Figure
S7). Upon drying, the dissolved Cu ions form the blue fiber-like
organic-Cu precipitates.

Notably, Cu(I) was only observed in the sample that
interacted with SRE. Cu(I) can be generated from either Cu(0)
and Cu(II) via the following reactions:55

⇌ + = −+ − ECu(s) Cu e ( 0.520 V)0

+ +

⇌ +

= +

− −

E

2Cu(s) 2OH e

Cu O(s) H O (

0.360 V)
2 2

0

+ ⇌ = ++ − + ECu e Cu ( 0.159 V)2 0

This suggests that several complex reactions may be involved
in the interaction between SRE and nCu.

Bioavailability of Free Cu Ions in Soil Exposed to nCu
and SRE. Free Cu2+ in soil pore water increased significantly in
the presence of nCu and added SRE (Figure 6) or organic acids

(Figure S8). Similar to the study in aqueous suspensions, SRE
had a strong dissolution ability resulting in the largest fraction
of bioavailable Cu in the soil due to largest pH change in soil
pore water before and after mixing SRE with nCu (Table S7).
Thus, RE would significantly affect the fate and transport of
nCu particles, particularly dissolution and the bioavailability of
free Cu ion in the soil systems, which would further result in
implications for crop plants.

Cu Bioaccumulation in Cucumber. In previous studies,
we demonstrated that copper can be taken up and transported
from roots to stems and leaves in cucumber exposed to nCu in
the soil.9−11 In this study, we exposed cucumber plants to soil
with nCu and SRE and found that Cu concentrations in
cucumber leaves were significantly higher than in the controls
with no nCu and no added SRE (Figure 7). However, when the
plants were treated with SRE, Cu bioaccumulation in cucumber
leaves was hindered, significantly decreasing [Cu]. The carboxyl
and amino groups associated with these compounds (Table S1)
can act as ligands to chelate Cu.56 Previous studies have
suggested that amino acids in xylem sap can bind Cu
efficiently.57−60 The complexation of Cu by SRE components
(amino acids or organic acids) may contribute to limit
translocation of Cu to leaves.

Figure 5. High resolution Cu 2p3/2 spectra of nCu particles after
exposure to (A) DI water, (B) oxalic acid, (C) succinic acid, (D) malic
acid, (E) citric acid, and (F) SRE, showing the difference in the
abundance of Cu (0), Cu(I), and Cu(II) species.

Figure 6. Bioavailability of free Cu ions in the soil in the presence of
SRE and nCu. Free Cu ions were determined by the Cu content in the
supernatant via ICP-MS. Control is the free Cu in soil water without
adding nCu. Data are the mean of four replicates, and error bars
represent ± standard error. Different letters stand for statistical
differences at p ≤ 0.05 (Tukey’s HSD multiple comparison at p ≤
0.05).
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■ ENVIRONMENTAL SIGNIFICANCE

nITC was applied to measure the fundamental thermodynamics
of the interactions between nCu or the Cu ion and SRE and its
major components. While Cu2+ interacts most strongly with
three amino acids (leucine, proline, and serine) and oxalic acid,
nCu interacted mostly with small organic acids. Stronger
interactions between the SRE mixture and Cu2+ indicated a
mixed ligand chelation. The interaction with the organic acids
led to dissolution of the nCu surface, removing CuO that had
formed on the original nCu particles. It is also possible that
some reduction occurred at the nCu surface. Although nCu
dissolution was determined to be a predominant interaction in
soil, individual SRE compounds (e.g., succinic acid) can also
affect the state of nCu via coating or bridging. The interactions
presented in this study serve to better understand the initial
transformation of nCu and the interactions between nCu or
Cu2+ and the various SRE components. However, we did not
study the role of the microbiome in the rhizosphere, which may
alter the levels of SRE components and lead to different or
additional interactions.
The bioavailability of free Cu in soils exposed to nCu and

SRE increased significantly, which has implications for soil
organisms (e.g., microbes, worms, other invertebrates). On the
other hand, plants exposed to soil with nCu and added SRE had
significantly less translocation of Cu to the leaves and upper
plant tissues.
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