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1. Introduction

Investigating the remediation potential of iron
oxide nanoparticles in Cu-polluted soil—plant
systems: coupled geochemical, geophysical and
biological approachest

E. Demangeat, © *@ M. Pédrot,? A. Dia, 22 M. Bouhnik-Le-Coz, 2 P. Roperch,?
G. Compaoré? and F. Cabello-Hurtado*?

Although the use of iron oxide nanoparticles (IONPs) has high potential in remediation and agriculture,
a major hindrance to their use includes the risk of contamination of soil and water resources with
underexplored effects of IONPs on biota. The fate, phytotoxicity and remediation potential of IONPs are
investigated with soil column experiments using 7 nm-sized magnetite (FezO4) nanoparticles (magnNPs)
and sunflower (Helianthus annuus). Control soil, magnNP-containing soil (10 g magnNPs per kg soil),
copper-polluted soil (500 mg Cu per kg soil) and copper-polluted soil containing magnNPs (10 g
magnNPs per kg soil and 500 mg Cu per kg soil) support sunflower growth for 57 and 95 days. In
magnNP-exposed plants, the occurrence of magnNPs does not affect the growth of the vegetative aerial
parts and photosynthetic efficiency. Decreased lipid peroxidation indicates an enhanced antioxidant
enzymatic response of magnNP-exposed plants. In plants grown in Cu- and magnNP-Cu-soils, the
physiological and biochemical impacts of excess copper are clearly identified, resulting in growth
retardation, decreased pigment contents and photosynthetic efficiency, and increased lipid peroxidation
and peroxidase (POD) activities. Based on magnetic susceptibility, a higher amount of magnNPs is
detected after 57 days in the roots of magnNP-exposed plants (1400 mg kg™ than in the roots of
magnNP-Cu-exposed plants (920 mg kg™). In the latter, magnNP internalization is likely hampered
because of the plants’ physiological responses to Cu toxicity. At the working Cu and magnNP
concentrations, magnNPs neither decrease Cu accumulation in the plant tissues nor alleviate the overall
growth retardation of sunflowers and certain phytotoxic effects induced by excess Cu. However, this
study highlights several positive environmental aspects relative to magnNP use, including the harmless
effects of magnNPs on sunflowers (1% magnNPs in soil) and the ability of magnNPs to influence Cu
mobility in the soil (which could be even more pronounced at lower Cu concentration).

the air, soil or water.® Amongst these NPs, iron oxide nano-
particles (IONPs) may originate from their use in the environ-

The increasing production and use of engineered nanoparticles
(NPs) has led to the significant occurrence of these new mate-
rials in the environment." The unique properties of NPs,
particularly their high reactivity (high surface-to-volume ratio),
have fuelled their employment in the technological, medical,
agricultural and environmental fields.>” As a result, their direct
intentional (agrochemical spraying) or unintentional deposi-
tion (aerial deposition, urban waste) in the environment has
provided multiple ways for NPs to enter ecosystems, through
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mental sector, especially for soil and water decontamination,
where IONPs show promising potential for metal and metalloid
removal.>'® As a consequence, considerable research is needed
to assess the impacts and fate of IONPs in the environment and
the interactions that ensue from the presence of IONPs in
natural media. Considering the key role played by plants within
ecosystems, special attention has been paid to elucidate the
effects of IONPs on plants."”*

One of the first challenges to deciphering the physiological
and biochemical responses of plants to IONP exposure is to
understand the complex interplay in between IONP properties,
biota and soil. Abiotic (pH, salinity, ionic strength, temperature,
light, etc.) and biotic conditions (related to plant roots or
rhizosphere microfauna and microbial, bacterial and fungal
activities)®***¢ are important and need to be considered as they
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can influence IONP persistence in a medium, as well as IONP
mobility, bioavailability, uptake and toxicity in plants."”
Previous studies showed that the uptake of IONPs by plants is
directly related to the individual IONP size, surface charge, and
surface coating." Besides, IONP concentration in the medium
as well as the physico-chemical properties and composition of
the medium, the plant species, the plant growth stage and the
plant exposure route all together play a critical role in driving
IONP uptake and IONP effects on the plants exposed.'®>°

Because of these multiple interfering parameters, the effects
of IONPs on plants are variable and often appear quite
hazardous, ranging from positive to lethal.**** The adverse
effects of IONPs on plants generally result from oxidative stress
and/or from decreased cellular exchange with the media due to
particle binding onto the cell surface.”® Once in the cell, metal
nanoparticles could interfere with the electron transport chain
of both chloroplasts and mitochondria, which may result in an
oxidative burst, as observed by increased reactive oxygen species
(ROS) concentration.”* Although ROS can act as secondary
messengers in the stress signal transduction pathway, excessive
ROS production can cause oxidative stress, which damages
plants by oxidizing photosynthetic pigments, membrane lipids,
proteins and nucleic acids.>®*”® On the other hand, IONPs can
indirectly impact plant metabolism. In particular, IONPs can
react with pollutants in soils and soil solutions, such as heavy
metals or pesticides and other contaminants, and thus modify
their availability, transport and toxicity.

Along with the use of pesticides, fungicides, industrial
effluents and wastewater irrigation, copper (Cu) is commonly
found in agricultural soils where high Cu concentrations have
raised great concern for sustainable agricultural production.”
For example, the use of the Bordeaux mixture has seriously
increased Cu pollution in European vineyard soils (200-500 mg
Cu per kg soil)*® compared to uncontaminated soils (3 to 100 mg
Cu per kg soil).> Although Cu is an essential micronutrient
present in many plant proteins, excess Cu in soil results in
phytotoxicity, including leaf chlorosis and stunted plant growth
(particularly root growth). Copper phytotoxicity also leads to
a reduced uptake and accumulation of other mineral nutrients,
thus disturbing important plant biochemical processes.***
Copper was notably found to prevent Fe absorption, high-
lighting an antagonistic relationship between Cu and Fe
uptake.’® In addition, different studies have described Cu
affinity and adsorption onto IONPs*+** suggesting that the
presence of IONPs could affect the expected Cu phytotoxicity in
polluted soil. On the other hand, Cu bioavailability depends
upon soil physico-chemical parameters and CEC (cation
exchange capacity) and the total soil Cu content.> Thus, much
of the Cu present in soils is not easily available to plants because
of the tight binding of Cu®>" to soil organic matter and other
colloids.*

Studies devoted to the interactions between plants and
IONPs are at the heart of multiple research investigations, with
important implications for agricultural practices. To exploit the
potential benefits of IONPs for crops, issues concerning IONP
availability, biocompatibility and behaviour in the growth
culture medium need to be further investigated. In this context,
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the objectives of this study were (i) to determine whether
magnetite nanoparticles (magnNPs) have any toxic effects on
sunflower plants at the exposed concentrations, (ii) to assess the
mobility of magnNPs in soil and plants and (iii) to decipher
their effects in copper-contaminated soil-plant systems. Ulti-
mately, this study aims to shed light on the environmental risks
of IONPs and their remediation potential in Cu-polluted soils,
considering that these nanomaterials are already used for
industrial and agricultural purposes.

