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ABSTRACT: The rapid development of nanotechnology influences the developments within the agro-sector. An example is
provided by the production of nanoenabled pesticides with the intention to optimize the efficiency of the pesticides. At the same
time, it is important to collect information on the unintended and unwanted adverse effects of emerging nanopesticides on nontarget
plants. Currently, this information is limited. In the present study, we compared the effects of a nanoformulation of atrazine
(NPATZ) and the nonencapsulated atrazine formulation (ATZ) on physiological responses, defense mechanisms, and nutrient
displacement in lettuce over time with the applied concentrations ranging from 0.3 to 3 mg atrazine per kg soil. Our results revealed
that both NPATZ and ATZ induced significant decreases in plant biomass, chlorophyll content, and protein content. Additionally,
exposure to NPATZ and ATZ caused oxidative stress to the lettuce plant and significantly elevated the activities of the tested ROS
scavenger enzymes in plant tissues. These results indicate that NPATZ and ATZ cause distinct adverse impacts on lettuce plants.
When comparing the adverse effects in plants after exposure to NPATZ and ATZ, no obvious differences in plant biomass and
chlorophyll content were observed between NPATZ and ATZ treatments at the same exposure concentration regardless of exposure
duration. An enhanced efficiency of the active ingredient of the nanopesticide as compared to the conventional formulation was
observed after long-term exposure to the high concentration of NPATZ, as it induced higher impacts on plants in terms of the end
points of the contents of protein, superoxide anion (O2̇

−), and MDA, and the activities of stress-related enzymes as compared to the
same concentration of ATZ. Furthermore, exposure to both NPATZ and ATZ disrupted the uptake of mineral nutrients in plants,
and the differences in the displacement of nutrients between the NPATZ and ATZ treatments depended on the element type, plant
organ, exposure concentration, and time. Overall, the application dose of a nanopesticide should balance their increased herbicidal
efficiency with the long-term adverse effects in order to maximize the desired impact while minimizing adverse impacts; only then
will we be able to understand the potential impact of nanopesticides on the environment.
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1. INTRODUCTION

Atrazine is a common herbicide of the triazine class, and is the
second most popular herbicide applied in the world to control
weeds and to promote agricultural productivity with low
cost1,2,. Although its application has been banned in the
European Union since October 2003 because of its side effects
on nontarget organisms and human health,3 it is still in use in
some countries, including the United States, Australia, Brazil,
and China.4,5 The atrazine market is expected to register a
CAGR of 6% from 2019 to 2024 and will reach USD 2.58
billion by the end of 2024.6 Nevertheless, the long half-life of
atrazine means that atrazine is retained in soil for a long time.7

This may cause harmful effects to nontarget organisms in soil,
contaminate the environment, and disrupt the ecosystem.
The rapid development of nanotechnology opens up

promising avenues to sustainable applications, also in
agriculture, with particular attention in producing nano-
formulations of pesticides.8−10 Claims are that the nano-
features may overcome unwanted emissions to nontarget sites
and the organisms living therein. To compare, the effectiveness

of the traditional (non-nanoformulation) herbicides is
notoriously low as less than 0.1% of the applied herbicides
typically reaches the target organisms (site).11,12 Recently,
nanoencapsulation technology has been used as a carrier
system to modify atrazine to achieve greater efficiency.13−15

The enlarged surface-to-volume area leads to higher adsorption
to target crops. Furthermore, nanopesticides exhibit higher
stability and allow the control of the release and distribution of
the active ingredient to the target specifically,16−18 as well as
extend their duration of action by protecting against untimely
degradation of the active ingredient.19 Because of these
features, the applied dosage and frequency of pesticide use
may be reduced, thus avoiding unwanted emissions by drift,
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runoff, or leaching, and minimizing pollution and risk to the
environment.20 These are promising features for reducing risks,
but nonetheless, it is important to evaluate the effects of
nanopesticides to nontarget edible plants and organisms for
those cases that the nanoformulations do reach the nontarget
sites.10 As more and more nanoenabled pesticides are
emerging, understanding the differences between conven-
tional- and nanoformulations is crucial as “green and clean”
claims should be underpinned before their large-scale
application in agriculture. That means not only compare the
concentrations of nano or non-nano pesticides in the
ecotoxicity tests, but also taking into account the higher
pesticide efficacy of the nanopesticides to their conventional
ones.
The common mode of action of conventionally applied

atrazine to control weed growth is to inhibit the photosyn-
thesis process by blocking the electron transfer chain in
photosystem II (PSII), thus resulting in weed leaf chlorosis and
necrosis.21,22 Exposure to atrazine can additionally induce the
extensive accumulation of reactive oxygen species (ROS),
which can lead to oxidative stress and may result in cell
damage, such as lipid peroxidation, membrane damage, and
overall metabolism imbalance, and even plant death.23 There
are a great number of studies which reported that pure atrazine
generates toxic effects to nontarget organisms, for example,
plants, soil microorganisms, and even aquatic species with a
common result of oxidative damage.17,22,24,25 However, the
information regarding the oxidative damage of a nano-
formulation of atrazine using nanoencapsulation as a shell to
nontarget plants after long-term exposure is very limited, and
the oxidative damage could be changed by the nanoscale
formulation. After all, some generic studies on nanomaterials
describe their higher oxidative stress responses induced by
colloidal stress.26 To date, current studies about the nano-
formulation of atrazine have focused on basic physiological
responses, for example, seed germination, root or shoot
elongation, and the reduction of biomass.27,5 Since oxidative
stress is a typical consequence of atrazine toxicity, a common
analysis of antioxidative defense processes and physiological
indicators offer comprehensive information. Also, atrazine
delivery system may influence the photosynthetic systems of
nontarget plants.28 Additionally, the oxidative stress and the
changes of the photosynthetic process in plants may disrupt
nutrient uptake, which would dramatically affect the growth
and development of plants.29 More specifically, vegetables are
the major source for human beings’ intake of several nutrients,
for example, Fe and Zn, which are of importance for human
health. Therefore, it is critical to assess whether the use of
nanoatrazine would affect the mineral nutritional quality of
nontarget plants.
In this study, a nanoformulation of atrazine was synthesized

using poly-ε-caprolactone as the biodegradable polymeric
carrier (atrazine is encapsulated in the nanosized polymeric
nanocapsules) and their toxicity to nontarget plants was
investigated. Lettuce, a widely cultivated and the most
consumed vegetable worldwide and usually used in contam-
inant toxicity studies, was used as model plant in this study.
The objective of this study is to compare the effects of different
concentration of the nanoformulated and traditional atrazine
on the physiological responses, defense mechanisms, and
nutrient displacement in a nontarget plant over time. So this
will shed light on whether the application of nanopesticides
will impact the energy/nutrients supply of plants as a diet.

