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ABSTRACT

The comparative toxicity of nano/bulk cupric oxide (CuO) and ionic copper (Cu) in Rosie and Green bok choy
(Brassica rapa) varieties, with higher and lower anthocyanin contents, respectively, was investigated. Both
phenotypes were cultivated for 70 days in natural soil amended with nano CuO (nCuO), bulk CuO (bCuO), and
Cu chloride (CuCly) at 75, 150, 300, and 600 mg Cu/kg soil. Essential elements in tissues, agronomical para-
meters, chlorophyll content, and Cu distribution in leaf were determined. In both varieties, nCuO treatments
significantly increased Cu uptake in roots, compared with bCuO and CuCl, (p < 0.05). At all treatment con-
centrations, Rosie variety had more Cu than Green. More physiological impairments such as chlorophyll and leaf
biomass reduction were observed in treated-Rosie varieties, compared to Green plants. The adverse effects were
higher in nCuO-treated plants than their bCuO- or ionic Cu-exposed counterparts. Different distribution patterns
of the translocated Cu in leaf midrib and parenchyma depended on particle size and plant phenotype, as de-
monstrated by two-photon microscopy. The different effects of CuO-based compounds in Rosie and Green
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varieties may be related to the anthocyanin content. These findings help to understand the factors involved in
nanoparticles uptake and translocation to plant edible parts.

1. Introduction

Nanotechnology has become one of the most promising and fastest-
growing industries of the 21st century. It is estimated that by 2022 the
global market for nanoparticles (NPs) may surpass 7.3 billion dollars
(McWilliams Andrew, 2018). By 2010, the manufacturing of copper
oxide (CuO) NPs, one of the most extensively applied Cu-based mate-
rials, was higher than 200 metric tons per year (Keller et al., 2013).
CuO-based NPs have been widely utilized in batteries, lubricants
polymers, pigments, gas sensors, and catalysts, among others (Anjum
et al., 2015).

Additionally, the production and use of CuO NPs in the agrosystem
is increasing (European Commission, 2018). They are showing the po-
tential to be applied as nanofungicides, nanopesticides, and nano-
herbicides (Elemike et al., 2019; Pestovsky and Martinez-Antonio,
2017). Plants are an essential base in the ecological environment and
are being exposed to NPs. Hence, they may play a critical role in the
transport and bioaccumulation of NPs (Abdallah et al., 2020). When the
NPs accumulate in the edible parts at a high level, it may pose a risk to
human health.

Bok choy (Brassica rapa subsp. chinensis) vegetables are well-known
for their sweet flavor, high protein, vitamin, mineral content (Rochfort
et al., 2006), and also for their use as a potential agent against cancer
(Wang et al., 2015). There are two popular varieties: Green with green
leaves and Rosie with purple leaves. The principal difference between
these varieties is the content of anthocyanin pigments. Rosie leaves
contain more than fifteen types of anthocyanins, totaling ~3 mg/g dry
weight (DW), while Green leaves have nearly no anthocyanin (Zhang
et al., 2014). Anthocyanins are water-soluble flavonoids pigments
which are responsible for developing the characteristic red, purple, and
blue colors, among others, in numerous plants. According to previous
studies, anthocyanins are considered healthy for human beings because
they are antioxidants and have anti-inflammatory properties. Further-
more, anthocyanins chelate trace metals and are involved in lipid
peroxidation inhibition processes (He et al., 2016). They may also at-
tenuate damage from cold, drought, and UV irradiation in plants
(Hosseinian and Beta, 2007).

Our knowledge about the impacts of CuO nanoparticles (nCuO) on
edible vegetables, especially cultivated in nature soils and under long-
term exposure, is still limited. Some studies have shown that nCuO
elicits both positive and negative physiological effects in plants. These
responses include changes in the content of macro/micronutrients,
sugar, protein, as well as modifications in root length and plant biomass
(Abdel-Wahab et al., 2019; Gao et al.,, 2018; Nalci et al., 2019;
Spielman-Sun et al., 2018). The toxic effects of CuO NPs have been
reported in several species. For example, CuO NPs shortened root
length and affected its morphology in barley (Hordeum sativum dis-
tichum) (Rajput et al., 2018), inhibited wheat growth (Triticum aes-
tivum) (Gao et al., 2018), and impaired the nutritional quality of bell
pepper (Capsicum annum L.) plants (Rawat et al., 2018). Remarkably, a
few studies have shown that the anthocyanin content may be involved
in plants’ physiological and biochemical behavior in response to NPs
exposure. For instance, Tan et al. (2018) foliarly-applied Cu(OH), na-
nowires at 4.8 mg Cu/per pot onto two basil (Ocimum basilicum) vari-
eties, with different anthocyanin content; the investigation reported
variety-dependent Cu accumulation and fatty acid profile alterations.
Thus, it triggered our interest to study the plant variety-dependent re-
sponses to nCuO exposure.

