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• The nutritional value of seeds was al-
tered by Cu × KN interactions.

• Mn and S were increased by bCu and
CuCl2, respectively, with/without KN.

• On average, bCu stimulated protein con-
tent and CuCl2 + KN diminished it.

• Variations in sugar and starch content
were insignificant, compared to con-
trols.

• Seed production was unaffected by Cu
× KN.
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The relationship betweenengineerednanomaterials and plant biostimulants is unclear. In this study, kidney bean
(Phaseolus vulgaris) plants were grown tomaturity (90 days) in soil amendedwith nano copper (nCu), bulk cop-
per (bCu), or copper chloride (CuCl2) at 0, 50, or 100mgkg−1, thenwateredwith 0, 10, or 100 μMof kinetin (KN).
Seeds were harvested and analyzed via ICP-OES and biochemical assays. While seed production was largely un-
affected, nutritional value was significantly impacted. Accumulation of Cu was enhanced by 5–10% from controls
by Cu-based treatments. Fe was the only macro/microelement significantly altered by nCu, which was ~29%
lower than seeds from untreated plants. All forms of Cu combinedwith 10 μMKN reducedMg from 9 to 12%. Ap-
plication of KN plus bCu or CuCl2 elevated concentrations of Mn (31–41%) and S (19–22%), respectively. Protein
content of seeds was stimulated (11–12%) by bCu, on average, and depressed by CuCl2 + KN (up to 22%). Vari-
ations in sugar and starch content were insignificant, compared to controls. Our results indicate that the interac-
tion Cu × KN significantly altered the nutritional value of common beans, which has potential implications to
agricultural practices incorporating Cu as either a pesticide or fertilizer.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Metallic engineered nanoparticles (NPs) have been introduced as an
emerging solution to address challenges within the agricultural indus-
try (García et al., 2010; Prasad et al., 2017). The size-dependent
(b100 nm) physiochemical properties of NPs, which contrast from
those of corresponding bulkmaterials, allow the possibility tomaximize
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crop production, while minimizing the use of additives (Cicek and
Nadaroglu, 2015; Iavicoli et al., 2017). Smart distribution systems are
among the different uses of nanotechnology in agriculture. Nano-
enabled delivery of fertilizers, pesticides, and herbicides can improve
overall efficiency and effectiveness (Rai and Ingle, 2012). Essential ele-
ments in nanostructured formcan be directly applied to the growthme-
dium or by foliar spray, although the former method is preferred for a
more controlled release of nutrients (Morales-Díaz and Ortega-Ortíz,
2017). These nanoscale carriers function by adhering to plant roots en-
hancing stability and preventing environmental induced degradation in
the process (Cicek and Nadaroglu, 2015). While there have been inno-
vations and improvements in agriculture due to nanotechnology, it
also presents new possible hazards to ecological health. The deliberate
introduction of NPs induces human and environmental contact, which
is only heightened by exposure routes such as bioaccumulation within
the food chain (Tolaymat et al., 2017). There is a pressing need to prop-
erly manage the potential environmental health and safety risks posed
by NPs.

Due to the slower release of ions from Cu nanopesticides, and their
recommendation for use on a wide range of crops by manufacturers,
the distribution of NPs in the agricultural market is likely to increase
(Keller et al., 2017). The effects of Cu NPs on crop plants have been
found to vary according to species, particle properties, method of appli-
cation, and growth media (Zuverza-Mena et al., 2017). While young
plants have demonstrated negative symptoms in response to Cu NPs,
mature plants generally displayed fewer observable effects and, in
some cases, even procured higher amounts of tissue biomass (Keller
et al., 2017). Overall, there is still a lack of understanding on the impact
of Cu NPs on mature terrestrial plants grown under realistic environ-
mental conditions and comparative analysis on the effects between dif-
ferent sizes of Cu.