2. Materials and methods

2.1. Iron oxide nanoparticle synthesis and characterization

Fe;0, nanoparticles (MagnNPs) were prepared as previously
described in Demangeat et al. (2018)* through anaerobic
(Jacomex glovebox) coprecipitation of Fe salts (FeCl,-4H,0 and
FeCl;-6H,0). The final black precipitate of magnNPs was
washed with deoxygenated deionized water once and 5 x
10~* M NaCl solution (2 times) and then stored under anaerobic
conditions.

The magnNP size was determined using high-resolution
transmission electron microscopy (HR-TEM) with a JEOL100C-
XII instrument (voltage 100 kV) at the THEMIS Analytical
Facility at the University of Rennes 1. The magnNP samples
were initially suspended in 0.005 mM NaCl (pH = 6), and the
suspensions were further diluted to reach a concentration of 1
x 107% mg L™" magnNPs before being carefully placed on 300
mesh Au grids supported with carbon film.

The magnNP surface area was measured using the multi-
point N,-Brunauer Emmett Teller (BET) technique with
a Coulter (SA 3100) analyser. Prior to the measurements, tubes
containing 35 mL solutions (18 g L™*, 0.005 mM NaCl and pH =
6) of magnNPs were centrifuged at 4110g for 30 min. Then, the
supernatant was removed, and the wet mineral pastes
(concentrated at the bottom of the tubes) were placed in an oven
where they were gently dried at 49 °C for 2 days. Once
completely dry, the solid pieces were put in a mortar and
ground with a pestle to obtain a fine powder.

To determine the pH of the zero point of charge (pH,pc),
potentiometric acid-base titrations were conductedon1and 2 g
L~" solid solutions at three ionic strengths (1 x 102, 5 x 102,
and 1 x 10~ " M NaCl) using a self-developed titration system
with two titrators (794 Basic Titrino - Metrohm).

The Fe(u)/Fe(ur) ratio of magnNPs was determined after
acidic dissolution of magnNPs (12 h using 0.6 M HCI) under
anaerobic conditions. Then, dissolved Fe(u) and Fe(ur) concen-
trations were measured using the 1,10-phenanthroline colori-
metric method.*® At the beginning of the experiments, the Fe(i)/
Fe(m) ratio was equal to 0.5. The measurement was performed
on a 12 g L' magnNP suspension in 0.005 mM NaCl, pH = 6.

2.2. Plant growth conditions and treatments

Plants (Helianthus annuus — 1 plant per column) were grown in
soil columns (250 mL polypropylene measuring cylinders,
VWR). The soil was held over a height of 13 cm (120 g of dry soil)
maintained by a circular drilled plate (3.7 cm diameter) covered

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with a nylon filter (ESI Fig. S17). Soil solution leakage and
regular sampling of leachates were allowed by an aperture
created at the cylinder bottom (ESI Fig. S1t). The columns were
wrapped with aluminium paper to avoid any exposure of the
medium to light and algal development.

The soil used in the experiment (ESI Table S1}) was sampled
in an inventoried natural observatory (the so-called Zone Atelier
Armorique; http://www.za-inee.org/en) in the wetland area of
Pleine-Fougeres (Brittany, France) in the 0 to 20 cm-deep first
horizon. Following its sampling, the soil was homogenized,
dried and sieved through a 2.0 mm-diameter sieve. Twenty
aliquots of soil (120 g each) were then constituted to obtain five
replicates of the four treatments: unmodified soil (control soil),
soil containing 1% magnNPs (magnNP-soil), soil polluted with
Cu (Cu-soil) and soil polluted with Cu and containing 1%
magnNPs (magnNP-Cu soil). Treatments involving Cu
contamination were achieved by the dropwise addition of 5.5 M
CuSO, solution over a grid pattern. Because the soil initially
contained Cu (20 mg kg™'), the addition of 5.5 M CuSO, was
carried out to provide 480 mg Cu per kg soil and thereby reach
500 mg kg™' in the Cu-treated soils (versus 20 mg kg ' in
control- and magnNP-soils). This concentration can be
encountered in agricultural Cu-polluted soils.”**° MagnNP
solution (12 g L™ ') was also dispensed drop by drop above a grid
pattern in the NP-treated soils to obtain 1 wt% magnNPs and to
ensure a homogeneous distribution. According to Komarek
et al. (2013)** 1 wt% NPs provides a consistent amount of
material to achieve an optimal removal of trace elements (TEs)
in soil.

Because of its high biomass production and its use in phy-
toremediation for environmental -clean-up,*”?*® Helianthus
annuus was chosen for the present experiment. Prior to sowing,
60 seeds were carefully washed in a sodium hypochlorite
(NaOCl) bath (3 min) and 5 distilled water baths (12 min each).
The seeds were then soaked in distilled water for 45 min under
a laminar flow hood. Sunflower seed germination occurred
directly in soil columns. To ensure that seedlings were ob-
tained, 3 seeds were sown per column, and immediately after
germination, only one plantlet per column was retained for
growth. Cyclic growth conditions were ensured in a growth
chamber, allowing 16 h light at 22 °C and 8 h in the dark at
18 °C, a photosynthetic photon flux density of 160 pmol m >
s~', and a relative humidity of 70%.

A modified Hoagland* half-strength (x0.5)
(without iron and micronutrients) or a 2 mM NaCl solution was
alternately poured into the soils every 2 days at field capacity.
Through this regular sprinkling, the soil was kept moist.
Increased volumes of the watering solution were necessary to
allow soil solution sampling every 3 to 5 days. Approximately
25 mL of soil solution was collected from each column using
a peristaltic pump (set at 1 mL min~'). For each treatment (5
replicated columns), soil solutions collected from two replicates
were homogenized at each sampling to allow geochemical
analyses. The soil solution from the remaining replicate (for
each treatment) was used for pH and Eh measurements.