Lettuce (Lactuca sativa), was exposed to pure atrazine (ATZ)
and the nanoencapsulated atrazine (NPATZ) at nominal
concentrations of 0.3, 1.5, and 3 mg/kg, and poly-ε-
caprolactone nanocapsules (NPC-negative control) following
different exposure durations. Also, the content of chlorophyll
pigments was determined to study the impact of NPATZ on
photosynthesis. Additionally, ROS production and the
activities of ROS scavenger enzymes were quantified.
Furthermore, the nutrients concentrations in lettuces were
measured to assess whether the application of nanoatrazine
induces nutrients deficiency in crops.

2. MATERIALS AND METHODS
2.1. Synthesis and Characterization of Nanoformulation of

Atrazine. Atrazine (ATZ) loaded poly caprolactone nanocapsules
(NPATZ) were synthesized according to the method reported by
Grillo et al.,13 as described in Supporting Information SI) S1. Briefly,
100 mg of polycaprolactone nanocapsules (NPC) and 10 mg of
atrazine were first mixed in 30 mL of acetone containing Myritol 318
and Span 60 under magnetic stirring at 40 °C as the organic phase
and then 30 mL of 2 mg/mL of polysorbate 80 (Tween 80, as
aqueous phase) was added into the mixture of NPC and atrazine (the
organic phase). Afterward, the nanocapsule of atrazine formed when
the organic solution and aqueous solution were mixed slowly via the
insertion of the organic phase over the aqueous phase. Finally, the
acetone and water were evaporated to make the nanoformulation
contain 1 mg/mL of atrazine. The morphology and size distribution
of the NPATZs were measured. The size distribution of NPATZ
measured by SEM was around 100 nm. The hydrodynamic size and
zeta potential of the NPATZ was 120 ± 10 nm and −28 ± 4 mV,
respectively. The time to release 50% of ATZ from NPATZ was 11.5
h, and the concentration of ATZ in the supernatant of the filtrate of
NPATZ-spiked soil after centrifugation was significantly lower
compared to the concentration of ATZ in the supernatant of ATZ-
spiked soil. The detailed results of the characterizations and release
kinetics assays of NPATZ are published in our previous publication18

and given in SI S1 and S2.
2.2. Soil Collection and Plant Growth. A sandy loam soil,

obtained from a clean area (52°10′16.8″N 4°26′58.9″E, Leiden,
Netherlands, top 0−10 cm, no atrazine was detected), was sampled,
air-dried, sieved with an 8 mm sieve, and kept at 4 °C before use. The
physicochemical properties of the soil are given in SI S3. Lactuca
sativa seeds (Floveg GmbH, Kall, Germany) were first sterilized in
0.5% (w/v) NaClO for 5 min and then rinsed three times with tap
water. After immersing in deionized water for 24 h, the seeds were
germinated in a Petri dish filled with a wet filter paper (15 seedlings/
dish). After gemination, the seedlings were pregrown hydroponically
with 1/4 Hoagland solution30 for 2 weeks, and the nutrient solution
was refreshed every 3 days. The composition of the nutrient solution
is described in SI S4. Afterward, the uniform pregrown seedlings were
transferred into plastic pots (9 cm in length, 9 cm in wide, 9.5 cm in
high) containing 0.5 kg of soil for further 2 weeks of growth. The
plants for the experiment were grown at 20/16 °C day (16h light)
/night (8h dark) temperature and 60% relative humidity until harvest.

2.3. Experimental Design. Plants were exposed to ATZ and
NPATZ at the same nominal concentrations (nominal concentrations
are expressed as ATZ content in the case of the nanoformulation) of
0.3, 1.5, or 3 mg atrazine per kg soil, representing a low concentration
(ATZ-L, NPATZ-L), the recommended concentration31 (ATZ-M,
NPATZ-M), and a high exposure concentration (ATZ-H, NPATZ-
H) for ATZ, respectively. The polymeric nanocapsules without ATZ
(NPC) as controls and blank controls (water only with the equivalent
volume as used for the other treatments) were performed under the
same conditions. The measured concentrations of atrazine at short-
term exposure for low, medium, and high exposure concentrations
were 0.27 ± 0.04, 1.69 ± 0.2, and 3.2 ± 0.3 mg/kg of soil in the ATZ
treatments and 0.25 ± 0.4, 1.38 ± 0.6, and 2.7 ± 0.5 mg/kg of soil in
the NPATZ treatments, respectively.
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To prepare the ATZ stock suspensions, ATZ was first dissolved in
5 mL of acetone and subsequently diluted with Milli-Q water to
obtain the selected concentrations. Subsequently, the prepared
suspensions of NPATZ, ATZ, and NPC were sonicated for 15 min
at 60 Hz (USC200T, VWR, Amsterdam, The Netherlands). After the
sonication, the suspensions were continuously stirred with a mixer to
maintain their homogeneity before adding into soil. To spike the soil,
specific amounts of ATZ or NPATZ were carefully and dropped into
the soil in order to obtain the desired concentrations of ATZ. The
exposure of the formulations at each concentration was carried out
with three independent repetitive exposure durations at a two-week
interval (week 2, 4, and 6 after exposure), representing a short-term,
medium-term, and long-term exposure. In total, 24 treatments were
set up in triplicate (72 pots in total) and each pot contained three
individual plants, yielding nine plants per treatment. The pots were
watered every 2 days and 10 mL of 1/4 Hoagland solution was added
into the soil every 6 days. The plants in each pot were harvested after
each exposure duration (2, 4, and 6 weeks) and washed with flowing
deionized water and ultrapure water three times, respectively. After
air-drying, the plants were separated into the root and shoot to weigh
their fresh biomass. Afterward, the plant root and shoot were frozen in
liquid nitrogen and stored at −80 °C until further analysis.
2.4. Pigment Content and ROS Production Measurement.

