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ABSTRACT: Nanoparticles based on biodegradable polymers have
been shown to be excellent herbicide carriers, improving weed control
and protecting the active ingredient in the crop fields. Metribuzin is
often found in natural waters, which raises environmental concerns.
Nanoencapsulation of this herbicide could be an alternative to reduce
its losses to the environment and improve gains in its efficiency.
However, there is a paucity of information about the behavior of
nanoformulations of herbicides in environmental matrices. In this
study, the stability of nanoencapsulated metribuzin in polymeric
nanoparticles (nanoMTZ) was verified over time, as well as its
dissipation in different soils, followed by the effects on soil enzymatic
activity. The physiological parameters and control effects of nanoMTZ
on Ipomoea grandifolia plants were investigated. No differences were
verified in the half-life of nanoencapsulated metribuzin compared to a commercial formulation of the herbicide. Moreover, no
suppressive effects on soil enzymatic activities were observed. The retention of nanoMTZ in the tested soils was lower compared to
its commercial analogue. However, the mobility of nanoencapsulated metribuzin was not greatly increased, reflecting a low risk of
groundwater contamination. Weed control was effective even at the lowest dose of nanoMTZ (48 g a.i. ha−1), which was consistent
with the higher efficiency of nanoMTZ compared to the conventional herbicide in inhibiting PSII activity and decreasing pigment
levels. Overall, we verified that nanoMTZ presented a low environmental risk, with increased weed control.
KEYWORDS: nanopesticide, sorption−desorption, leaching, biodegradation, chemical control, soil enzyme activity

1. INTRODUCTION
Herbicides are the pesticides most commonly detected in the
environment due to the large volumes applied in cropping
fields.1 Several studies have reported the presence of
preemergence herbicides in groundwater and surface
waters,2−6 such as metribuzin (4-amino-6-tert-butyl-4,5-dihy-
dro-3-methylthio-1,2,4-triazin-5-one), which has been pointed
out as a potentially leachable compound, even though its
persistence in the environment is low.5,7 Metribuzin is one of
the organic microcontaminants most commonly found at high
concentrations in Brazil8 and was detected in 20 out of 113
freshwater samples (3−8 ng L−1).9 Moreover, metribuzin is
found at concentrations above the drinking water limits in
Europe (0.1 mg L−1),10,11 the United States,12 and Norway.13

Metribuzin is an acid herbicide (pKa = 1) of the triazinone
group, with high water solubility (SW = 1200 mg L−1),
moderate lipophilicity (log KOW = 1.7) and persistence (DT50
= 7−19 days), and high mobility in soils.7,14 It inhibits
photosystem II (PSII) and is indicated for the control of

broadleaf weeds and some grasses before and after emergence,
in soybean, tomato, potato, and sugarcane cropping fields.7

Metribuzin has been applied in lower doses (from 240 g a.i.
ha−1) to higher doses (up to 1920 g a.i. ha−1) in different
crops, such as potato, soybean, and wheat.15−18 For soybean,
metribuzin is applied at doses up to 480 g a.i. ha−1 in the
United States and Brazil, to avoid the potential phytotoxicity
induced by higher-dose applications.19,20

Moderate availability and the persistence of metribuzin in
soils are related to low levels of organic matter (OM) and clay,
as well as high pH.21,22 The effects on the growth and survival
of earthworms (Octodrilus complanatus) are reported for
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agricultural soils,23 in addition to suppressive effects on soil
microorganisms.24 In water, metribuzin has been described as
highly toxic to macrophytes and algae in mesocosm experi-
ments under laboratory conditions.25 For microalgae (Chla-
mydomonas reinhardtii), metribuzin caused an inhibitory effect
on photosynthetic activity due to the generation of reactive
oxygen species.26 Furthermore, metribuzin presents moderate
to high toxicity to mammals, birds, and fish.7 In humans, it can
induce negative effects in the reproductive system.7,27

Global concern about the risks of pesticides (such as
metribuzin) to humans and other nontarget organisms has
encouraged research into the development of polymeric
nanocarriers for pesticides, which could improve environment
protection.28−32 These nanocarrier systems are promising, as
they demonstrate biodegradability, low toxicity, lower environ-
mental impacts, and increased efficiency against target
organisms compared to their conventional analogues.33−36 In
addition, nanoencapsulation modifies the fate of pesticides
once released into the environment (such as mobility, sorption,
and degradation) so that controlled changes in formulation
properties are the key to achieving better targeting and
reducing losses of active ingredients into the environment.34