At the end of the floral initiation (i.e., after 57 days of
growth), 4 out of 5 plants per treatment were collected for

solution
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biological analyses. Pictures were taken, and the fresh weights
of the roots, aerial parts and flower buds of the plants were
measured for each individual. It is noteworthy that the root
weights are not provided in the results, as the whole roots could
not be precisely and equally recovered from the soils (some
roots were trapped in the soil or were broken). Liquid nitrogen
allowed the freezing of plant samples, which were subsequently
stored at —80 °C.

For each treatment, a fifth plant was harvested at the early
fruit development stage before seed maturity (38 days after the
first harvest). These plants provided samples for magnetic
susceptibility measurements to study the magnNP trans-
location efficiency. To perform these geophysical analyses, the
aerial parts of the plants were separated into 3 sections that
were labelled, from the ground upwards, as follows: “AP1”
(lower mid-height stem section), “AP2” (upper mid-height stem
section) and “AP3” (flower head). Similarly, root (R1, R2 and R3)
and soil (S1, S2 and S3) sections were labelled in the 13 cm-high
soil and were numbered from 1 to 3 with increasing depth.

2.3. Biological assays

The following biological assays were conducted on dry plant
materials. Drying was performed by lyophilization (Christ
ALPHA 1-2LDplus). Drying was achieved by placing frozen plant
samples into the chamber of the freeze dryer for a primary long
drying (0.09 Pa for 72 h), followed by a secondary short drying
stage (0.001 Pa for 24 h). Lyophilized samples were immediately
sealed and preserved in a cold room. For most analyses, the
vegetative lyophilized material was gently ground using an agate
mortar and pestle to work on solid powders.

2.3.1. Pigment content. The determination of chlorophyll
and carotenoid contents was achieved following a few steps. First,
5 mg dry weight (DW) of sunflower leaves was weighed and
incubated at 4 °C in 500 pL acetone (80%). Leaf samples were
soaked until complete bleaching occurred (approximately 12 h)
and were then centrifuged at 12 000g. Supernatants were recov-
ered in new tubes, and 30 pL of each supernatant was diluted in
270 uL of acetone (80%) in a microplate well. The chlorophyll
content was determined by spectrophotometrically reading the
absorbance at 470, 645 and 663 nm (spectrophotometer SAFAS
FLX-Xenius — EcoChim analytical platform of Rennes 1 Univer-
sity). Based on the equations of Lichtenthaler and Wellburn
(1983)* pigment contents were determined (ug mg™ ' DW).

2.3.2. Maximum quantum yield of photosynthesis. Pulse-
amplitude modulated (PAM) fluorescence was measured using
a FluorPen FP100 on three leaves of each plant (second to fourth
level of leaves from the base of the plant) after 34, 38 and 42
days of growth. The plants (n = 5) were dark-adapted for 20 min
to oxidize the PSII reaction centres. Chlorophyll a (Ca) fluores-
cence emission was then measured as described by Rohacek
and Bartak (1999)* and the maximum quantum yield of
photosynthesis (QY) was calculated using the F,/F,, ratio, where
F, corresponds to the difference between maximal (F,,) and
minimal fluorescence (F,).

2.3.3. Determination of lipid peroxidation. Measurement
of the thiobarbituric acid reactant species (TBARS) allowed the
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quantification of lipid peroxidation products. TBARS produced
by the thiobarbituric acid (TBA) reaction were quantified
according to the corrected TBA method as proposed by Hodges
et al. (1999).** Briefly, 1 mL ethanol (80%) was added to 15 mg
dry shoot to react for 25 min in a rotating wheel at room
temperature. Samples were then centrifuged at 10 000g for
10 min, and the supernatants were collected in new tubes. Two
aliquots of 200 pL were mixed with TBA+ solution (20.0% tri-
chloroacetic acid (p/v), 0.65% (p/v) TBA and 0.01% (w/v) butyl-
hydroxytoluene) and two other aliquots with TBA-solution
(20.0% trichloroacetic acid (p/v) and 0.01% (w/v) butyl-
hydroxytoluene). Eventually, the samples were heated at 95 °C
for 25 min, rapidly cooled to room temperature and immedi-
ately centrifuged at 10 000g for 10 min. The supernatants were
recovered in new tubes, and 300 pL were sampled and placed in
a microplate. The absorbance of the supernatants was recorded
at 440, 532 and 600 nm spectrophotometrically using a micro-
plate reader (SAFAS FLX-Xenius). The results were finally
expressed in terms of malondialdehyde equivalents (MDAeq)
per gram of plant DW following the equations of Hodges et al.
(1999).%

2.3.4. Soluble protein extraction and quantification.
Sodium phosphate buffer (50 mM, pH 7.5) containing 1 mM Na-
EDTA, 5% (w/v) PVP, 0.5% (v/v) protease inhibitor cocktail
(Sigma-P9599) and 0.1% (w/v) Triton X-100 was used to prepare
plant homogenates. The buffer (1.5 mL) was added to 50 mg DW
of plant shoot in tubes and placed in a rotating wheel for 1 h at
4 °C. The samples were then centrifuged twice at 12 000g for
12 min, and the supernatants were collected in new tubes.
Soluble protein quantification was performed spectrophoto-
metrically based on Bradford's method (1976).** Bovine serum
albumin (BSA) calibration solutions (0.1 to 1.4 mg L") were
used to determine the protein contents. Protein extracts were
kept at —80 °C until used in POD and SOD enzymatic antioxi-
dant activity assays.

2.3.5. Analysis of POD activity. Guaiacol peroxidase (POD)
activity was determined based on some modified literature.****
The reaction mixture (300 puL), prepared in each microplate well,
contained 190 pL deionized ultrapure water, 30 pL potassium
phosphate buffer (1 M, pH 6.5), 30 uL guaiacol (150 mM) and 20
uL soluble protein extract. Then, 30 puL of H,O, (160 mM) were
added to trigger the reaction, which was monitored by reading
the absorbance at 470 NM (cetraguaiacol = 26.6 mM ™' em™ ") for
6 min (1 measurement every 40 seconds). The observed increase
in absorbance provided the maximum rate of tetraguaiacol
formation and was used to determine the enzymatic activity.
The amount of enzyme that reduced 1 umol of H,0, per min
corresponds to 1 unit (U) of POD under the assayed conditions.