Leaves (0.1∼0.2 g) were homogenized in liquid nitrogen and
extracted with 80% acetone for 24 h at 4 °C in the dark. Afterward,
the extracts were centrifuged for 10 min at 4500g at 4 °C. Finally,
chlorophyll a and b (chla, chlb), and carotenoids (car) were
determined by measuring the absorbance at 663, 646, and 470 nm,
respectively. The concentrations of chla, chlb, and carotenoids were
calculated according to Lichtenthaler and Wellburn:32

=
× − ×

C
A A

M
12.21 2.81

a
663 646

plant (1)

=
× − ×

C
A A

M
20.13 5.03

b
646 663

plant (2)

=
× − × − ×

×
C

A C C
M

1000 3.27 104
229car

470 a b

plant (3)

For ROS production measurement, the separated plant roots/
shoots from the same pot were combined and considered as a
replicate. The combined root tissues or shoot tissues were cut into
small pieces and mixed thoroughly. Afterward, the plant root or shoot
samples used for ROS analysis were selected randomly from these
tissues. The superoxide anion (O2̇

−) assay in plant tissues from each
treatment was executed according to the method of Wang and Lou33

with a modification. Leaf or root tissues (about 0.1 g) were
homogenized in ice-cold 50 mM phosphate buffer (pH 7.8), and
the extracts were centrifuged at a rate of 10 000g for 20 min at 4 °C.
Afterward, the supernatant (∼0.5 mL) was mixed with 0.9 mL of 50
mM potassium phosphate buffer (pH 7.8) and 0.10 mL of 10 mM
hydroxylamine hydrochloride, and incubated at 25 °C for 30 min.
Subsequently, 17 mM sulphanilamide and 7 mM a-naphthylamine
were added orderly to the above reaction mixture, with a ratio of 1:1:1
and the mixture was further kept at 25 °C for 20 min. The absorbance
of the mixture was measured at 530 nm, and the content of O2̇

− was
quantified based on a standard curve (O2̇

− content ranging from 0 to
10 μg) using NaNO2 as a reference (SI Figure S1A, R2 = 0.99).
Hydrogen peroxide (H2O2) was quantified according to Mosa et

al.34 by homogenizing the plant tissues (∼0.15 g) with 2 mL
precooled trichloroacetic acid (TCA, 0.1% W/V) and incubating the
plant extracts with 1 M potassium iodide. The content of H2O2 in the
extracts was recorded at 390 nm spectrophotometrically and
calculated based on a H2O2 standard curve with the concentration
ranging from 0 to 0.1 μmol (SI Figure S1B, R2 = 0.97).
To analyze the lipid peroxidation of plants, the malondialdehyde

(MDA) content in the plants was measured following the method of
Mosa et al.34 by homogenizing the plant tissues (∼0.15 g) with 2 mL
precooled trichloroacetic acid (TCA, 0.1% W/V). After centrifugation

(10 000g for 15 min at 4 °C), the supernatant of the extract was mixed
with 0.5% thiobarbituric acid in 20% trichloroacetic acid (w/v) and
further incubated for 30 min at 95 °C, followed by quickly cooling in
an ice bath and centrifugation at 10 000g for 15 min. The absorbance
of the sequent solution was recorded by a multiwell spectropho-
tometer at 450, 532, and 600 nm after centrifugation for 15 min at
10 000g.

2.5. Assays for Total Protein and Antioxidant Enzyme
Activity. The preparation and selection of plant samples for the
analysis of enzymes activity were the same as the methods used for
ROS analysis. Roots or leaves tissues (0.1∼0.2 g) were first ground in
liquid nitrogen and then extracted with ice-cold 50 mM phosphate
buffer (pH 7.8) including 1 mM EDTA and 1% (W/V)
polyvinylpyrrolidone by vibrationally using a mixer. After centrifuga-
tion at 10 000g for 20 min (4 °C), the supernatant of each treatment
was used to determine the content of protein and the activity of
antioxidant enzymes. The protein content in each supernatant was
determined based on the Coomassie brilliant blue G-250 dye-binding
method by recording the absorbance spectrophotometrically at 525
nm and using Bovine serum albumin to build a standard curve.29 The
activity of superoxide dismutase (SOD) was determined based on its
capacity to inhibit the photochemical reduction of nitro blue
tetrazolium (NBT) to generate the blue formazan, which has a
maximum absorbance at 560 nm. One unit of SOD activity was
defined as the amount of enzyme causing 50% inhibition of the
photoreduction of NBT.29 The ascorbate peroxidase (APX) activity
was spectrophotometrically quantified on the basis of the ability of
APX to oxidize ascorbate acid after adding hydrogen peroxide by
monitoring the decrease of absorbance at 290 nm for 3 min.29 As
Catalase (CAT) catalyzes the decomposition of H2O2, its activity was
assayed by measuring the change of absorbance at 240 nm as a result
of the consumption of H2O2.

29 The Polyphenol oxidase (PPO)
activity was spectrophotometrically measured at 410 nm for 3 min on
the basis of its ability to oxidize catechol, in a reaction mixture
including enzyme extract, 50 mM phosphate buffer (pH 7) and 10
mM catechol.29 The activity of peroxidase (POD) was assayed
following the method of Ma et al.29 by catalytic oxidizing guaiacol
with hydrogen peroxide and recording the changes of absorbance at
470 nm for 2 min. The glutathione S-transferase (GST) activity was
assessed according to the method of Ma et al.29 by recording the
formation of 1-glutathione-2,4-dinitrobenzene deriving from the
conjugation of GSH with 1-chloro-2,4-dinitrobenzene (CDNB) at
340 nm for 5 min. More detailed information about the biochemical
parameters methodology and quantifications can be found in SI S5.