Cytokinin is the common name assigned to plant hormones that
moderate cellular division and tissue formation in plants (Strnad,
1997; Barciszewski et al., 1999). Serving a practical application in agri-
culture, the effects of exogenous application of cytokinins on plant
physiological processes is well documented throughout literature. The
benefits of cytokinins in plants include enhanced production, improved
environmental stress tolerance, and delayed senescence (Weaver,
1972; Papadopoulos et al., 2006; Ma, 2008; Barbafieri et al., 2012). The
relationship between NPs and plant growth regulators is not well
established, despite the capacity for altered phytohormone uptake and
toxicity, and potential secondary impacts following the introduction of
NPs. In a recent paper by Ochoa et al. (2017), green pea plants were
treated with Cu-based compounds and indole-3-acetic acid (IAA). In
general, the combination of nano CuO, bulk CuO, and ionic Cu (50 and
100 mg kg−1) with IAA (10 and 100 μM) reduced the number of plants
by 23% and 34%, respectively. Treatments containing 10 μM of IAA with
50mg kg−1 of nano CuO and 100 mg kg−1 of ionic Cu reduced pod bio-
mass by 50%. In our previous study, it was found that the combination of
ionic Cu and kinetin (KN) significantly altered the accumulation of nu-
tritional elements in plant tissues (Apodaca et al., 2017). However, the
effect of the Cu × KN interaction on bean seed quality has not been re-
ported yet.

This work aimed to elucidate the effects of different forms of Cu
(nano, bulk, and ionic) and KN on kidney bean plants over their full
life cycle. The purpose of nano/micro-sized and ionic-based treatments
was to: (1) isolate the effects of particle size, and (2) distinguish the ef-
fects between ions andparticles. As a follow-up to Apodaca et al. (2017),
which focused on plant growth factors, nutritional value was the pri-
mary focus of this research. Plants were grown to maturity and har-
vested seeds were analyzed for elemental accumulation (micro and
macro), macromolecule composition (protein and carbohydrates), and
production (yield and weight), using analytical techniques. To our
best knowledge, this is the first study comparing the effects of different
forms of Cu and their interaction with KN on the nutritional quality of
bean seeds.
2. Materials and methods

2.1. Suspensions/solutions preparation

Nano copper (nCu)was supplied by the University of California Cen-
ter for Environmental Implications of Nanotechnology (UC-CEIN). Both
bulk copper (bCu) and copper chloride (CuCl2) were purchased from
Sigma Aldrich. Characterization of these compounds can be found in
the Supplementary material (Table S1) (Hong et al., 2015). More infor-
mation can be found in (http://www.us-nano.com/inc/sdetail/162)
stock#US1090. Suspensions/solutionswere prepared to have final con-
centrations of 0, 50, and 100 mg kg−1 of soil, which were chosen after
Apodaca et al. (2017). Dry compounds were weighed with respect to
Cu content, upon which they were immersed in Millipore water
(MPW, 18 MΩ) and brought up to a final volume of 100 mL. To ensure
homogeneity, suspensions/solutions were sonicated (Crest Ultrasonics,
Trenton, NJ) for 30min at 25 °Cwith an intensity of 180watts. Stock so-
lutions of kinetin (KN, Alfa Aesar) were prepared and diluted to concen-
trations of 0, 10, and 100 μM, according to López et al. (2009).
Approximately 2 to 3mL of 0.1 N sodium hydroxide (NaOH) (Sigma Al-
drich) was used to improve the solubility of KN in MPW. To maintain
stability and prevent degradation, KN solutions were stored at 0 °C in
the dark for up to seven days (López et al., 2009).

2.2. Soil treatment and growth conditions

Redhawkkidney bean (Phaseolus vulgaris) seedswereprovidedbyDr.
James Kelly of Michigan State University. Treatments were prepared in
plastic pots containing 420 g of Miracle-Gro® organic potting mix
amendedwith nCu, bCu, and CuCl2 at the aforementioned concentrations.
Characterization of the potting mix can be found in the Supplementary
material (Table S2) (Barrios et al., 2015). Potswith unmodified soil served
as controls. Each treatment had 3 replicates and each pot contained 5
seeds. All treatments/pots were kept in a growth chamber (Environmen-
tal Growth Chamber, Chagrin Falls, OH) under the following conditions:
25/20 °C temperature, 14/10 h photoperiod, 65 ± 3% relative humidity,
and illumination of 340 μmol m−2 s −1. They were watered with deion-
ized (DI) water on alternating days until 20 days, after which they were
watered daily. On the 15th day, the KN solution was directly applied to
the soil of designated treatments. After 90 days, seeds were harvested
frommatureplants. Further details on seed and soil preparation, soil com-
position, and greenhouse conditions can be found in Apodaca et al.
(2017).