2.3.6. Analysis of SOD activity. The capacity of superoxide
dismutase (SOD) to inhibit the photochemical reduction of
nitro blue tetrazolium (NBT) was measured following the
method of Giannopolis and Ries (1977)* with few modifica-
tions. For each analysis, the following reactants were added to
microplate wells: 180 pL of deionized ultrapure water, 30 pL of
potassium phosphate buffer (500 mM, pH 7.8), 30 pL of
methionine (130 mM), 30 puL of NBT (750 uM) and 10 pL of
soluble protein extract. Two microplates (one exposed to light
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and the other kept in the dark to correct for light-independent
reactions) were necessary for the spectroscopic analyses. Before
initiating the reaction, prereading was performed at 560 nm for
each plate. Riboflavin (20 pM) was then added (30 pL) to each
well to initiate the reaction, and the samples were exposed for
8 min either to light (first plate) or dark conditions (second
plate). Immediately afterwards, the absorbance was read at
560 nm. Pre-read values were then subtracted from the final
absorbance measurements for calculation of SOD activity,
which was expressed in U mg ™" protein (the unit “U” being the
amount of enzyme causing 50% inhibition of the NBT reduction
to blue formazan observed in the absence of the enzyme).

2.4. Geochemical analyses

Major and trace element concentrations were determined by
ICP-MS (Agilent 7700x) using rhenium and rhodium as internal
standards. The international geostandard SLRS-5 was used to
check the validity and reproducibility of the results.”” Samples
were prepared in a clean room in pre-washed digestion vessels
(Savillex® Teflon vials) (24 h in nitric acid (1.5 M HNO;) at 45 °C,
24 h in deionized ultrapure water at 45 °C - repeated twice) and
were further diluted in prewashed 50 mL tubes (24 h in nitric
acid (1.5 M HNO3;) at 45 °C, 24 h in deionized ultrapure water at
45 °C). For magnNPs and soil solutions, the samples were first
digested for 16 h at 95 °C with subboiled nitric acid (14.6 M
HNO;) and heated until complete evaporation of the solvent.
The samples were eventually re-solubilized in 0.37 M HNO; with
appropriate dilution(s) considering ICP-MS quantification
limits. Lyophilized plant materials (shoots and roots, 50 mg)
were digested in subboiled nitric acid (14.6 M HNO3;) 5 times,
with approximately 8 hours of evaporation on a hot plate (95 °C)
between each digestion. When the samples were not completely
dissolved after the first digestion, hydrogen peroxide (H,0,) was
used for one or two more digestions. In addition, the presence
of insoluble organic matter and minerals in root samples often
meant that more digestions needed to be performed. Solids
obtained after the last evaporation were solubilized in 0.37 M
HNOj; with appropriate dilution(s) considering ICP-MS quanti-
fication limits.

2.5. Magnetic susceptibility measurements

To track and quantify magnNPs in soil and plant matrices,
magnetic susceptibility measurements were performed.
Magnetic susceptibility has already been employed to evidence
magnetite occurrence in various environments.*® In the present
study, measurements were conducted with a magnetic suscep-
tibility meter (Kappabridge AGICO KLY3). The magnetic
susceptibility is the sum of three main sources. Magnetite is
ferrimagnetic and has a large susceptibility range, from 0.2 x
1077 to 1.1 x 107°> m® kg™~ ". In soil, clay minerals have mainly
paramagnetic susceptibilities (~15 x 10~® m® kg ™). Water is
diamagnetic, with negative magnetic susceptibility (~—9 X
107° m?® kg™"), while the magnetic susceptibility of dried
organic matter, which is also diamagnetic, may vary with the
iron content. The magnetic susceptibility of the magnNPs was
estimated at 0.57 x 102 m® kg™ ", within the range of expected

© 2021 The Author(s). Published by the Royal Society of Chemistry
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values for magnetite. Although the Kappabridge susceptibility
meter is able to detect close to 1-2 ug of magnetite, the low
quantity of dried plant material (0.1-1 g) and uncertainties in
the correction of the magnetic susceptibility of the uncontam-
inated matrix contributed to a detection level of magnetite
estimated at 40 mg kg™! DW of plant material.

Before the analyses, the different plant parts and soil sections
collected from the soil column experiments (95 day-old
sunflowers, see Section 2.2) were first dried in an oven and
stored in clean plastic containers. To account for the containers’
signals and to identify any possible deviation occurring during the
analyses, blanks (containers without samples) were used at the
beginning and end of the acquisitions and after every three
measurements. For each sample (including blanks), magnetic
susceptibility measurements were repeated 10 times to ensure the
validity and reproducibility of the results. Considering the actual
weight of the material, mass susceptibilities (m* kg™ ') were then
calculated. From these values, concentrations of magnNPs in the
samples were determined based on the blank-corrected magnetic
susceptibility of a dry sample of magnNPs (of known weight). The
sample measurements were also corrected from the mainly
diamagnetic signal of the magnNPs' uncontaminated matrix
contributing to the final measurements (either control plants or
control soils depending on the sample type).

2.6. Statistical analysis

Unless otherwise noted, each value was presented as the mean
=+ standard error of the mean (SEM), with a minimum of three
replicates. Homoscedasticity and normality were confirmed
with Bartlett and Shapiro tests for each assay. Taking p < 0.05 as
significant, statistical analyses were conducted using the Tukey
test (one-way ANOVA) to assess the significance of the means. In
figures and tables, data significantly different are indicated with
different letters above bars.

3. Results and discussion
3.1. Nanoparticle characterization

MagnNP properties were studied prior to their introduction into
the soils. According to HR-TEM analyses (ESI Fig. S27),
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magnNPs have well crystallized rounded shapes with a mean
diameter of 7 nm. From BET measurements, the specific surface
area of the magnNPs was ~115 m> g~ . From the potentiometric
titration measurements, the magnNPs' pH,,. was determined at
6.2. Using the phenanthroline method, the initial Fe(u)/Fe(m)
ratio of magnNPs was determined to be 0.45 under anaerobic
conditions which dropped to 0.3 after the addition of the
suspension to the soil samples under aerobic conditions.