Two-photon microscopy is receiving considerable attention due to
its deeper tissue penetration and its strong signal background

suppression (Helmchen and Denk, 2005). It has the advantage of
viewing the internal structure via fluorescence without the need for
extensive sample preparation (Bonilla-Bird et al., 2018). This technique
was applied in this study to analyze the translocation and biodistribu-
tion pattern of nano and bulk CuO particles in Green and Rosie leaves.

There is currently no literature about the effect of nCuO on bok choy
plants. Moreover, how different phenotype traits affect the transloca-
tion and biodistribution of NPs in plant tissues is still unknown.
Therefore, we aimed to characterize the physiological responses of two
bok choy varieties treated with nCuO, bCuO and ionic Cu. To under-
stand these responses, we measured Cu uptake and biodistribution,
chlorophyll content, biomass production, nutrient elements accumula-
tion, and sugar and starch content in bok choy tissues.

2. Materials and methods
2.1. Potting soil preparation

Rounded plastic pots (25 cm X 26 cm) were washed with Milli-Q 18
MQ deionized water (MW) and filled with 5 kg of natural soil amended
with the respective Cu compound/concentration (see below). The soil
was collected from Socorro, TX, USA (latitude: 31°67’ N and longitude:
106°28" W, elevation: 1115 m asl) and its physicochemical properties
are shown in Supplementary file.

2.2. Preparation of nanoparticle suspensions and other treatments

Particulate nCuO, bCuO, and ionic Cu (CuCl,) compounds were
obtained from The University of California Center for Environmental
Implications of Nanotechnology (UC-CEIN). Their physicochemical
properties have been previously reported and are presented in Table S1
(Hong et al., 2015; Rawat et al., 2018). Suspensions/solutions of the Cu-
based products were prepared in MW and applied to the soil to reach
final Cu concentrations of 75, 150, 300, and 600 mg/kg of soil. These
concentrations were selected due to previous reports which suggested
Cu concentrations in soils can be found in the ranges mentioned above
(Kulikowska et al., 2015; Yang et al., 2017a,b). Suspensions/solutions
were freshly prepared and sonicated (Crest Ultrasonic, Trenton, NJ) in a
water bath at 20 —25 °C for 25 min and 180 W. Bulk and nCuO were
used to compare the effect of particle size, while the ionic compound
was used to differentiate the effects of particles and ions. After soni-
cation, the corresponding suspension/solution was added to 5 kg of soil
and manually mixed for 30 min until homogeneity was achieved.
Control plants were only treated with MW. Soil moisture was main-
tained at near 60 % of field capacity. Besides, {-potential of 300 mg/L
nCuO and bCuO suspensions with a pH range from 3 to 10 was mea-
sured by a Malvern Zetasizer Nano ZS-90 following a laser deppler
electrophoresis procedure.

2.3. Seed germination and plant growth

Green and Rosie (F1, Hybrid) bok choy seeds (Brassica rapa var.
chinensis) were purchased from Johnny’s Selected Seeds (Winslow, ME).
Seeds were washed and submerged in 2 % hypochlorite (NaClO) solu-
tion to avoid contamination, rinsed with MW three times, placed in a
250 mL Erlenmeyer flask with 200 mL of MW, and stirred for 12 h for
hydration. Then, two seeds were planted equidistantly in germination
trays containing potting mix (Miracle Grow®) at 1 cm deep and grown
in a growth chamber (Environmental Growth Chamber, Chagrin Falls,
OH) at photosynthetic photon flux density (PPFD) of 50 umole m~?
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s~ 1,14 h photoperiod, 25/20 °C day/night temperature, and 65-70 %
relative humidity. Seedlings were watered with 10 mL of MW per day.
Three-week-old seedlings were transplanted into new pots (1 seedling
per pot) containing the Cu-amended soils at the conditions mentioned
above and placed in a greenhouse at 30/20 °C average day/night
temperature, 50-75 % relative humidity and light daily integral of ~10
mol m~2 d™'. Each pot was irrigated with a nutrient solution, which
was made by adding water-soluble fertilizer (N 15 %, K;O 15 %, P05
5%) to reverse osmosis water. Plants were harvested 50 days after
transplanting.

A factorial design was arranged in a completely random way. The
main factors were the varieties (Rosie, Green) and Cu-based compounds
(nCuO, bCuO, CuCl,) at five treatment concentrations (0, 75, 150, 300,
and 600 mg/kg). Pots without Cu application were considered as con-
trols.

2.4. Physiological and biochemical parameters

Before harvesting, the foliar leaf area was measured using an area
meter (LI-3100, LI-COR, Lincoln, NE). After harvesting, chlorophyll
content was evaluated. Briefly, 0.5 g of fresh leaf samples were ground,
and the chlorophyll was extracted with 80 % acetone. The absorbances
were measured as described by Porra (2002). To determine mass of
collected tissues, DW was recorded after oven-dried tissues for 3 d at 72
°C. Leaf pH value was evaluated with the Malvern Zetasizer Nano ZS-90
instrument. For sugar and starch determination, dry leaves (100 mg)
were weighed and analyzed according to Dubois et al. as described in SI
(DuBois et al., 1956).