2.3. Elemental analysis

A coffee grinder (Hamilton Beach) was used to ground oven dried
tissues (65 °C, 72 h) into a fine powder. Samples weighing 0.2 g were
mixed with 1 mL of plasma pure HNO3 (SPC Science, Champlain, NY),
digested in a DigiPREP MS digestion block (SCP Science, NY), and ad-
justed to a total volume of 50 mL with MPW. Cu and macro/micro ele-
mental (Ca, B, Fe, K, Mg, Mn, Mo, Ni, P, and Zn) concentrations were
quantified via inductively coupled plasma – optical emission spectrom-
etry (ICP-OES, Perkin-Elmer Optima 4300 DV). For quality assurance/
control (QA/QC) of analytical methods, samples with only MPW were
used as blanks and spinach leaves (1507a NIST, Gaithersburg, MD)
were used as standard reference material.

2.4. Crude protein and carbohydrate analysis

The Kjeldahl method of nitrogen analysis was used to determine
protein content under the following sequence: (1) extraction, (2) distil-
lation, and (3) titration (Labconco, Kansas City, MO) (AOAC2000). Sam-
ples of dry powdered seeds weighing 0.1 g were placed in digestion
flasks and combined with a tablet of K2SO4–catalyst mixture and 6 mL
of concentrated sulfuric acid (H2SO4). Flasks were heated at 175 °C for
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1 h, then again at 375 °C for 2 h (to ensure complete digestion), and left
to cool. Digested samples were agitated upon the addition of 20 mL of
MPW. Distillated samples weremixedwith 40mL of 10 N NaOH and al-
located to a distillation chamber (Labconco, Kansas City, MO). Samples
were combined with 10 mL of indicator containing boric acid (BH3O3)
in a beaker, upon which the 50 mL distillation was collected. Titration
was performed using 0.05 N H2SO4 (Bremner, 1996). Total Kjeldahl ni-
trogen (TKN) was used as surrogate for protein in seeds. TKN was
expressed as % N and crude protein content was calculated as % N
× 6.25 (Allen, 2002; Bremner, 1996).

Total sugar and starch extractionswere performed as per Verma and
Dubey (2001), and samples were measured in microplate colorimetric
format by a phenol-sulfuric acidmethod (Masuko et al., 2005). Standard
glucose and corn starch were used to generate a calibration curve for
QA/QC of lab procedures.

2.5. Experimental design and statistical analysis

Under a completely random design, a factorial treatment arrange-
ment was used: KN at 3 levels (0, 10, and 100 μM) and Cu (nCu, bCu,
CuCl2) at 3 levels (0, 50, and 100mg kg−1). Triplicates for 21 treatments
of Cu × KN gave a final total of 63 samples (Table S3). The Statistical
Package for Social Sciences 22.0 (SPSS, Chicago, IL) was used to perform
all statistical analyses. Differences among treatmentmeans were evalu-
ated via one-way analysis of variance (ANOVA), followed by Tukey's
honestly significant difference (HSD) post-hoc test, based on a probabil-
ity (p value) of 0.05. A factorial multi-way ANOVAwas used to examine
the interaction between Cu and KN (Cu × KN).