3.2. Physiological and biochemical responses of plants
exposed to magnNPs in the context of Cu pollution

3.2.1. Growth parameters. The fresh weights of the aerial
parts of 57 day-old plants exposed to magnNPs (8.8 + 0.8 g) were
not significantly different from those of control plants (9.1 £+ 0.7
), except for flower buds. Although flowering was not impacted
by the magnNPs, three out of four flower buds exhibited growth
retardation, resulting in a significant decrease (by 53%) in the
mean fresh weight of the flowers after 57 days of growth (Fig. 1).
Previous studies have shown that nanoparticles can impair the
overall growth and development of the plants, with variable
effects depending on NP properties and concentration.** In the
present study, even if the occurrence of 1% magnNPs did not
affect the growth of the vegetative aerial parts, the biochemical
processes governing the timing of flower bud initiation may
have been impacted.

For 57 day-old plants grown in Cu-polluted soils, the mean
fresh weight of the vegetative aerial parts (4.4 £+ 0.4 g) was
significantly decreased (by 55%) compared with the fresh
weights of the vegetative aerial parts of the control plants
(Fig. 1), and no flower buds were formed. Biomass reduction is
a common feature in most plant species exposed to excess
Cu.*** In fact, Cu toxicity has been reported to reduce the
biomass of different plant species, thereby contributing to the
retardation of normal growth.>® For sunflower plants grown in
magnNP-Cu soils, the mean fresh weight of the vegetative aerial
parts (3.6 £ 0.4 g) was also significantly decreased (by 58%)
compared with the mean fresh weight of the vegetative aerial
parts of the control plants (Fig. 1). This decrease was not
significant compared with the mean fresh weights of the vege-
tative aerial parts of Cu-plants. In addition, although the fresh

B Flower buds
18 -

a
15 1

1.2 -

0.9 b

05 | .

03 1 ¢

0.0 - [ d

MagnNPs MagnNPs-Cu Cu

Fresh weight (g)

Control

Fig.1 Fresh weights (g) of (A) the vegetative aerial parts (stems and leaves) and (B) the flower buds (right graph) of the plants measured after 57
days of growth in the four soils (control soil, soil with 1 wt% magnNPs, soil with copper (500 mg kg™) and soil with both copper and magnNPs).
Data represent the mean + SEM (n = 4) of the fresh weights of the plants. Different letters above bars indicate significant differences (p < 0.05).
The fresh weights of the flower buds of Cu plants are not presented (right graph) and could be approximated to zero since no flower buds

developed on these plants (no samples).
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weights of the roots were not readily quantifiable here (roots
were not well separated from the soil and wholly recovered),
visual observations provided a sufficient basis to note that root
growth was highly impacted by Cu pollution. The inhibitory
action of excess Cu on the vegetative growth (aerial parts and
roots) of plants likely stemmed from the biochemical impacts
induced by Cu, which can also result in reduction in cell divi-
sion, and toxic effects on photosynthesis, respiration and
protein synthesis.>* Although the development of flower buds
was severely affected (decrease by 92% of the mean fresh
weight), it was not completely inhibited in plants grown in
magnNP-Cu soils. Hence, the occurrence of magnNPs could
somehow protect flower buds from excess Cu in soils, as sug-
gested by the initiation of flower buds in the 57 day-old
magnNP-Cu treated plants.

3.2.2. Pigment contents and photosynthetic efficiency. The
highest contents of chlorophylls (Ca and Cb) and carotenoids
(K, which includes xanthophylls and carotenes) were measured
in the leaves of the control plants (Ca = 2.6 pg mg~" DW; Cb =
0.82 ug mg ' DW and K = 0.61 ug mg ' DW) (Fig. 2). In the
leaves of the plants exposed to the three other treatments
(magnNPs, magnNPs-Cu and Cu), the pigment contents were
decreased. The treatment with magnNPs alone decreased the
Cb content by ~15% and the carotenoid content by ~26%
(Fig. 2). In plants grown in magnNP-Cu-soils, Ca and Ch were
decreased by 31 and 36%, respectively, and K was decreased by
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41%, and in Cu-soils, Ca and Cb were decreased by 27 and 32%,
respectively, and Kwas decreased by 43% (Fig. 2). No significant
differences for Ca, Cb and K were calculated between magnNP-
Cu and Cu treatments, meaning that magnNPs neither allevi-
ated nor exacerbated the effects induced by excess Cu on the
pigment contents. Chlorophyll a and b are light collectors, while
carotenoids have multiple functions in light capture, photore-
ception and several other processes.’ Regardless of the stress
origin, changes in photosynthetic pigment compositions can
affect plant functioning at different organizational levels.”
However, according to the present results, none of the treat-
ments affected the Ca/Cb ratio (Fig. 2).

Several studies further showed that IONPs, as well as other
NPs (CuO, Ag), can affect the pigment concentrations and the
photosynthetic activity of the exposed plants.**** In the
present study, however, no further biological impacts resulting
from sunflower exposure to magnNPs alone were directly
associated with compositional changes in pigment contents. In
particular, the maximum quantum yield of photosynthesis (QY)
of 42 day-old plants exposed to magnNPs (QY = 0.831 =+ 0.003)
was not significantly modified as compared to that of control
plants (QY = 0.836 + 0.002) (Table 1). However, Cu toxicity
affected the maximum quantum yield of photosynthesis, which
was decreased to a greater extent in Cu plants (QY = 0.770 +
0.004) than in magnNP-Cu plants (QY = 0.816 £ 0.004) after 42
days (Table 1). This observation suggests that magnNPs reduced
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Fig. 2 Pigment contents (ung mg~' DW) measured in the leaves of sunflowers: (A) Ca = chlorophyll a; (B) Cb = chlorophyll b; (C) Ca/Cb =
chlorophyll a/b ratio; (D) K = carotenoids (xanthophylls + carotenes). Data represent the mean + SEM (n = 4) of the pigment contents measured
in the leaves of sunflowers grown for 57 days in the four studied soils (control soil, soil with 1 wt% magnNPs, soil with copper (500 mg per kg soil)
and soil with both copper and magnNPs). Different letters above the bars indicate significant differences (p < 0.05).
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Table 1 Quantum yield (QY) measured on the leaves of 34, 38 and 42 day-old sunflowers (control, magnNP, magnNP—Cu and Cu columns).
Data represent the mean + SEM (n = 5). Different letters indicate significant differences between treatments in peer groups (in terms of age) (p <