2.5. Macro and microelement determination

Oven-dried and digested tissue samples were analyzed for macro
and microelements by inductively coupled plasma-optical emission
spectrometry (ICP-OES, Perkin-Elmer Optima 4300 DV; Shelton, CT).
The detailed method is described in the supporting information (SI).

2.6. Sample preparation for Two-photon microscopy images

Leaf samples of both Rosie and Green plants exposed to nCuO,
bCuO, and CuCl, at 600 mg/kg, were harvested at day 50, dried and
mounted in water-immersion objective lens (Olympus LUM Plan FLN)
(Bonilla-Bird et al., 2018). The light source used in the microscope was
a mode-locked femtosecond Ti: Sapphire laser (Spectra-Physics, Mai-Tai
HP). The pulse duration was ~ 100 fs width, and the repetition rate was
80 MHz. To achieve two-photon excitation, the wavelength was set at
710 nm light, and 200 mW laser power was delivered at the sample site.
The fluorescence signal from the sample was deflected with a 665 nm
long-pass dichroic mirror. A long-pass dichroic beam splitter (LDBS)
was used to split the blue and green/red fluorescence signal. Blue,
green, and red signals were transmitted through band-pass filters of
417 — 477 nm, 500 —550 nm, and 570 —616 nm, respectively, and fi-
nally, detected by a Photo Multiplier Tube (PMT) respectively. The
outputs of these three PMTs were fed into red/green/blue channels of a
frame grabber installed on a computer. Two-dimensional images in the
x-y plane were acquired through a custom software program. The
imaging speed was 30 frames/sec and each final static image had an
average of 50 frames. Furthermore, some images exhibited red artifacts,
such as streaks across the image, when processed by the frame grabber;
thus, the artifacts were removed through minimal image processing
using the ImageJ 1.51j8 software (National Institute of Health, USA)
(Acosta et al., 2014).

2.7. Statistical analysis

All the data were analyzed with the SPSS program 25 (SPSS,
Chicago, IL, USA). To determine the multiple interaction effects of plant
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Fig. 1. mg of Cu/kg dry sample in (A) leaves, (B) root of both bok choy plants
(70-day-old) cultivated in soil spiked with 0, 75, 150, 300, and 600 mg/kg of
nCuO, bCuO, and CuCl,, Data are means of three biological
replicates + Standard Error (SE). Capital letters stand for statistical differences
between different compounds at the same concentration. Lowercase letters re-
present significant differences among the same compounds evaluated at dif-
ferent concentrations. Significant differences between the two varieties are
marked with “*” (p < 0.05, n = 3).

variety and compounds, a two-way ANOVA was used. Statistical sig-
nificance was accepted at a p-value of 0.05. Pairwise comparisons were
applied with a Bonferroni adjustment to compare differences between
two treatments with a single main effect (plant variety, compound, or
concentration). Reported data are means *+ standard errors (SE) of tri-
plicates. Pearson correlation coefficient analysis and one-way ANOVA
followed by the Tukey-Kramer Post Hoc test were also used.

3. Results and discussion
3.1. Cuis accumulated in roots and leaves in a variety-dependent manner

Results of Cu content in Rosie and Green bok choy varieties are
shown in Fig. 1. Both varieties showed significantly higher Cu amounts
in leaves (Fig. 1A) when they were treated with nCuO, bCuO, and CuCl,
at all concentrations, compared with control (p < 0.05). In roots, nCuO
and bCuO augmented Cu content in bok choy varieties at almost all
evaluated concentrations, while CuCl, caused a variety-dose Cu accu-
mulation response (Fig. 1B). Pearson correlation analysis (Table S4)
demonstrated a significant positive relationship between root Cu con-
tent and treatment concentration in Rosie (0.74) and Green (0.86)
cultivars (p < 0.01). The highest Cu concentration was found in Rosie
plants treated with 600 mg/kg of nCuO as their roots contained up to
~479 mg Cu/kg DW (p < 0.05).

In this study, a variety-dependent Cu accumulation was found at
root and leaf levels. Accordingly, Rosie varieties presented pre-
dominantly higher Cu amounts in their roots compared to Green variety
in response to Cu exposure (Fig. 1B). Similarly, Rosie varieties treated
with =300 mg/kg of nCuO or bCuO accumulated more Cu in their
leaves than Green plants (Fig. 1A). As previously stated, Rosie plants
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have a higher content of anthocyanin compared to their Green coun-
terparts (Zhang et al., 2014). Hence, a possible mechanistic explanation
of higher accumulation of Cu in Rosie varieties may be related to the
evidence that hydroxyl moieties of C ring from anthocyanin molecules
chelate Cu®* (Cortez et al., 2017; Welch et al., 2008). This is also
supported by previous experimental and theoretical evidence which
demonstrates that the o-di-hydroxyl groups from the B ring of antho-
cyanins can form anthocyanin-metal complexes (Boulton, 2001; Dai
et al., 2012). Moreover, the O—H group, might inhibit the Fenton re-
action process reducing the production of the harmful hydroxyl radicals
(Primikyri et al., 2015).