2.6. Quantification of Macro-and Micronutrients in Plants.
Besides the protein content (see Section 2.5), we mainly determined
the mineral nutrients like K and Mg (recommended dietary allowance
(RDA) > 200 mg/day), and the essential trace elements like Fe, Mn,
Zn in plants to reflect the ability of nutrient supply of plants. The
plant tissues of each treatment for the element analysis were washed
in the order of 10 mM HNO3, 10 mM EDTA ,and Milli-Q water to
remove the attached metal ions. Afterward, root and shoot tissues
were oven-dried at 70 °C for 72 h and their dry weight was recorded.
The root and shoot samples were digested with 3 mL of HNO3 (65%)
at 120 °C for 40 min on a hot plate and then 1.5 mL of H2O2 (30%)
was added followed by heating for another 20 min to ensure complete
digestion.29 After cooling to room temperature, all digests were
diluted with deionized water, and their metal content was analyzed by
inductively coupled plasma mass spectroscopy (ICP-MS). The
nutrients translocation factor (TF) of nutrients from plant roots to
plant shoots was calculated as follows: TF = concentration of nutrient
in plant shoot(mg/kg)/concentration of nutrient in plant root (mg/
kg).

2.7. Statistical Analysis. Statistically significant differences for
the same end point among different treatments (controls, ATZ and
NPATZ) under the same exposure duration were analyzed by means
of one-way ANOVA followed by Duncan’s honestly significant
difference tests at α < 0.05 using IBM SPSS Statistics 25 (no
deviations of data were found for normal distribution and
homogeneity of variance with Shapiro-Wilk test and Bartlett test
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prior to running the ANOVA). Results are expressed as mean ±
standard error of nine replicates for biomass and three replicates for
biochemical parameters and elemental analysis.

3. RESULTS

3.1. Plant Developmental Response. The effects of
ATZ and NPATZ on plant development are given in Figure 1.
In short-term exposure, the plants grow well in both ATZ and
NPATZ treatments (Figure 1A). The first macroscopic
symptoms of ATZ and NPATZ toxicity were observed after
medium-term exposure, with leaf wilt in the high concentration
of both ATZ and NPATZ (Figure 1B). In the long term

exposure, plant development was affected in the medium
concentration of ATZ and NPATZ. In the long term exposure
of high concentrations of ATZ and NPTAZ, the plants growth
revealed similar symptoms of leaf wilt, yellowing, and necrosis.
The effects of ATZ and NPATZ on the shoot and root

biomass along with exposure time are given in Figure 2A−C.
In short-term exposure, significant decreases in shoot biomass
were observed in the exposure of ATZ-M and ATZ-H (shoot
biomass decreased from 1.24 to 0.80 g and from 1.24 to 0.85 g,
respectively) and NPATZ-H (shoot biomass decreased from
1.24 to 0.79 g) (Figure 2A), but no significant decreases in
root biomass were observed for all treatments in comparison

Figure 1. Growth of L. sativa in response to NPATZ and ATZ with concentrations ranging from low, medium, to high in short-term, medium-term,
and long-term exposure durations. CK: control check, control plants without exposure to chemicals. NPC: exposure to a polymeric carrier without
the ATZ (control). NPATZ-L: exposure to a low concentration of NPATZ. NPATZ-M: exposure to a medium concentration of NPATZ. NPATZ-
H: exposure to a high concentration of NPATZ. ATZ-L: exposure to a low concentration of ATZ. ATZ-M: exposure to a medium concentration of
ATZ. ATZ-H: exposure to a high concentration of ATZ.
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with the control. As exposure time increased to medium-term
exposure, the biomass of roots and shoots decreased
significantly for ATZ and NPATZ (Figure 2B). After long-
term exposure, the biomass in the NPC and CK treatments
increased compared with the short- and medium-exposure. On
the other hand, the biomass of both shoot and root decreased
dramatically as the exposure of ATZ and NPATZ concen-
tration increased. The treatment of ATZ-H reduced the shoot
and root biomass from 1.72 to 0.24 g and from 0.66 to 0.10 g,
respectively. Compared with the impact of ATZ, the treatment
of NPATZ-H induced a similar reduction in shoot and root
biomass, with 0.24 g of shoot and 0.07 g of root observed in
the pots (Figure 2C). However, NPATZ-M induced a lower
reduction in shoot and root biomass than ATZ-M after long-

term exposure, which could be correlated with the slower
release profile of the nanopesticide.13

3.2. Plant Protein Content analysis. The effects of ATZ
and NPATZ on the plants protein content along with exposure
time are given in Figure 2D−F. In short-term and medium-
term exposure, there was no significant impact of ATZ or
NPATZ on the protein content (Figure 2D,E). After increasing
the exposure duration to 6 weeks (long-term exposure), slight
but not significant decreases in the protein content were
observed in the plant roots for the treatments of ATZ-M and
ATZ-H. However, NPATZ was found to significantly reduce
the protein content in both root and shoot tissues, even at a
low exposure concentration (Figure 2F). This could be
explained by the correlation between the nutrients levels, for
example, phosphor and nitrogen, in the exposed soil and