3. Results and discussion

3.1. Effects of treatments on nutrient element composition

3.1.1. Copper uptake and accumulation
Uptake and accumulation of Cu in bean seeds from plants grown for

90 days in soil amended with nCu, bCu, CuCl2, and/or KN are shown in
Fig. 1 and discussed below. As expected, the addition of Cu and Cu-
based treatments resulted in a greater uptake and accumulation of Cu.
This increase varied from 5% to 10% among all concentrations, which
were significantly different compared to respective controls. An excep-
tion was found in the highest 100 μM KN concentration, where the Cu
content in corresponding control seeds was 3% higher than other
Fig. 1.Cucontent in seeds of kidney bean plants grown to fullmaturity (90 days) in soil rendered
Data are means of three replicates ± SE (n = 3). Different letters represent statistically signifi
concentration (p ≤ 0.05).
controls. As a result, the observed differences among nCu and bCu treat-
ments were not statistically significant. The addition of KN has been
found to increase metal uptake in a wide variety of plant species
(Tassi et al., 2008; López et al., 2009; Cassina et al., 2012; Bücker-Neto
et al., 2017). However, due to the lack of an interaction effect by Cu
×KN(Table S4), this shift ismost likely due to the relatively highmargin
of error seen in the control treatment 100 μMKN. Although an essential
trace element for healthy functioning, excess Cu intake can lead to gen-
eration of damaging radicals in humans (Khattab et al., 2009). The rec-
ommended dietary intake of Cu for adults is 0.7 to 10 mg Cu/day
(Trumbo et al., 2001). In our study, the highest Cu content found was
5.9 mg per 100 g of beans, a typical serving size. Consumption of fruits
and vegetables exposed to Cu and Cu-based compounds, in addition to
other sources of Cu, could conceivably increase Cu intake above the rec-
ommended dietary threshold (Keller et al., 2017). According to ourfind-
ings, the form of Cu (nano, bulk, or ionic) does not perpetuate this risk,
and the presence of KN is irrelevant.

3.1.2. Macro and microelement accumulation
Among the macro elements analyzed, only Mg and S showed signif-

icant differences (Table 1). Nearly all 10 μM KN treatments decreased
Mg content by 9% to 11%. In our previous experiment, kidney bean
plants treated with 10 μM and 100 μM KN reduced Mg in leaves (72%)
and stems (78%), but accumulation was enhanced in roots (59%)
(Apodaca et al., 2017). Given that Mg is taken up by the root system
via permeable cation channels, it is possible that KN interfered with
this mechanism (Medina-Velo et al., 2017). An excess of KN has been
observed to have a profound influence on the formation and growth
of roots, possibly blocking the translocation of specific elements
(Werner et al., 2001). The alterations in S content were varied. Seeds
from plants treated with 50 mg kg−1 CuCl2 and 100 CuCl2 + 100 μM
KNwere 19% and 22%, correspondingly, higher in S than controls. Con-
versely, S in kidney beanplant stemswas reduced from18% to 58%upon
exposure to nCu, bCu, and CuCl2 (without KN) (Apodaca et al., 2017). Cu
ions could have up-regulated sulfate transporters by influencing the sig-
nal transduction pathway or bonded with sulfate in the soil,
translocating to aerial tissues as CuSO4 (Hong et al., 2015; Rawat et al.,
2018). Bell pepper plants grown in soil amended with 250 mg kg−1 to
500 mg kg−1 CuCl2 had significantly increased S in root and leaf tissues
(Rawat et al., 2018). The contrast with previous results is unclear, which
suggests further work to understand the possible interference of KN
with this mechanism and its relationship with ionic Cu.
with 0, 50, or 100mgkg−1 ofnCu, bCu, andCuCl2, andwateredwith 0, 10, or 100 μMofKN.
cant differences between concentrations and treatments within the same KN treatment



Table 1
Macro and microelement concentration in seeds reaped from kidney bean plants
(90 days) grown in soil amended with 0, 50, or 100 mg kg−1 of nCu, bCu, and CuCl2 and
0, 10, or 100 μM of KN. Data are means of three replicates ± SE (n = 3). Only elements
within the limit of detection and that had statistically significant differences from respec-
tive controls are included (p ≤ 0.05). Symbols + and – stand for percent of increase and
decrease in element concentration.

Element Treatment
Cu product + kinetin
(mg kg−1 soil + μM)

Concentration
(mg kg−1 d wt tissue)

%

Fe Control 0 KN 100.3 ± 4.3 –
100 nCu + 0 KN 71.2 ± 3.5 −29.1

Mg Control 10 KN 1955.3 ± 41.6 –
50 nCu + 10 KN 1774.5 ± 15.5 −9.3
100 nCu + 10 KN 1729.0 ± 38.3 −11.6
50 bCu + 10 KN 1762.6 ± 15.9 −9.9
100 bCu + 10 KN 1733.8 ± 35.0 −11.3
50 CuCl2 + 10 KN 1736.1 ± 45.4 −11.2