Rosie roots treated with nCuO particles exhibited the highest Cu
accumulation (Fig. 1B, Panel I). Possibly, nCuO particles, which possess
smaller sizes, were easily associated to root plants and eventually up-
taken. Additionally, a possible faster Cu ions release from nCuO may
lead to the increase of Cu in Rosie root. However, these latter state-
ments need a further experimental demonstration. Comparable findings
were reported by Rawat et al. as they found higher root uptake in
Capsicum annum plants exposed to nCuO (196 % compared with con-
trol) compared with ionic Cu compounds (184 % compared with con-
trol) (Rawat et al., 2018). Trujillo-Reyes et al. (2014) examined lettuce
treated with different Cu compounds at concentrations of 0, 10, and 20
mg/L for 15 days. Results from this hydroponic study showed that
lettuce plants accumulated more Cu from NPs than from ionic Cu
treatments.

The translocation ratio between root Cu and leaf Cu was calculated
by leaf Cu/root Cu content (Fig. S1). Interestingly, a lower translocation
ratio was found in Rosie leaves (Fig. S1, Panel I) compared to Green
cultivars (Fig. S1, Panel II). These results may be partly explained due
to Cu excess/saturation in leaves from Rosie root plants (Fig. 1A, Panel
I), compared with leaves from Green cultivars (Fig. 1A, Panel II). Ad-
ditionally, this study showed that higher concentrations of Cu, in re-
sponse to Cu-based treatments, were found in Rosie roots (Fig. 1B,
Panel I). While it is true that particulate Cu compounds can be trans-
located from roots to shoots via the xylem (Dimkpa et al., 2013; Wang
et al., 2012), their high density renders them sparingly mobile, indu-
cing these compounds to remain at the roots (DalCorso et al., 2014). It
may also contribute to understanding, to some extent, the lower
translocation ratio observed in Rosie cultivars.
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3.2. Cu is differentially distributed in leaves from plants exposed to nCuO
and bCuO

Translocation of Cu to leaf tissues in plants treated with Cu from
nCuO and bCuO was proved by two-photon microscopy (Fig. 2). Cu was
found in leaves of both Rosie and Green varieties when plants were
treated with 600 mg/kg of nCuO or bCuO. To guarantee that the
fluorescent signal was emitted from Cu, control samples were used, and
specific detection parameters for these compounds were previously set
(Fig. S2). In Fig. 2, representative fluorescent spots of Cu are pointed
out by arrows. They delineate that Cu signals from nCuO and bCuO
exposure were distributed differently in leaf tissues. Remarkably, plants
exposed to 600 mg/kg of nCuO or bCuO compounds showed different
leaf Cu contents, as revealed by ICP-OES (Fig. 1A).

As shown in Fig. 2A, plant cells produced auto-fluorescence. How-
ever, the signal emitted from plants treated with nCuO was distin-
guishable, as indicated by arrows. Compared with Green cultivar
(Fig. 2E), more fluorescent points were observed in Rosie varieties,
which was consistent with the Cu uptake data obtained by ICP-OES
(Fig. 1A). Cu fluorescence from nCuO was observed in leaf mesophyll/
parenchyma (Fig. 2A, C) and midrib/vasculature (Fig. 2B, D). A higher
intensity fluorescence and more signal points from plants treated with
nCuO were found in midrib than in parenchyma in both varieties. This
suggests that the vascular xylem tissue might mediate the translocation
pathway from roots to leaves.

On the other hand, Cu resulting from bCuO exposure was more
distributed in the lamina (Fig. 2E-H), compared with nCuO-treated
plants (Lv et al., 2018). According to Supplementary Table 1, nCuO
compounds possess smaller particle size and a less negative zeta po-
tential (Fig. S3), compared with their bCuO counterparts (approximated
values of —10 mV and —40 mV for nCuO and bCuO, respectively, at pH
~5.5), which might facilitate a possible nCuO aggregation in vein,
preventing its further translocation to lamina. However, the aggrega-
tion of Cu as particulate compound needs further experimental de-
monstration. Additionally, different lamina translocation patterns were
found between the two varieties (Fig. 2E and G). This phenomenon
correlated with the leaves' pH and zeta potential values. Rosie leaves
from control plants presented significantly lower pH values
(5.51 + 0.05), compared to the corresponding Green controls
(5.76 £ 0.1) (p = 0.05) (Table S2). Although the difference is slight, it
may affect the Cu content. No significant leaf pH changes were regis-
tered after exposing Rosie and Green plants to the different Cu