Recently, Diyanat and Saeidian37 verified the good efficiency
of poly(epsilon-caprolactone) (PCL) nanoparticles loaded
with metribuzin for the control of purslane (Portulaca oleracea)
and their safety for preemergence applications in soybean
crops. Nanoformulations demonstrated better performance on
weed control compared to their commercial formulations, even
at doses lower than those recommended for conventional
formulations.38−40 Results indicating that PCL nanocarrier
systems are potentially safer for nontarget organisms have also
been reported.41 Nonetheless, gaps in the behavior and fate of

these nanoformulations in the environment indicate the need
for further investigation.

The potential applications of nanopesticides are widely
reported in the literature.33−36 Knowledge on the fate and
behavior of nanobased pesticides in different environmental
matrices is essential for safer use of nanotechnology in
agriculture. Regulatory issues are identified as a major concern
for understanding the environmental life cycle of these new
products.42 Therefore, the applicability of methods to assess
the fate of pesticides in the environment needs to be tested and
validated for nanopesticides, considering that nanoparticles
may demonstrate different behavior and characteristics from
conventional active ingredients.43 Moreover, when analyzing
the behavior of nanopesticides in solutions and the soil matrix,
it is important to consider information on the characteristics of
the nanoparticles, such as those obtained with light scattering
and particle tracking methods.43 In addition, it is essential to
compare the characteristics of nano- and conventional
formulations of pesticides, which could help to improve the
design of the nanoparticles.44 Once released into the
environment, effects of nanoparticles and active ingredients
on soil quality must be evaluated in the context of risk
assessment toward sustainability. Some soil enzymes have been
shown to be sensitive to the presence of nanoparticles, acting
as environmental indicators for soil quality.45−47

Our group is dedicated to understanding the possible
mechanisms of action of nanoherbicides encapsulated into
PCL nanoparticles, such as atrazine.48,49 The uptake and
distribution mode of nanoparticles in plant tissues can be
affected by morphological and physiological traits of the plant,
in addition to the characteristics of the nanoparticles. More
information on the mode of action of a nanoformulation is

Figure 1. Size distribution and morphology of nanoMTZ nanoparticles and in vitro release profile of metribuzin. (a) Size distribution by DLS,
NTA, and AFM techniques; (b) AFM micrograph of nanoMTZ nanoparticles; (c) in vitro release profile of encapsulated and unencapsulated
metribuzin in PCL nanocapsules; and (d) adjustment of nanoMTZ release kinetics to the Korsmeyer−Peppas mathematical model.
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essential for complete understanding of the behavior of
nanopesticides in the environment and of their effectiveness
for weed control.50

Thus, this research aimed to (i) evaluate the behavior of
metribuzin encapsulated into PCL nanoparticles (nanoMTZ)
in three types of soil and (ii) compare the environmental fate
and effectiveness on weed control of nanoMTZ and a
commercial formulation of metribuzin (MTZ). For soil
studies, radiometric techniques (14C-metribuzin) were used
to mark and track the fate of nanoMTZ. Soil enzyme activities
were evaluated after the application of nanoMTZ and a
commercial formulation of metribuzin in soils. The efficiency
of preemergence application on Ipomoea grandifolia plants was
also assessed. This study aims to better understand how
nanoparticles can be developed to decrease environmental
impacts and increase the effectiveness of herbicide formula-
tions, contributing to the development of more sustainable
agriculture.

2. RESULTS AND DISCUSSION

2.1. Characterization of Nanoformulations Containing
Metribuzin

The suspensions of empty nanoparticles [without active
ingredient (a.i.)] and those containing metribuzin (nanoMTZ)
remained stable during the 120 days of monitoring (Figure
S1a). The mean hydrodynamic size of both the nanoparticles,