Mn Control 0 KN 16.6 ± 1.1 –
100 bCu + 0 KN 21.9 ± 1.7 +31.5
Control 10 KN 16.3 ± 0.4 –
50 bCu + 10 KN 23.0 ± 0.9 +41.4
100 bCu + 10 KN 22.1 ± 0.5 +35.7
Control 100 KN 16.4 ± 0.4 –
50 bCu + 100 KN 21.4 ± 1.1 +30.6

S Control 0 KN 2812.8 ± 107.6 –
50 CuCl2 + 0 KN 3348.4 ± 31.3 +19.0
Control 100 KN 2823.6 ± 56.4 –
100 CuCl2 + 100 KN 3431.2 ± 171.0 +21.5
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As for the microelements, Fe and Mn were found to be significantly
altered (Table 1). Accumulation of Fe was decreased (29%) by
100 mg kg−1 nCu from the control, representing the only element to
be significantly affected by the nano treatment (without KN). In a
study by Rico et al. (2013), rice grains collected from 500 mg kg−1

nCeO2-treated plants had reduced Fe (69%). While this signifies that
Fe accumulation is modified by different types of NPs, suggesting a
size-dependent effect, it is challenging to determine the exact cause
Fig. 2. (A–C). Averages of protein content for factors (A) bCu, (B) CuCl2, and (C) CuCl2 × KN in see
0, 10, or 100 μM KN. Data are means of three replicates ± SE (n = 3). Different letters represe
for this reduction. A clear consensus on the environmental behavior of
elements in soil amended with NPs is lacking in current literature,
which could clarify these results. There could be competition in the up-
take channel between Fe and nCu (Kochian, 1991). Tobacco plants that
expressed ferretin, an Fe-storage protein, were found to be more toler-
ant to oxidative damage (Deák et al., 1999). It is possible that Fe was
complexed as ferretin in response to oxidative stress from Cu treat-
ments. Nevertheless, a decrease in Fe is problematic for those who
seek beans as a means to combat Fe deficiency, which has been identi-
fied as pervasive global threat to public health (Finkelstein et al.,
2017). Both 50 and 100 mg kg−1 bCu treatments with/without KN in-
creased Mn accumulation from 31% to 41%. Similarly, previous studies
with cilantro and wheat reported that low concentrations of Cu
(0.5 mg kg−1 to 80 mg kg−1) increased the concentration of Mn in var-
ious plant tissues (Kumar et al., 2009; Zuverza-Mena et al., 2015). Mn
was reduced from 62% to 78% in kidney bean plant leaves by
100mg kg−1 CuCl2 (with/without KN) (Apodaca et al., 2017). This sug-
gests that not only is the concentration of Cu relevant towards Mn up-
take and accumulation, but also particle size. Additional experiments
are required to elucidate the driving force for this mechanism. Overall,
our results indicate that nCu and Cu-based compounds have the capac-
ity to significantly alter the nutrient content of kidney bean plants.

3.2. Effects on macromolecular composition

3.2.1. Effects on protein content
Fig. 2 (A) shows that the main factor bCu, at both concentrations of

50 and 100 mg kg−1, significantly increased protein by 11% to 12%
from averaged control treatments (p ≤ 0.05). In contrast, a concentra-
tion dependent negative trend was imparted by the main factor CuCl2
and the interaction CuCl2 × KN (Fig. 2 B–C), with a reduction as high
as 12%, compared to controls. However, there were no statistically sig-
nificant differences in protein content from controls when comparisons
were made among treatment groups (Fig. S1). As a transition metal, Cu
forms stable complexes with a variety of molecules, especially proteins,
ds of 90-day old kidney beanplants exposed to 0, 50, or 100mgkg−1 of bCu and CuCl2, and
nt statistically significant differences (p ≤ 0.05).