Fig. 2. Two-photon microscopy image of Rosie
and Green varieties exposed to nCuO and bCuO
at 600 mg/kg. (A) Rosie leaves parenchyma,
exhibiting fluorescence from nCuO exposure as
pointed out by arrows. Stomata and vascular
tissues are also shown. (B) Rosie leaves midrib
showing fluorescence from nCuO exposure
which are pointed out by arrows. Vascular
tissues are also labeled. (C) The parenchyma of
Green leaves displaying fluorescence. (D)
Leaves midrib of Green with Cu fluorescence
from nCuO treatment, which is pointed out by
arrows. The other arrows pointed out the
structure of vascular tissues. (E) Leaves par-
enchyma of Rosie leaves showing Cu fluores-
cence from bCuO treatment as indicated by
arrows in the square. The other arrows high-
light the structure of stomata and vascular
tissues. (F) Rosie midrib leaves exposed to
bCuO. Cu fluorescence from bCuO exposure is

pointed out by arrows (within the square). The other arrows specify the structure of vascular tissues. (G) Leaves parenchyma of Green plants exposed to bCuO.
Fluorescence is pointed out by arrows. The other arrows describe the structure of stomata and vascular tissues. (H) Leaves midrib of Green plants exposed to bCuO.
Cu fluorescence of plants grown with bCuO is shown in the square. The other arrows pointed out the structure of vascular tissues. All the images were obtained at 710

nm and 200 mW.
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Table 1

Element content in bok choy varieties exposed to Cu-based compounds. Only
significant changes compared to control are considered (p < 0.05). Variations
are expressed in percentages.

Variety Element Part Treatment (mg/kg Concentration (mg/kg %
soil) DW)
Rosie K Leaf Control 60717.747 *+ 4591.298 100
nCuO 150 33220.546 + 6957.357 —45
Root  Control 4045.079 = 387.442 100
nCuO 600 5995.870 + 473.702 48
P Root  Control 2006.455 + 109.530 100
nCuO 600 1246.785 * 136.012 -38
Fe Root  Control 8472.111 * 609.394 100
bCuO 75 5972.011 * 507.181 -30
CuCl2 75 6918.397 *+ 142.921 -18
CuCl2 600 4196.145 + 259.856 —-50
Zn Leaf Control 33.071 + 1.209 100
nCuO 150 26.069 * 1.156 -21
nCuO 300 26.083 * 1.937 -21
bCuO 150 24.359 + 1.197 —26
bCuO 600 22.810 = 0.913 -31
CuCl2 150 25.569 =+ 0.850 -22
CuCl2 600 26.122 = 1.460 -21
Green K Root  Control 5384.469 + 112.333 100
nCuO 75 4040.353 + 346.190 -25
nCuO 150 3710.340 = 285.290 -31
nCuO 600 3190.774 + 93.624 -40
P Root  Control 3252.583 =+ 384.356 100
nCuO 150 980.040 = 110.471 -70
nCuO 600 1727.270 *= 422.065 —47
bCuO 75 1591.778 + 314.853 —51
bCuO 150 1848.454 = 21.090 —43
Fe Root  Control 7459.756 + 376.851 100
nCuO 150 5665.089 + 319.718 -24
nCuO 300 5132.094 + 40.411 -31
nCuO 600 5581.094 + 348.802 -25
bCuO 600 5043.778 + 162.789 -32
CuCl2 150 5356.109 * 238.045 —-28
CuCl2 600 5344.325 + 305.577 —28
Zn Leaf  Control 35.317 = 1.151 100
nCuO 300 27.350 * 0.196 -23
nCuO 600 26.550 * 0.290 -25
bCuO 600 22.327 = 1.616 -37
CuCl2 300 27.785 * 2.275 =21
CuCl2 600 27.320 * 0.919 -23

compounds, compared to the corresponding controls (p < 0.05).

The mechanism of the uptake process of NPs by plants is still not
well understood. Endocytosis is currently regarded as an uptake
pathway of extracellular materials as well as NPs. In a previous study, it
was observed that translocation of NPs from roots to shoots, in-
dependent of the root Ce concentrations and supplied forms of Ce
(nano, bulk CeO or ionic Ce), occurred likely via endocytosis me-
chanism (Yang et al., 2017a,b). However, according to the results
provided in this study, the whole process could be more complex. The
concentration of NPs translocated upwards depended on not only en-
docytosis, but also the aggregation property of NPs in leaves.

3.3. Chlorophyll content decline is connected to anthocyanin-plant
phenotype

The chlorophyll content in leaves at different treatment exposure is
shown in Fig. 3. Chlorophyll-a and -b content were more decreased in
Rosie than Green variety in both nCuO or bCuO treatments, compared
with their respective controls (p < 0.05). In Rosie, fewer impairments
on this parameter were caused by ionic compounds, which may be
interpreted by their lower leaves Cu content (Fig. 1A).