0.01)

Control MagnNPs MagnNPs-Cu Cu
34 day-old 0.829 =+ 0.002* 0.823 + 0.001* 0.811 =+ 0.006" 0.757 =+ 0.005°
38 day-old 0.833 + 0.001* 0.824 + 0.002* 0.812 + 0.006" 0.762 + 0.004°
42 day-old 0.836 =+ 0.002* 0.831 =+ 0.003* 0.816 + 0.004" 0.770 =+ 0.004°

Cu phytotoxicity with regard to chloroplast functioning. Lower
chlorophyll content, and inactivation of enzymes and other
proteins (relating to the photosynthesis process and to the
alteration of thylakoid membranes) were reported resulting
from Cu toxicity.**** In plant chloroplasts, Cu is associated with
plastocyanin protein, an essential component of the photosyn-
thetic electron transport chain between cytochrome bgf and
photosystem I (PSI).*® Thus, Cu deficiency can reduce PSI elec-
tron transport due to a decreased formation of plastocyanin.>®
On the other hand, excess Cu has been demonstrated to
strongly affect the chloroplast structure with degradation of
granum stacks and stroma lamellae.****® Furthermore, excess
Cu usually induces chlorosis and necrosis of leaves, resulting
from the inhibition of pigment accumulation and the decrease
in chlorophyll integration into photosystems.*”**

3.2.3. Oxidative stress and antioxidant response. After
oxidative stress, unstable and reactive lipid peroxides -
decomposing into different TBARS such as malondialdehyde
(MDA) - originate from lipid peroxidation in cells.”” In the
present study, the TBARS measurements were the lowest in
plants exposed to magnNPs (139.9 & 10.0 MDAeq nmol g~ ' DW)
(Fig. 3). As the TBARS content reflects the degree of oxidative
injury to a plant cell, the decreased TBARS content is inferred to
result from the protective effect of plants against lipid perox-
idation.*® Thus, magnNPs likely induced a protection against
lipid peroxidation, which was not observed in the other treat-
ments. The protective effect of IONPs against lipid peroxidation
was recently highlighted for different plant species®™*° trig-
gering the protective antioxidant system against ROS. Oxidative
stress is generally due to enhanced accumulation of ROS,
particularly O, and H,O, in chloroplasts, mitochondria, and
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peroxisomes.** In fact, the balance between ROS production and
the activities of antioxidative enzymes determines whether
oxidative signalling and/or damage will occur.” In the present
study, the decreased TBARS content in magnNP-plants was
correlated with increased antioxidant POD activity (45.7 + 3.8 U
mg ' protein), which was enhanced relative to that measured in
control plants (28.3 + 1.8 U mg ™' protein) (Fig. 3). It has been
demonstrated that increased SOD and POD activities provide
better plant protection mechanisms against oxidative
damage.®** In particular, POD, by catalysing the reaction
between H,0, and ROOH to H,O and R-OH, directly fights
against cell damage.*** Thus, the decrease in the TBARS
content along with the increase in POD activity likely suggests
that the antioxidant response acted effectively against ROS
(avoiding ROS overproduction and the induced oxidative
damage).

The TBARS content increased from 208 + 5 MDAeq nmol g~ *
DW in plants grown in control soils to 229.4 + 7.5 MDAeq nmol
¢~ ' DW in Cu-exposed plants. In response to Cu pollution, plant
cells likely accumulate ROS, which cause lipid peroxidation of
membranes and possibly induce some further metabolic
disorders, leading to oxidative stress.”*** As indicated by
increased TBARS content, ROS overproduction was not
compensated by SOD and POD enzymatic activities (Fig. 3). In
the presence of transition metals such as Fe** and Cu**, H,0,
can break down into damaging OH" in the successive Haber-
Weiss and Fenton reactions.®® In plants exposed to excess Cu,
the conversion of H,0, into OH leads to lipid peroxidation,
perturbation of the mitochondrial and photosynthetic electron
transport chains, and substantial damage to DNA and protein
expression.®” Despite the excess Cu in the soil, a decreased lipid

POD activity c SOD activity
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Fig. 3 Lipid peroxidation and antioxidant activities measured in the leaves of sunflowers grown for 57 days in the four studied soils (control soil,
soil with 1 wt% magnNPs, soil with copper (500 mg kg™%) and soil with both copper (500 mg kg™ and magnNPs (1 wt%)): (A) TBARS content
(nmol MDAeq per g DW), (B) POD activity (U mg~* protein) and (C) SOD activity (U mg~* protein). Data represent the mean + SEM (n = 4).
Different letters above the bars indicate significant differences (p < 0.05).
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peroxidation (161.3 & 9.9 MDAeq nmol g~ ' DW) was observed
in plants exposed to magnNPs-Cu compared to Cu-exposed
plants. Along with the decreased TBARS content, POD was
increased (52.7 + 5.9 U mg™ ' protein) - close to that measured
in Cu-polluted plants (57.5 + 5.2 U mg " protein) - and it is
possible that magnNPs also influenced the activity of other
antioxidant enzymes and systems.

3.3. Fate of magnNPs in soil-plant systems: implications for
Cu-polluted soils and plants

3.3.1.
plant

Uptake of magnNPs by the roots. Based on magnetic suscepti-
bility measurements, magnNPs were detected in the tissues
(particularly in the roots) of magnNP- and magnNP-Cu-treated
plants, with increasing concentrations over time (Tables 2 and
3, and ESI Tables S2 and S31). When IONPs reach the soil-root
interface, the first step of uptake consists of the adsorption of
IONPs onto the root surface, as suggested by SEM-EDS analyses
(ESI Fig. S31). This adsorption is strongly based on the IONP
surface charge™ and generally, root surfaces are negatively
charged, meaning that positively charged NPs are more likely to
adsorb and accumulate on the root surface. Then, at the root
cellular level, magnNPs are expected to interact with the plant cell
wall before penetration into the cell and subsequent intracellular
transportation.®® Indeed, the entry of aggregated magnNPs is
restricted to the pore size of the cell walls, which ranges between 5
and 20 nm in diameter'>® although new pores or wounds can
form due to NP deposition.”» In fact, several uptake mechanisms
are still under consideration to explain NP translocation, such as
the symplastic, apoplastic and endocytic pathways, which are
considered significant alternatives to allow the passage of
magnNPs through plant physiological barriers.'**7