Figure 2. Fresh biomass (A, B, C) of lettuce (L. sativa) and protein content (D, E, F) in lettuce (Lactuca sativa) exposed to NPATZ and ATZ with
concentrations ranging from low, medium, to high and different exposure durations (short-, medium- and long-term). Data are mean ± SE (n = 3).
The different letters indicate statistically significant differences between treatments within the same exposure duration by one-way ANOVA and
Duncan’s honestly significant difference tests at α < 0.05 (capital letters for shoot tissues and lower-caseletters for root tissues). CK: control check,
control plants without exposure to chemicals. NPC: exposure to a polymeric carrier without the ATZ (control). NPATZ-L: exposure to a low
concentration of NPATZ. NPATZ-M: exposure to a medium concentration of NPATZ. NPATZ-H: exposure to a high concentration of NPATZ.
ATZ-L: exposure to a low concentration of ATZ. ATZ-M: exposure to a medium concentration of ATZ. ATZ-H: exposure to a high concentration
of ATZ.
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proteins level in the plant, where a decrease in the level of
nutrients is directly associated with a decrease of the level of
proteins in plants because plants can use proteins as a source of
nutrients.35 Phosphate solubilization and nitrogen fixation,
which are mainly carried out naturally in soil by bacteria such
as azotobacter and archaea, might be disrupted as a result of
exposure to NPATZ leading to nutrients deficiency in plants.
Our previous study showed that the microbiome as nontarget
microorganisms could be influenced by NPATZ,18 thus,
NPATZ indirectly could influence the level of protein by
influencing the soil microbiome. Although we developed the
NPATZ as particles that are not targeting lettuce, an indirect
effect might be observed. It implies that the indirect influences
of nanoparticles must be known to assist in the modification of
NPATZ to provide safer particles.
3.3. Plant Photosynthetic Performance. The level of

total chlorophyll and carotenoids in leaves were measured as
the indicator of photosynthetic performance of the plants, and
the effects of ATZ and NPATZ on the chlorophyll and
carotenoids along with exposure time are shown in Figure 3.
There were no statistically significant differences between the
blank control and NPC in both total chlorophyll and
carotenoids, regardless of the exposure duration. No significant
difference was found among the treatments in short-term
exposure (Figure 3A). In the medium-term exposure, a
concentration-dependent inhibition effect on the content of
total chlorophyll and carotenoids was observed in both ATZ
and NPATZ treatments (Figure 3B). After long-term exposure,
the decreases in chlorophyll and carotenoids content were
enhanced in both ATZ and NPATZ treatments, where
significant impacts on the chlorophyll and carotenoids were

found in treatments of ATZ-M, ATZ-H, NPATZ-M, and
NPATZ-H (Figure 3C). The chlorophyll content (based on
fresh weight, FW) decreased from 0.480 (Control treatment)
to 0.230 mg/g FW (ATZ-H treatment) and 0.230 mg/g FW
(NPATZ-H treatment), respectively. The carotenoids content
decreased from 0.100 (control treatment) to 0.055 mg/g FW
(ATZ-H treatment) and 0.061 mg/g FW (NPATZ-H
treatment), respectively. This indicated that ATZ and
NPATZ affected the photosynthetic performance of the plants,
and the impacts were enhanced along with increasing exposure
concentration and incubation time. We must emphasize that
the designed NPATZ has a lifetime of 11.5 h in water and
degrade over time when occurring in soil, where a high
concentration of the NPATZ is presented as ATZ after 16
days.18 Thus, the observed effects after long-time exposure
could result from the ATZ rather than NPATZ. In this study
we applied the same quantity of the NPATZ and ATZ to
compare the possible adverse effect. The advantage of NPATZ
over ATZ, however, is that application of much lower
concentration.
The ratios of chla/chlb and the total chlorophyll/

carotenoids in plants exposed to NPATZ and ATZ along
with exposure time are provided in Figure 3D−F. No
significant difference in the ratio of total chl/car was observed
among the treatments in short-term and medium-term
exposure (Figure 3D,E). After long-term exposure, although
not significant, the ratio of total chl/car in NPATZ-H and
ATZ-H treatments decreased by 23 and 16%, respectively, as
compared with control. Regarding the ratio of chla/chlb,
significant decreases were observed for both NPATZ and ATZ
treatments regardless of exposure time, but no significant

Figure 3. Total chlorophyll and carotenoid contents (A, B, C), and the ratio of Chla content to Chlb content and the ratio of total chlorophyll
content to carotenoid content (D, E, F) in lettuce (L. sativa) exposed to NPATZ and ATZ with concentrations ranging from low, medium, to high
and different exposure durations (short-, medium-, and long-term). Data are mean ± SE (n = 3). The different letters indicate statistically
significant differences between treatments within the same exposure duration by one-way ANOVA and Duncan’s honestly significant difference
tests at α < 0.05 (capital letters for shoot tissues and lower-caseletters for root tissues). CK: control check, control plants without exposure to
chemicals. NPC: exposure to a polymeric carrier without the ATZ (control). NPATZ-L: exposure to a low concentration of NPATZ. NPATZ-M:
exposure to a medium concentration of NPATZ. NPATZ-H: exposure to a high concentration of NPATZ. ATZ-L: exposure to a low concentration
of ATZ. ATZ-M: exposure to a medium concentration of ATZ. ATZ-H: exposure to a high concentration of ATZ.
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change was observed between NPATZ and ATZ at the same
exposure concentration.
3.4. Accumulation of Reactive Oxygen Species (ROS)

and MDA Production. The effects of ATZ and NPATZ on
the plants ROS production were further investigated with a
focus on H2O2, O2

−, and MDA production (Figure 4). In
short-term exposure, both NPATZ and ATZ treatments
significantly stimulated the H2O2, O2

−, and MDA production
in the roots. However, in plant shoots, significant stimulation
induced by NPATZ and ATZ was only observed for MDA
production compared to the control. In addition, the content
of H2O2, O2

− and MDA in plant root tissues were significantly
higher than those in the shoot (Figure 4A−C). In medium-
term exposure of ATZ and NPATZ, the stimulation of H2O2,
O2

− and MDA production in root were found to be
concentration-dependent, with the production of H2O2 in
ATZ treatment as the exception. In terms of H2O2, O2

− and
MDA production in shoot, stimulation was mainly observed in
the treatments of NPATZ-H, ATZ-M, and ATZ-H (Figure

4D−F). After long-term exposure of ATZ and NPATZ, the
H2O2, O2

−, and MDA production in both root and shoot were
enhanced as compared to control (Figure 4G−I). Notably, in
the treatment of NPATZ-H, the contents of O2

− dramatically
increased from 164 to 2250 μg/g FW in root and from 114 to
246 μg/g FW in shoot, respectively (Figure 4H). These results
indicated that both ATZ and NPATZ stimulated the H2O2,
O2

−, and MDA production in plant root and shoot tissues, and
O2

− production was largely enhanced in long-term exposure of
NPATZ at high concentration.