1538 S.A. Apodaca et al. / Science of the Total Environment 636 (2018) 1534–1540
that either bring stability to structural features or drive biochemical re-
actions (Printz et al., 2016). A positive correlation between Cu and crude
proteinwas found in four species of legumes grown in Germany and En-
gland (Rasheed and Seeley, 1966). Although Cl− has been found to be
toxic to plants (Eaton, 1942; White and Broadley, 2001; Tavakkoli
et al., 2011; Flowers et al., 2015). Rapid accumulation of Cl− was seen
in kidney bean plants exposed to 80meq L−1 (2840mg L−1) of NaCl, ul-
timately culminatingwith plant death after 44 days (Hajrasuliha, 1980).
Alternatively, exogenous KN application could have facilitated the up-
take and translocation of Cu ions from CuCl2, with toxicity manifesting
in the form of decreased protein content. Previously, Apodaca et al.
(2017) found a positive association between the interaction CuCl2
× KN and accumulation of Cu in kidney bean plant leaves. Opposing ef-
fects in protein content by bulk and ionic treatments could be due to dif-
ferences in chemical properties: bCu, which has a zeta potential of
−35.4 mV (Table S1), is far less soluble than CuCl2. The slow release of
Cu ions by bCu could have been therapeutic, stimulating protein synthe-
sis (Fig. 2A), and its immediate release by CuCl2 could toxic, retarding
protein formation (Fig. B, C). Further, the pH (6.8 to 7.2) and organic
matter content (50% to 60%) of the soil likely influenced the dissolution
process (Table S2) (Sekine et al., 2017). Several studies have reported
mixed results in protein content of plants exposed to KN. In Gangwar
et al. (2010), pea seedlings treated with Mn (50 and 100 mg kg−1)
plus 100 μM KN had significantly reduced total protein in roots and
shoots, compared to untreated plants. While application of
50mgkg−1Mn and 10 μMKN reversed this decrease. Another study ob-
served that pea seedlings stressed with 25 and 50 μM of Cd were found
to have lower amounts of soluble protein in roots and shoots than con-
trolswhen treatedwith 10 and 20 μMof KN (Al-Hakimi, 2007). It is pos-
sible that the combination of KN with a metal could escalate protein
degradation and enhance protease activity (Balestrasse et al., 2003).
This interactive effect seems to be dependent on the type of metal.
Our findings indicate that the form ofmetal (bulk or ionic) is also an im-
portant factor. Proteins play a critical role in cells by sustaining the
structure, function, and regulation of internal tissues and organs
(Khattab et al., 2009). As a top plant-based source of protein, beans
are widely consumed throughout the world (Messina, 2014). Thus,
these findings could have negative implications for human nutrition
and there is a need for further research in this area.
Fig. 3. (A–B). Averages of sugar (A) and starch (B) content for factor nCu in seeds of
kidney bean plants (90 days) exposed to 0, 50, or 100 mg kg−1 of bCu and CuCl2, and 0,
10, or 100 μM of KN. Data are means of three replicates ± SE (n = 3). Different letters
represent statistically significant differences (p ≤ 0.05).
3.2.2. Effects on carbohydrate content
Sugar and starchwere quantified in seeds harvested from90-day old

kidney beanplants cultivated in soil treatedwith nCu, bCu, CuCl2, and/or
KN. Although there were no statistically significant differences from
controls when comparisons were made among similar hormone treat-
ment groups (Fig. S2), multivariate analysis revealed that 50 mg kg−1

nCu reduced starch and sugar content from the higher 100 mg kg−1

nCu dosage by ~50% and 40%, respectively (Fig. 3 A–B). It has been re-
ported thatmetal-based nanoparticles reduced sugar and/or starch con-
tents in several plant species (Mirzajani et al., 2013; Rico et al., 2013;
Salama, 2012). Although in Alaoui-Sossé et al. (2004), cucumber plants
treated with 20 μg g−1 of ionic CuCl2 were found to have significantly
higher starch and glucose content from controls. It is possible that the
low exposure of Cu to cucumber plants may not have been high enough
to cause toxicity, hence explaining the controversy with our results.
Since the results are not statistically significant when control samples
are used as a reference value, we cannot conclude whether the effects
of nCu are detrimental or beneficial. However, it seems there is a clear
allocation of plant resources that is dependent on concentration. Fur-
ther testing is needed to determine the extent and significance of this
phenomenon. Carbohydrates are integral structural components that
provide energy to sustain amyriad of bodily and brain-related functions
(Raigond et al., 2015). Given its potential influence on public health, it is
critical to direct research efforts towards understanding the effects of
NPs on macromolecules in mature crop plants.
3.3. Effects on seed production