A maximum fall in chlorophyll-a content was observed in Rosie
plants treated with nCuO at 600 mg/kg with a reduction of ~69 %
(Fig. 3A, Panel I). In Rosie cultivars, the decrease in chlorophyll caused
by nCuO was concentration-dependent; the higher the treatment
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concentrations, the lower the chlorophyll-a content.

In Green plants, nCuO and bCuO compounds significantly decreased
leaves chlorophyll-a content at =150 mg/kg (Fig. 3A, Panel II) (p <
0.05). Nevertheless, patterns were different in comparison with Rosie
variety since no concentration-dependent results were found. Mean-
while, CuCl, significantly reduced chlorophyll at all tested concentra-
tions, compared with the control (Fig. 3A, Panel II).

As shown in Table S4, Pearson correlation analysis between leaves
chlorophyll-a content and Cu concentration in root and leaves was
—0.809 and —0.767 in Rosie, and —0.563 and —0.605 in Green
variety, respectively (p < 0.01). These data showed evidence that
chlorophyll-a was more reduced in Rosie plants than Green cultivars
when the Cu concentration in soil was increased.

As previously shown, most impairments on chlorophyll-a con-
centrations were found in Rosie plants treated with particulate com-
pounds compared to their Green counterparts. Interestingly, Rosie
plants exhibited higher leaf Cu amounts when exposed to nCuO and
bCuO (Fig. 1A, Panel I). This suggests that chlorophyll-a accumulation
may be modulated by the interaction of anthocyanin with Cu from
nCuO and bCuO exposure. However, more studies are needed to un-
derstand the interactive mechanisms among chlorophylls, Cu com-
pounds, and anthocyanins.

Chlorophyll-b content in leaves is shown in Fig. 3B. In Rosie plants,
nCuO and bCuO decreased chlorophyll-b content at =150 mg/kg,
compared with control (Fig. 3B, Panel I) (p < 0.05). A significant re-
duction caused by CuCl, only occurred at 75 mg/kg, compared to
control. Meanwhile, nCuO significantly reduced chlorophyll-b com-
pared to CuCl, at =300 mg/kg. For the Green variety, none of the
treatments caused significant different responses in chlorophyll-b
compared with control (Fig. 3B, Panel II) (p < 0.05). Similar to
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Fig. 3. Chlorophyll-a (A) and -b (B) contents in leaves of Rosie and Green plants
(70-day-old) cultivated in soil amended with 0, 75, 150, 300, and 600 mg/kg of
nCuO, bCuO, and CuCl,. Data are means of three replicates + SE. Lowercase
letters represent significant differences in chlorophyll content between different
plants treated with the same compounds at different concentrations. Capital
letters stand for statistical differences between different compounds at the same
concentration. Significant differences between the two varieties are marked
with “*” (p < 0.05, n = 3).
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chlorophyll-a, less inhibition on chlorophyll-b production may be due
to less Cu accumulation in Green leaves than Rosie’s.

Although Cu is an essential element related to the electron trans-
mission, plastocyanin activity as well as cytochrome-c oxidase, its ex-
cess could be harmful to the plants’ photosynthesis process, since they
may inhibit the synthesis of protochlorophyllide reductase and reduce
the activity of photosynthesis-related enzymes (Saglam et al., 2016). It
has been reported that Cu?* could perturb chloroplast functions and
interfere with energy-transfer mechanisms (Liotenberg et al., 2015;
Saglam et al., 2016). In agreement with our findings, Zuverza-Mena
et al. (2015) reported that chlorophyll content was decreased in plants
treated with bCuO at 20 mg/kg. In another study, Shi et al. (2011)
found similar results when they analyzed the chlorophyll content in
duckweed (Landoltia punctata) treated with nCuO at 1 mg/L. Nair et al.
(2014) also discovered that mung bean chlorophyll was reduced after
exposing plants to nano CuO treatments at 100, 200, 500 mg/L for 21
days. Other studies also demonstrated that nCuO could affect chlor-
ophyll in plants (Shaw et al., 2014; Trujillo-Reyes et al., 2014). In the
present study, the decrease of chlorophyll contents may be involved in
the growth reduction of bok choy plants.