3.5. Analysis of Stress-Related Enzyme Activity. The
effects of ATZ and NPATZ on stress-related enzymes were
investigated with the focus on SOD, APX, CAT, POD, GST,
and PPO activities. The results are given in Figure 5 and the
statistically significant differences for the tested enzymes
between treatments are provided in SI Table S2. There were
no statistically significant differences between the blank control
and NPC regarding all the tested enzyme activities in both
plant roots and shoots, regardless of the exposure duration. In

Figure 4. H2O2, O2
−, and MDA production in L. sativa exposed to NPATZ and ATZ with concentrations ranging from low, medium, to high and

different exposure durations (short-, medium- and long-term). Data are mean ± SE (n = 3). FW: fresh weight. The different letters indicate
statistically significant differences between treatments within the same exposure duration by one-way ANOVA and Duncan’s honestly significant
difference tests at α < 0.05 (capital letters for shoot tissues and lower-caseletters for root tissues). CK: control check, control plants without
exposure to chemicals. NPC: exposure to a polymeric carrier without the ATZ (control). NPATZ-L: exposure to a low concentration of NPATZ.
NPATZ-M: exposure to a medium concentration of NPATZ. NPATZ-H: exposure to a high concentration of NPATZ. ATZ-L: exposure to a low
concentration of ATZ. ATZ-M: exposure to a medium concentration of ATZ. ATZ-H: exposure to a high concentration of ATZ.
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general, the effects of NPATZ and ATZ on the enzyme
activities in plant roots were much higher than those in plant
shoots. In short-term exposure, the enzyme activities of APX,
CAT, POD, and PPO in the roots increased as the exposure
concentration of NPATZ and ATZ increased (Figure 5A, SI
Table S2). Compared with changes in roots, the enzymes
activity in shoots were not significantly changed by the
exposure to ATZ or NPATZ, with the POD activity in the
NPATZ-H treatment and the GST activity in the treatments of
NPATZ-M and ATZ-M as the exceptions (Figure 5D, SI Table
S2). As incubation time increased to medium-term exposure, a
clear concentration-dependent pattern of alterations of
enzymes activity was observed between the plant roots and
NPATZ exposure concentration except for GST activity
(Figure 5B). However, there was no significant change in the
tested enzyme activities in plant roots in all ATZ treatments as
compared to control, except for the CAT activity in the ATZ-
H treatment (Figure 5B, SI Table S2). For plant shoots,
statistically significant increases in CAT activity in NPATZ-H
and POD activity in NPATZ-H, ATZ-M and ATZ-H were
observed as compared to control (Figure 5E, SI Table S2).
After long-term exposure, all tested enzyme activities in plants
exposed to NPATZ were significantly higher than that in plants
of the control regardless of considering root or shoot tissues
(Figure 5C,F, SI Table S2). Compared with NPATZ, the
impacts of ATZ on the enzyme activity of plant roots appeared
lower, with only CAT and POD activity significantly promoted
(Figure 5C, SI Table S2). Therefore, these results revealed that
the responses of the tested enzyme activity were more sensitive

in plants roots than in the shoots. NPATZ triggered a stronger
stimulation of stress-related enzyme activity than ATZ after
long-term exposure. It implies that by using nanoformulation
of ATZ, the time of effect can be increased, which is a very
important outcome to show how nanoformulation may assist
in designing time-controlled pesticides.

3.6. Analysis of Macro-and Micronutrients in Lettuce
Plants. The concentrations of macro-and micronutrients in
roots and shoots of lettuce plants exposed to different ATZ
and NPATZ treatments over time are provided in Table 1.
There were no statistically significant differences between the
blank control and the NPC regarding all elements tested in
both plant roots and shoots regardless of the exposure
duration, except for the K concentration in roots in short-
term exposure. This suggests that the polymeric nanocapsules
had no effect on the nutrient uptake in lettuce. In short-term
exposure, both ATZ and NPATZ exposure significantly
increased the concentration of K, Mg, B, Fe and significantly
decreased the concentration of Cu in plant roots. For Zn and
Mn in plant roots upon short-term exposure, there were no
differences among all treatments. For the plant shoots,
significant increases in Mg, B, and Zn concentrations were
only observed in the NPATZ treatments. Significant changes
of the concentration of nutrients in plants of the NPATZ
treatments relative to the corresponding ATZ treatments were
observed for K (increase), Mg and Fe (decrease) in plant roots
and B (increase) in plant shoots. As exposure time increased to
the medium-term exposure, an increase of the K concentration
in plant roots and shoots was observed in both ATZ and

Figure 5. Antioxidant enzyme activities (SOD, APX, CAT, POD, GST, and PPO, Unit/mg protein/min) in L. sativa exposed to NPATZ and ATZ
with concentrations ranging from low, medium, to high and different exposure durations (short-, medium- and long-term). Data are mean ± SE (n
= 3). CK: control check, control plants without exposure to chemicals. NPC: exposure to a polymeric carrier without the ATZ (control). NPATZ-
L: exposure to a low concentration of NPATZ. NPATZ-M: exposure to a medium concentration of NPATZ. NPATZ-H: exposure to a high
concentration of NPATZ. ATZ-L: exposure to a low concentration of ATZ. ATZ-M: exposure to a medium concentration of ATZ. ATZ-H:
exposure to a high concentration of ATZ.
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NPATZ treatments. Decreases in the Cu concentration in
plant roots were only observed in ATZ treatments. As
compared to ATZ treatments, a lower concentration of B
and a higher concentration of Cu were observed in plant roots
of NPATZ treatments, while a higher concentration of Mn was
observed in plant shoots of NPATZ treatment. After long-term
exposure to NPATZ and ATZ, the concentrations of K, Mg, B,
Fe, and Cu in plant roots were found to be significantly
decreased, especially in the treatments of ATZ-H and NPATZ-
H. Decreases in K and B concentrations were also observed in
plants shoots exposed to ATZ and NPATZ. A significant
decrease of the concentration of Zn in plant roots and the Fe
concentration in plant shoots was observed for NPATZ
treatments as compared to the corresponding treatments of
ATZ.
Moreover, the translocation factors (TFs) of the tested