According to the measurements of magnetic susceptibility
(Tables 2 and 3), the amount of magnNPs was higher in the
roots of magnNP-treated plants than in those of magnNP-Cu
plants, highlighting that Cu likely affected the uptake process in
root tissues. Direct physiological and biochemical impacts of
Cu on plants may be responsible for the observed decreased
magnNP uptake. As noted earlier (Section 3.1.1), the root
biomass was severely decreased in sunflowers exposed to Cu-
and magnNP-Cu-soils. Previous studies showed that under
excess Cu, the primary root growth is indeed decreased, along

Uptake and translocation of magnNPs from soil to

Table 2 Concentrations of magnNPs (mg kg™) in the sunflower
tissues (stems, leaves, flowers and roots) calculated from magnetic
susceptibility measurements (ESI Table S2). Sunflower plants were
harvested and exposed to 1 wt% magnNPs and/or Cu (500 mg kg™ in
soil columns for 57 days. Data represent the mean + SEM (n = 4).
Different letters indicate significant differences between treatments
and among plant parts (p < 0.05). The quantification limit (QL) was
determined at QL = 40 mg kg~!

Roots Stem Leaves Flowers
MagnNPs 1400 + 310* <QL <QL <QL
MagnNPs-Cu 920 + 560" <QL <QL <QL
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Table 3 Concentrations of magnNPs (mg kg~?) in the sunflower roots
and aerial parts (stems, leaves), and in the soil samples (initially 1 wt%
magnNPs) calculated from magnetic susceptibility measurements (ESI
Table S3). Sunflower plants were harvested after 95 days of exposure
to 1% magnNPs and/or Cu (500 mg kg™ in soil columns. In each
column, three sections were made with regard to the height of the
aerial parts (increasing height from AP1 to AP3) and depth (increasing
depth from 1 to 3) for roots (R) and soils (S). Data represent the mean =+
SEM, and different letters indicate significant differences between
treatments and among plant parts (p < 0.05). The quantification limit
(QL) was determined at QL = 40 mg kg™*

MagnNPs MagnNPs-Cu
Aerial parts AP3 <QL <QL
AP2 <QL <QL
AP1 40 + 10 <QL
Roots R1 2260 + 670° 1610 + 500"
R2 2810 + 510 1090 =+ 490°
R3 2520 + 560 660 + 431°
Soil S1 10 060 + 200° 11 500 + 550"
S2 9360 + 320° 10 680 + 410"
S3 9970 + 210° 10 130 =+ 430°

with an increased density of short lateral roots.>***”* Therefore,
the access of Cu-affected plants to magnNPs in the deeper part
of the column was probably reduced. Furthermore, lignin
deposition has been reported in Cu-affected plant roots, leading
to an impact on the uptake of nutrients and therefore possibly
on that of magnNPs in plant roots.”* Lastly, as previously
observed in this study (Fig. 3), an increased lipid peroxidation is
known to significantly affect the fluidity and permeability of the
membranes and consequently the acquisition kinetics of
nutrients (and thus also possibly that of magnNPs in this
work).>*

Translocation of magnNPs to the aerial parts of sunflowers.
According to magnetic susceptibility measurements, magnNPs
did not accumulate in the upper levels of the plant aerial parts
after 57 days of growth (Table 2). However, positive signals
evidenced the possible occurrence of a small amount of
magnNPs in the close-to-ground section of the aerial parts after
95 days (ESI Table S31). The amount detected (40 mg kg™ %)
matched the quantification limit of the method (Table 3).
According to previous studies, the access of magnNPs to the
aerial parts of the plants could result from a movement into the
xylem vessels through the transpiration stream.”” Magnetic
susceptibility measurements performed in the aerial parts of
magnNP-Cu plants (even in the close-to-ground parts) clearly
indicated that no translocation occurred in Cu-contaminated
soils. This result can be explained by the physiological
impacts induced by the excess Cu on plants, such as decreased
root growth - which is consistent with the lower magnNP
concentrations observed in the roots of magnNP-Cu plants -
and/or by a lower potential of magnNPs to translocate into the
vascular system of sunflower plants.

Mobility of magnNPs in the soils. As observed from the
magnetic susceptibility measurements performed on soil
samples (Table 3), the final magnNP concentration was close to
the initial introduced concentration in the soils (10 000 mg kg ™"

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is worth 1% of the soil dry weight). The homogeneous distri-
bution of the magnNPs from the bottom to the top of the
columns highlights that leaching had few effects on magnNP
mobility. According to Table 4, the amount of Fe leached after
37 days only represents 2 mg (i.e., 0.2% of the magnNPs when
considering that all the measured Fe originates from the
magnNPs). In fact, the aggregation of magnNPs to pm-sized
aggregates was evidenced in a previous study* and such
propensity to aggregate may result in decreased magnNP
mobility in porous media.” In addition, most magnNPs were
probably bound to clays and organic matter in the soil because
of their high affinity for each other.” In most fine-textured soils,
the strong binding of trace elements and nanoscale compounds
with clays (and, to a larger extent, soil colloids displaying high
specific surface area) has been shown to limit the leaching of
these elements.”*”°

3.3.2. Chemical exchanges between plants, soil and the soil
solution

Fe assimilation by sunflowers and the fate of magnNPs. From
the ICP-MS analyses, higher Fe contents were measured in
magnNP (90.4 & 9.1 mg kg™ ') and magnNP-Cu (52.3 + 5.8 mg
kg ') plant tissues compared with the Fe content measured in
control (18.8 + 4.1 mg kg ') and Cu-treated plants (23.3 =+
3.7 mg kg™ ") (Fig. 4). This observation suggests that magnNPs
provided plants with a bioavailable pool of Fe or somehow
enhanced Fe uptake. It also suggests that the presence of Cu
limits Fe uptake and/or assimilation by plants. In fact, root
exudates (organic acids, sugars, fatty acids, amino acids, and
proteins) or microbial activity (i.e., iron-reducing bacteria) may
foster the dissolution of magnNPs and Fe release into more
bioavailable forms (such as those induced by the action of
phytosiderophores).”””® As observed in Table 4, the amount of
Fe released in the magnNP soil solution (2093 + 655 pg) was
higher than that in the soil solutions of the control soil (598 +
78 ug), Cu soil (496 + 16 ng) and magnNP-Cu soil (549 =+ 43 pg).
In addition, more Fe*" was detected in the magnNP soil solution
than in the other soil solutions (Table 4), hence providing
a greater source of bioavailable Fe to magnNP-exposed plants.
This observation is consistent with the Eh measurements. The
range of redox potentials measured in the magnNP soil solu-
tions was higher and reached lower values (from 300 to 650 mV)

Table 4
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compared with those measured in the other soil solutions:
control (400 to 650 mV), magnNP-Cu (450 to 600 mV) and Cu
(450 to 650 mV) soil solutions. These results highlight the role
of biotic reduction in driving Fe release, which was a dominant
process in magnNP-soil. In Cu and magnNP-Cu soils, it is
possible that excess Cu affected the soil microbial activity (i.e.,
the microbial respiration rate, C mineralization and the
ensuing pH and Eh)™ thereby decreasing Fe bioreduction and
leaching. In this study, the physiological impacts induced by
excess Cu (Section 3.1) could also explain the decreased Fe
biotic reduction observed in Cu-contaminated soil systems.