3.4. Physiological impairments are distinctively associated with Cu-based
compounds treatments

3.4.1. Leaves dry weight and foliar area

Dry leaves biomass of Rosie and Green treated plants is shown in
Fig. 4A. Leaves are the central edible part of the bok choy plant; thus, it
is among the essential index to measure. In Rosie cultivars, nCuO and
CuCl, treatments at all concentrations and bCuO at =150 mg/kg sig-
nificantly reduced leaves dry weight in comparison to control (Fig. 4A,
Panel I) (p < 0.05). In Green variety, however, only the two highest
concentrations of all Cu treatments showed significant responses
(Fig. 4A, Panel II). The reduction in biomass could be related to the
effect of Cu®>* and potential small particle size accumulation, as an
excess of Cu impedes cell energy metabolism (Mustafa and Komatsu,
2016). Similar findings were reported by Du et al. (2018) as they de-
monstrated that nCuO and bCuO had harmful effects on oregano root
growth and reduced shoot biomass by 21.6-58.5 %, compared to con-
trol. In other studies, the growth inhibition caused by nCuO exposure
on alfalfa and lettuce (Hong et al., 2015), bean (Dimkpa et al., 2015),
and cotton (Le Van et al., 2016) has been reported.

Rosie varieties basically exhibited more significant DW reduction
percentages compared to their Green analogs at all Cu-based treatment
exposures. This indicated that high-anthocyanin Rosie variety, which
stored higher Cu quantities in leaves (Fig. 1A) and in roots (Fig. 1B),
were more susceptible to Cu-based compounds. As discussed above,
anthocyanins are capable to complex Cu compounds, which may ex-
plain the higher Cu contents found in Rosie plants. Previous literature
has reported that the toxicity of nCuO or bCuO to plants was associated
with hydrogen peroxide production, which led to oxidative stress (Da
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Costa and Sharma, 2016; Nair and Chung, 2015, 2014). Thus, more
reactive oxygen species should have been produced in Rosie plants in
response to Cu treatments.

The foliar area of both Rosie and Green varieties was reduced by Cu-
based compounds compared with the corresponding controls (Fig. 4B).
This effect was magnified with increasing exposure concentrations. As
the DW parameter, the foliar area was more reduced after Cu treat-
ments in Rosie varieties than Green cultivars.

3.4.2. Sugar and starch

Total sugar in leaves of bok choy plants treated with different Cu
compounds is shown in Fig. 4C. Sugar content was not significantly
altered by nCuO or CuCl, at any concentration (p < 0.05). Singularly,
Rosie leaves treated with bCuO, at 150, 300, 600 mg/kg, had higher
total sugar contents, with significant increases of 57 %, 52 %, and 49 %,
respectively, compared with control (Fig. 4C, Panel I). Conversely, total
sugar content in Green leaves was significantly decreased by bulk CuO
at 600 mg/kg, compared to control (Fig. 4C, Panel II). The enhance-
ment of total sugar content in bCuO-treated Rosie plants could be at-
tributed to osmotic stress (Irigoyen et al., 1992; Oliveira et al., 2009;
Paramithiotis and Patra, 2019). Sugar was possibly accumulated to
overcome the external stress caused by Cu-based treatments. The dif-
ferent responses by Rosie and Green to bCuO may be related to their
different anthocyanin content and Cu uptake.

3.5. Element accumulation

The concentration and reduction/increasing percentage of sig-
nificantly affected macro (K and P) and microelements (Fe and Zn) in
Rosie and Green plant tissues are shown in Table 1. No significant
changes were found for B, Ca, Mg, Mn, Mo, and S contents, compared to
control. Thus, they were not further examined.

3.5.1. Potassium

In root tissues from Green variety exposed to 600 mg/kg of nCuO, K
concentration was significantly ~40 % lowered compared with control.
The possible combination of the negative charge and higher surface to
volume ratio displayed by nCuO might induce a complexation with K*
reducing their availability for plants uptake. The content of K in leaves
from Rosie variety was significantly reduced by 45 % at 150 mg/kg of
nCuO compared to control (p < 0.05). Contrarily, K in Green variety
leaves was unaffected by any treatment. Leaves are the main reservoir
for anthocyanin content (Jeon et al., 2018). Thus, their higher con-
centration in Rosie varieties might affect K accumulation. Additionally,
Rosie leaves are more acidic compared to Green’s, which may con-
tribute in regulating the activity of K uptake HKT1 transporters in bok
choy plants (Schachtman and Schroeder, 1994).

3.5.2. Phosphorus
In both varieties, P was only altered in roots (p < 0.05). In Rosie
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plants, only nCuO at 600 mg/kg, significantly reduced P content by 38
% in comparison with control. Meanwhile, Green plants exhibited a 47
% P reduction at the same experimental conditions. A root P reduction
of ~57 % in Green plants treated with both nCuO and bCuO at 150 mg/
kg was also observed. This diminishment might occur due to either
membrane transporters physical blockage caused by nCuO and bCuO
particles, or by the formation of Cu phosphates compounds via released
Cu?* and phosphate ions in soil (H,PO,™, HPO,27) (Zuverza-Mena
et al., 2015). Rawat et al. (2018) reported similar results in bell peppers
as they found that bCuO at 500 mg/kg reduced P in roots by 36 %
compared with the control. According to Apodaca et al. (2017) the P
content of bean plants was reduced from 33 % to 97 % with bCuO and
CuCl,, respectively. Hong et al. (2015) found a reduction of root P in
lettuce and alfalfa plants exposed to bCuO and nCuO at 5, 10, 20 mg/L.
Pht1 root transporters are specific for P uptake, while Pht2 transporters
are responsible for P translocation to the aerial part of plants (Buchner
et al., 2004). It was possible that nCuO and bCuO down-regulated Pht1
molecules.