nutrient elements were given in SI Table S3. Only the TFs of K
in the treatments were found to be >1 regardless of the
exposure concentration and time, suggesting that most of the K
was translocated from roots to shoots. As compared to control,
a clear significant increase of the TFs was only observed for K
in NPATZ and ATZ treatments upon medium-term exposure
and for Mn in NPATZ treatments upon medium-term
exposure. In addition, a clear significant decrease of TFs was
only observed for Zn in NPATZ and ATZ treatments upon
long-term exposure in comparison with control, especially in
the treatments of NPATZ-M, NPATZ-H, and ATZ-H,
suggesting impacts on the translocation of Zn from plant
roots to shoots. These results indicated that exposure duration
significantly differentiated the impacts of NPATZ and ATZ on
nutrient displacement in plants, and long-term exposure of the
plants to NPATZ and ATZ induced different effects on the
uptake of nutrients in lettuce roots and shoots.

4. DISCUSSION
In this study, a nanopesticide containing ATZ as the active
ingredient and the biodegradable poly-ε-caprolactone (PCL)
polymer as a carrier was synthesized, and the impacts of the
nanopesticide and its nonencapsulated form were compared
during short- to long-term exposure on the growth of lettuce.
Although plant growth was not a sensitive end point during the
short-term exposure, reductions in biomass were enhanced as
the ATZ and NPATZ exposure concentration, and the
duration increased. A previous study observed that the short-
term exposure of nanocapsulated atrazine and noncapsulate
atrazine induced a significant decrease in the dry biomass of
soybean, whereas the inhibition was not enhanced after long-
term exposure.5 Moreover, it was also reported that NPATZ
did not induce harmful impacts on maize plants but did have
negative effects on mustard plants.31,15 These results indicate
that the effect of ATZ and NPATZ are species dependent.
Further studies focusing on understanding species-specificity
and sensitivity of nanopesticides are needed, as these studies
can contribute to promoting the nanopesticides safety and
efficiency in agricultural applications.
It has been well documented that the mechanism of action

of atrazine is to inhibit the photosynthetic processes of the
plants, resulting in leaf chlorosis and necrosis, and even plant
death. Specifically, atrazine interrupts the photosystem II
(PSII) by blocking electron acceptor proteins and inhibiting
the electron transport chain in the chloroplast.22 In the present
study, obvious toxic symptoms of leaf wilt, yellowing, and
necrosis as well as significant decreases in chlorophyll contentsT
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were observed after long-term ATZ and NPATZ exposure. It is
reasonable to infer that chlorophyll synthesis might be affected
after long-term exposure to high concentrations of NPATZ
and ATZ. In addition, the ratio of the chla to chlb and the ratio
of total chlorophyll to carotenoids are the fundamental
parameters for photosynthetic activity, and their deviations
are often used as an indicator of stress in plants. In this study,
the significantly decreased ratio of chla/chlb in lettuces
suggests the strong inhibition of photosynthetic synthesis in
response to NPATZ and ATZ addition. In accordance with
our study, several recent studies also showed that nanoatrazine
results in a greater inhibition of photosynthesis in plants,
including Amaranthus viridis,36 Bidens Pilosa,36 Digitaria
insularis,37Zea mays L.,31 and Brassica juncea.15

The inhibition of photosynthesis in plants by atrazine was
accompanied by the generation of a large amount of ROS.23

The production of excess reactive oxygen species in plants
causes lipid peroxidation and damaged cell membrane
permeability, eventually resulting in death plants.38 Our results
revealed that a general concentration-dependent increase of
ROS production (i.e., O2

− and H2O2 contents) in plants was
observed in both NPATZ and ATZ treatments. Moreover,
ROS production and MDA content in roots were observed to
be higher than in the shoots, and more O2

− production in
roots was found in the long term exposure to the NPATZ-H
compared with the ATZ-H treatment. This indicates that roots
exhibited a higher susceptibility to long-term NPATZ exposure
than shoots. Considering that the nanoformulation is designed
to enhance the efficiency of the active ingredient,27 the
released atrazine could be initially absorbed on the root
surface, thus stimulating the ROS production in roots.15,39

It is well-known that excessive ROS production in plants
makes plants suffer from oxidative stress and even leads to
irreversible damage to proteins, lipids, chloroplastic pigments,
and DNA, thereby affecting normal cellular functioning.40 To
defend/counteract the excessive ROS production and maintain
the redox status, plants activate their antioxidant defense
systems for self-protection. The activities antioxidant enzy-
matic in plants, for example, Triticum aestivum L.,38 Pisum
sativum L.,41 and Pennisetum americanum (L.) K. Schum25 have
been found to depend on enzyme type and plant organ. Our
findings revealed that ATZ and NPATZ affected plants’
enzyme activity over time, depending on the enzyme types and
plant organs. The activities of all the tested enzymes in plant
roots were much higher compared to the activities in plant
shoots. This further indicated that roots suffered more severe
oxidative stress and exhibited more pronounced ROS
scavenging ability than the shoots. Moreover, we observed
that the stress-related enzyme activity (i.e., SOD, APX, GST,
and PPO) in plants roots increased in the short term but
decreased after long-term ATZ exposure. It has been reported
that as long as the stresses do not exceed the tolerance
threshold of plants, the antioxidant defense system in plants
can adapt to the oxidative stress and recover to some extent42

as the ATZ exposure time increases. However, the enzyme
activity of SOD, APX, CAT, GST, and PPO in NPATZ
treatment increased over time and these activities were
stronger as compared to ATZ treatment. The enzymes of
SOD, APX, CAT, and POD have been widely reported as the
first line of defense enzymes to eliminate the overproduction of
ROS in plants.17,40,43 The SOD can convert the superoxide
radical to H2O2 which can be further decomposed by the CAT,
APX, and POD into H2O.