On the other hand, the total iron content measured in the
aerial parts of magnNP and magnNP-Cu plants was different
(Fig. 4), although similar Fe contents were initially introduced
in the magnNP and magnNP-Cu systems. This observation
suggests that Cu plays an important role in regulating Fe
translocation from the roots to the aerial parts® both for ionic
and nanoparticulate forms. The results obtained by ICP-MS for
total Fe are consistent with the magnetic susceptibility
measurements (Table 4). These results are also in agreement
with the biochemical and physiological impacts induced by Cu
on the plants, which may result in a weaker ability to mobilize
Fe from the roots to the aerial parts.

Cu dynamics in soil and plants with and without magnNPs:
remediation perspectives. With the input of Cu in the soils, the
amount of Cu was increased in plants (Fig. 4) and in the
leaching solutions (Table 4). Remarkably, the leaching of Cu
was decreased by 37% in Cu-contaminated soil enriched with
magnNPs (1054.5 + 104.4 pg) relative to magnNP-free soil
(1618.8 + 81.5 pg). In fact, IONPs display a high affinity for Cu
under relevant environmental conditions;*+** therefore,
magnNPs likely scavenge Cu in the soil. As a consequence,
magnNPs were expected to decrease Cu bioavailability and/or
assimilation by the plants, which did not occur (Fig. 4). Cu
adsorbed onto magnNPs was still available for root uptake. On
the other hand, because Cu adsorption onto the magnNP
surface is even more favoured with increasing Cu concentra-
tions,* lower leaching of Cu occurred in magnNP-Cu soil
relative to magnNP-soil. Eventually, since plants from magnNP-
Cu columns were affected by Cu toxicity, it is likely that the
concentration of Cu was too high to allow magnNPs to scavenge

Initial Fe and Cu amounts (mg) in the soils (n = 4) and the final Fe and Cu leaching amounts (ug) measured in the released soil solutions

(n = 4) by ICP-MS after 37 days. For the ICP-MS results, different letters indicate significant differences among treatments (p < 0.05)

Cu (ng)

Total Fe (mg) expected in Total Fe from NPs (mg) in Fe (ug) in released ~ Fe®* (ug) in released  Total Cu (mg) in  in released soil

120 g soils’ 120 g soils” soil solution” soil solution® 120 g soils? solution
Control 3385 — 598 + 78" 339 + 37% 2.3 14.4 + 1.0°
MagnNPs 4254 869 2093 + 655" 623 + 48" 2.3 16.9 & 1.5°
MagnNPs- 4254 869 549 + 43¢ 185 + 8¢ 60 1054.5 + 104.47
Cu
Cu 3385 — 496 + 16" 269 + 4° 60 1618.8 £ 81.5°

“ Theoretical calculations based on the molar mass of Fe and O (and the initial Fe(u)/Fe(in) ratio of magnNPs).  Fe (1g) amount (ionic and colloidal
forms) calculated from ICP-MS measurements. ¢ Fe’* (ug) amount (truly dissolved) calculated from spectroscopic measurements (1,10-
phenanthroline method).*> ¢ Theoretical calculation of the initial Cu in the soil (based on the Institut en Santé Agro-Environnement
(Combourg, France) analyses and Cu molar mass) and addition of CuSO,.
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Fig. 4 Iron (Fe) and copper (Cu) concentrations (mg kg™) in the plant tissues (aerial parts, roots) of sunflowers from the soil column experiment
measured by ICP-MS after 95 days: (A) Fe concentration in the aerial parts of sunflowers, (B) Cu concentration in the aerial parts of sunflowers, (C)
Fe concentration in the roots of sunflowers, (D) Cu concentration in the roots of sunflowers. Data represent the mean + SEM (n = 4). Different

letters above the bars indicate significant differences (p < 0.05).

enough Cu to prevent any excess Cu in the plant tissues and
subsequent Cu toxicity.

4. Conclusions

In conclusion, even at the high concentrations used in water/
soil remediation, magnNPs are expected to have only a slight
impact on the physiological and biochemical responses of
sunflowers while enhancing the plant protection system against
ROS. In contrast, the contamination of soils with Cu (500 mg
kg™ ') considerably reduced plant growth, decreased pigment
contents and induced oxidative damage to sunflowers. The
occurrence of magnNPs in Cu-polluted soils did not prevent
other damaging effects induced by excess Cu, despite the
positive effects suggested by a decrease in lipid peroxidation.
Besides, since the concentration of Cu was comparable in
magnNP-Cu and Cu-exposed plants (without magnNPs), it was
inferred that magnNPs did not decrease Cu bioavailability and
assimilation by sunflowers. A significant increase in Fe in the
tissues of plants exposed to magnNPs was observed relative to
control plants, while Fe solubilization and assimilation by the
plants were reduced in magnNP-Cu- and Cu-polluted soils. A
decrease in magnNP uptake in magnNP-Cu plants was also
evidenced by magnetic susceptibility measurements. The
impacts of Cu on plant physiology and the associated biotic
processes in the soil likely affected the magnNP uptake capacity
of the plants as well as the regulation of Fe uptake and assim-
ilation. Although magnNPs were not efficient in preventing the

2026 | Nanoscale Adv, 2021, 3, 2017-2029

phytotoxic effect of high Cu concentrations in soils, magnNPs
were able to scavenge Cu and decrease Cu mobility in the soil
without hampering Cu bioavailability. These last properties are
promising assets for remediation purposes.
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