The production of seeds reaped from plants exposed to nCu, bCu,
CuCl2, and/or KNare shown in Table 2. Therewere no statistically signif-
icant differences in yield (number of produced seeds) of Cu-based treat-
ments when compared among similar hormone concentrations. The
results for seed weight resembled those of seed yield. The exception
was the 50 mg kg−1 bCu + 10 μM KN treatment, which was at least
twice that of its respective control. In our previous study, plants treated
with 50 mg kg−1 bCu + 10 μM KN had significantly higher root and
stembiomass (Apodaca et al., 2017). Based on these results, we can con-
clude that there is a synergistic effect imparted by bCu+KN. The reason
for this interaction is not known; perhaps the lower zeta potential of
bCu (−35.4 ± 1.27 mV), compared to nCu and CuCl2, made the differ-
ence. The optimum dose of Cu for enhanced seed weight could be
50 mg kg−1. The lack of studies on the interaction between exogenous
KN and bCu limit our ability to compare our findings with other previ-
ous reports. Further work is needed to clarify these results, determine



Table 2
Overall production (yield and weight) of seeds harvested from 90-day old kidney bean
plants cultivated in soil amended with 0, 50 or 100 mg kg−1 of nCu, bCu, and CuCl2 and
0, 10, or 100 μM of KN. Data are means of three replicates ± SE (n = 3). Different letters
represent statistically significant differences between concentrations and treatments
within the same KN treatment concentration at (p ≤ 0.05).

Kinetin (μM) Treatment
(mg kg−1 soil)

Yield (# seeds) Weight (g)

0 Control 9.7 ± 0.3 3.0 ± 0.1
50 nCu 13.0 ± 1.7 4.2 ± 0.7
100 nCu 11.3 ± 0.9 4.3 ± 0.8
50 bCu 12.0 ± 0.6 3.8 ± 0.3
100 bCu 13.0 ± 1.2 4.5 ± 0.4
50 CuCl2 11.3 ± 1.9 3.4 ± 0.6
100 CuCl2 13.0 ± 0.6 3.9 ± 0.3

10 Control 8.7 ± 0.9 2.4 ± 0.2 a
50 nCu 12.7 ± 1.7 3.8 ± 0.8 ab
100 nCu 10.7 ± 0.3 3.9 ± 0.4 ab
50 bCu 12.7 ± 1.2 4.8 ± 0.4 b
100 bCu 11.7 ± 0.3 3.9 ± 0.4 ab
50 CuCl2 11.0 ± 0.6 3.7 ± 0.3 ab
100 CuCl2 12.7 ± 1.9 3.4 ± 0.6 ab

100 Control 10.7 ± 0.9 3.4 ± 0.5
50 nCu 12.3 ± 0.3 3.7 ± 0.2
100 nCu 9.7 ± 1.2 4.2 ± 0.2
50 bCu 13.7 ± 0.9 5.0 ± 0.8
100 bCu 14.0 ± 0.0 4.4 ± 0.5
50 CuCl2 14.0 ± 1.2 4.9 ± 0.4
100 CuCl2 10.3 ± 1.2 3.5 ± 0.3
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planting strategies under these conditions, and advocate commercial
viability.

4. Conclusion

The aim of this research was to describe the impact of metallic cop-
per nanoparticles, in the absence and presence of external kinetin (KN),
on the nutrient profile of common bean seeds. Bulk and ionic Cu were
used as counterparts to differentiate between the effects of ions and
particle size. Particle size was demonstrated to be an influential aspect
given that Mn and protein content were elevated by bCu treatments,
and Fewas decreased by 100mgkg−1 nCu. An interactionwas observed
between CuCl2 and KN that depressed protein synthesis, which was
most likely due to the release of toxic chloride ions. Sugar and starch
were not found to be significantly affected by any of the Cu treatments,
compared to controls. Further analysis is required to understand this
mechanism. Our findings suggest that particle size and the combination
Cu+ KN are principle factors affecting the nutritional value of common
beans. This study not only provides a continuing assessment on the ef-
fects of NPs to a crop plant, but also suggests the need for future re-
search on the interaction of NPs with phytohormones.
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