17,29 In addition, the enzyme of GST

catalyzes the conjugation of the glutathione to xenobiotic
substrates via sulfhydryl groups, which then subsequently
lowers contaminant toxicity to the plant.29 The antioxidant
enzyme PPO, which converts phenols into quinones, is
associated with ROS removal and metal detoxification.29

This further indicates that the nanoformulation enhanced the
efficiency of the active ingredient,15,39 thus long-term exposure
of NPATZ induced more severe oxidative damage in plants.
In this study, the impacts of ATZ and NPATZ on plants’

elemental uptake were found to depend on the nutrient type,
plant organ, exposure concentration, and time. The displace-
ment of nutrients in plant roots was observed to be higher in
the shoots in both ATZ and NPATZ treatments. Root
exposure to contaminants in the rhizosphere could greatly
change the composition and content of root exudates, which
could in turn affect the uptake of nutrients in plants.44 In both
shoots and roots, we observed that the K content increased
transiently but decreased after long-term ATZ and NPATZ
exposure. The K is known to be involved in detoxifying oxygen
radicals and assist in maintaining cell membrane stability.45,46

The up-regulation of K in plants might be an action of lettuces
to defend itself against ROS-induced stress due to the NPATZ
and ATZ exposure. This can affect the response of plant roots,
as attachment of either NPATZ or ATZ directly or indirectly
blocks the channels of aquaporin proteins and metal transport,
and inhibits the uptake of mineral nutrients in plants.47,48 A
similar time-dependent trend of the concentration of K was
also observed for Mg, B, and Fe in plants roots exposed to
NPATZ and ATZ. This highlights that exposure time is
important in determining the effects of NPATZ and ATZ on
nutrient displacement in plants, and could be modified during
modification of the nanoformulations. In addition, the contents
of Cu and Fe in plant roots decreased after long-term exposure
to both NPATZ and ATZ. This finding is consistent with the
observations of decreased total chlorophyll as well as leaf wilt,
yellowing, and necrosis. Both Cu and Fe are involved in plant
leaf photosynthesis directly, and their deficiency can lead to the
impairment of electron transfer, leaf necrosis, and stunted
growth of plants.47,49,50 Notably, a significant decrease of the
concentration of Fe in plant shoots was only observed in long-
term NPATZ exposure, indicating the adverse effects of
NPATZ on the mineral nutrient uptake.
Comparing the impacts of ATZ and NPATZ on plants

growth, photosynthetic performance, ROS production, stress-
related enzyme activity, and elemental uptake, our results
demonstrated that NPATZ induced different adverse effects on
the lettuce plant compared to the conventional form when
evaluated in the same concentration, which can be explained
by the mode of action of the formulation with the plants and
soil. For example, the solubility and stability of the active
ingredient atrazine in the nanoformulation was enhanced as
compared to the conventionally administered atrazine. The
polymeric chains of the carriers will rearrange the release of
atrazine that is encapsulated in a nanosized polymeric shell
into soil by a combination of solvent diffusion and polymeric
relaxation which possesses and enhances the targeted delivery
of the active ingredient to plants. Importantly, one of the key
purposes of a nanoformulation is to effectively control the
target weed species with lower amounts of the required active
ingredient. For instance, Pereira et al. concluded that NPATZ
improved its pre-emergence herbicidal activity against the
target.5 Moreover, Oliveira et al. demonstrated that the
postemergence herbicidal activity of NPATZ was 10 times
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more effective than ATZ and the nanoformulation lowered the
required dosages of atrazine.15 Recently, Takeshita et al.
showed that NPATZ provided 2-fold higher weed control in
the field compared to commercial atrazine.51 In this study, if
we compared the impact of the NPATZ (the same used in
Oliveira et al.32) on lettuce plants at the lowest concentration
(NPATZ-L) with the conventional form in its highest
concentration (ATZ-H), a clear reduction in their toxicity
effects was observed since the formulation will be diluted 10
times. Therefore, herbicidal efficiency should also be linked to
study the impact of the nanopesticides, and not just compare
nanopesticides with its conventional form at the same
concentration. Moreover, the study of long-term impacts of
nanopesticides on the nontarget species as well as under-
standing the mechanism of action is essential to follow the
environmental risk assessment of nanopesticides.10 For
instance, our previous study also found that NPATZ improved
the biological activity of atrazine against the nontarget
rhizosphere bacterial community.18 One of the possible
reasons for the enhanced activity of NPATZ is attributed to
the higher mobility and bioavailability in the soil matrix, which
in turn improves their delivery efficiency to target and
nontarget organisms.15,18,39

In summary, our results indicate that the effects of atrazine
(ATZ) and the nanoformulation of atrazine (NPATZ) are
different. The nanoformulation inhibited the growth of lettuce
at the same extent as atrazine does in short-term exposure.
However, long-term exposure to high concentrations of
NPATZ induced stronger negative effects on the end points
selected being protein content, ROS productions, and
alteration of enzyme activities, as compared to nonencapsu-
lated form when applied in the same concentration. Addition-
ally, NPATZ and ATZ both induced displacement of nutrients,
for example, K, Fe, and Cu for plant growth, but the mode of
action of NPATZ and ATZ differed depending on the nutrient
element considered, plant organ, and exposure time. As the
long-term effects of nanoformulation has been confirmed, this
gives the opportunity to decrease the amount of required
pesticides by increasing the time of effect or even controlling
the time of effect using nanoparticles modification. Future
work regarding the agricultural application should explore the
optimal additional dose of nanopesticide toward achieving high
efficiency as well as low environmental impacts, which is an
important step to achieve its “green and clean” claims.
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