3.5.3. Iron

Iron content was significantly affected by Cu-based compounds in
roots but not in leaves in the two varieties. In Rosie roots treated with
bCuO at 75 mg/kg and CuCl, at 75 and 600 mg/kg, Fe accumulation
was decreased by 30 %, 18 %, and 50 %, respectively, compared with
control. Meanwhile, roots from Green plants significantly reduced their
Fe content by 27 % when they were treated with =150 mg/kg of nCuO
compared with control. According to previous studies, an uptake
channel competition exists between Cu and Fe (Hong et al., 2015).
Thus, Cu may displace Fe and inhibit its entrance (SCHMIDT et al.,
1997). Besides, it is possible that the external Cu-based treatments in-
hibited proteins involved in Fe chelation (PUIG et al., 2007). This helps
to explain how Fe content in root tissue was diminished. Our results
were in agreement with previous findings. For instance, Apodaca et al.
(2017) found that nCuO-treated bean seeds significantly lowered their
Fe content by ~29 % compared with control. Ochoa et al. (2017) re-
ported that leaves Fe of bean plants was decreased after nCuO exposure.
Hong et al. (2015) reported that all particulate and ionic Cu-based
compounds decreased Fe over 50 % in lettuce shoots, compared with
control. Iron and anthocyanin contents were reported to be positively
correlated in lilies (Lilium) (Parandian and Samavat, 2012). Never-
theless, in our study we did not find decreases in Fe content in leaves
from Rosie and Green plants exposed to the Cu treatments, which
suggest that anthocyanins might not be involved in Fe mobilization.

3.5.4. Zinc

Nearly all Cu-based compounds, at =300 mg/kg, decreased leaves
Zn accumulation in both Rosie and Green plants. For instance, nCuO, at
300 mg/kg, significantly lowered leaves Zn by ~21 %, compared to
control in Rosie variety. In Green plants exposed to CuCl,, nCuO, and
bCuO at 600 mg/kg, Zn content was significantly reduced by 25 %, 37
%, and 23 %, respectively, with respect to control.

Both Zn and Cu are known to share the same transporters of the ZIP
family (Liu et al., 2019; Trujillo-Reyes et al., 2014). In this study, we
observed that the Cu accumulation in leaves correlated with a falling in
Zn content at the evaluated experimental conditions. A possible ex-
planation would be that Cu ions are being preferably transported inside
cells instead of Zn atoms. Similar results have previously been reported
(Zuverza-Mena et al., 2015). Rawat et al. (2018) mentioned the re-
duction of Zn by 55 % in leaves and 47 % in fruits of bell pepper plants
treated with Cu particles, compared to control.

4. Conclusion
This study was performed to evaluate the toxicological effects of

three Cu-based compounds on two different bok choy varieties. The Cu
content increase in tissues was dependent on the CuO particle size, Cu
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treatment concentration, and the bok choy variety. It was found a high
level of Cu translocation from roots to edible aerial parts, which sug-
gests an environmental risk, and further considerations for safe CuO
NPs disposal should be considered. Rosie cultivars had more Cu than
the green phenotypes and Cu-based compounds inhibited the growth of
Rosie bok choy to a greater extent compared to Greens. Different factors
such as specific activation of stress-responsive genes and the antho-
cyanin content, among others, may contribute to the different responses
exhibited by Rosie and Green plants under Cu stress. The plant growth
and nutrient element accumulation were reduced after Cu exposure.
The nCuO caused more physiological impairments compared with
bCuO and CuCl, treatments, suggesting nano-size-specific toxicology.
Two-photon microscopy demonstrated the uptake, translocation, and
most interestingly, the distribution of Cu inside bok choy leaf tissues.
We found more Cu signal in the midrib than mesophyll from Rosie
plants treated with nCuO; while more Cu intensity was found in the
mesophyll than midrib of bCuO-treated Rosie plants. The varieties of
bok choy plant significantly influenced the biodistribution of Cu, in
addition to the applied CuO particle sizes. These results increase the
understanding of nanoparticle uptake and translocation mechanisms in
plant edible parts, and also provide valuable information for the ap-
plication of nanomaterials in delivery systems for plant fertilizers or
drugs in the future. Forthcoming experiments should consider Cation-
Exchange Capacity measurements to evaluate the number of cations
absorbed by the soil particles and also investigate the aggregation
properties of nCuO in water or plant extracts. Further work is required
to ensure a sustainable application of nCuO in agriculture and safe
disposal into the environment.
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