measured by the DLS technique, was 289 ± 3 nm. Identical
values of the polydispersity index (PDI) were also found (0.09
± 0.02), indicating monodispersed nanoparticles in the
formulation (Figure S1b). Considering surface charges, the
herbicide encapsulation did not seem to interfere with surface
chemistry, as ζ-potential values of −31.6 ± 0.3 and −32.3 ±
0.4 mV were obtained for nanoMTZ and, empty nanoparticles,
respectively (Figure S1c). With the variation in pH (2−11) in
an aqueous medium, the nanoparticles showed changes in
surface charges, expressed by the ζ-potential (Figure S1d), but
remained stable in terms of size and PDI, indicating good
chemical stability (Figure S1e). The size distributions
determined by nanoparticle tracking analysis (NTA) and
atomic force microscopy (AFM) for nanoMTZ were 223 ± 2
and 195 ± 35 nm (n = 39), respectively (Figure 1). These
values are slightly lower than those obtained by dynamic light
scattering analysis (DLS), however, they are inherent to the
techniques used, with evaluations in a more dilute medium
(NTA) and dry nanoparticles (AFM). Regarding morphology,
the micrograph obtained by AFM shows the spherical shape of
the PCL nanoparticles loaded with metribuzin. These results
are consistent with the literature, for the encapsulation of
atrazine in PCL nanoparticles.28,37,49 The nanoMTZ formula-
tion showed high encapsulation efficiency of the technical and
radiolabeled herbicide (74.8 ± 0.5 and 82.5 ± 0.1%,
respectively) (Table S1), confirming the stability of this
nanoformulation. Diyanat and Saeidian,37 following the

Figure 2. Availability of nanoMTZ and MTZ formulations in soils (clay (a) SL-1 (b), and SL-2 (c)) in soils over 28 days. Bars indicate the mean ±
standard error of the mean of extracted residue (bioavailable metribuzin in soil). Different lowercase letters indicate significant differences between
formulations within the same soil, while different uppercase letters indicate significant differences between soils for the same formulation, by
Tukeyʼs test (p < 0.05), for each incubation time. Asterisks in the columns indicate interaction of soil and formulation factors for determining soil
herbicide availability, for each incubation time (p < 0.05).
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stability of PCL nanoparticles as carriers of metribuzin, also
verified characteristics similar to those shown in the current
study. Compared with nanoformulations of atrazine, a more
hydrophobic herbicide than metribuzin, the systems were
similar with respect to characteristics as a function of time, but
the encapsulation efficiencies for atrazine and 14C-atrazine
were approximately 15 and 10% higher than nanoformulations
with metribuzin and 14C-metribuzin, respectively.28,49

In vitro release kinetics for unencapsulated metribuzin
showed that herbicide migration to the acceptor medium is
rapid, with a percentage release >94% in 24 h (Figure 1c).
Nanoencapsulation altered the release profile of metribuzin,
reducing its release rate to the acceptor medium, and causing
the release percentage to reach values of around 70% within 24
h. A more expressive variation occurred between the systems in
the initial 8 h when the percentage of release for nano-
encapsulated metribuzin was 40−45% lower than that of
unencapsulated metribuzin. Release profile data for nanoMTZ
were fitted to the Korsmeyer−Peppas mathematical model
(Figure 1d). The correlation coefficient (R2 = 0.9916)
indicated that the model was suitable for analyzing the
cumulative release rate of metribuzin below 60%, with the
constant K value being 1.87 × 10−3 min−1. The value
determined for the release exponent (n) was 0.9045, indicating
that the release of metribuzin from the nanoMTZ, through the
cellulose membrane involved an anomalous Type II transport
mechanism (0.85 < n). Volova et al.18 also reported a similar
release mechanism for metribuzin encapsulated in poly(3-
hydroxybutyrate) microparticles. In this mechanism, the
release rate is controlled by the swelling and relaxation of
the polymer matrix, which occurs soon after the imbibition of
water in the system.28,51,52

2.2. Biodegradation Assay

The bioavailability of 14C-metribuzin (as nanoMTZ and
commercial MTZ) in soils decreased over the 28 days of
incubation (Figure 2). After 21 days of incubation, there was a
significant interaction between soil and formulation types,
which affected the availability of the herbicide in the soil. Up to
14 days of incubation, the soil factor was responsible for the
greatest differences in herbicide availability. For clay soil, 42.92
± 0.15% (nanoMTZ) and 42.67 ± 0.05% (MTZ) of the
herbicide was bioavailable at the end of the incubation period
(Figure 2a). Smaller amounts of 14C-metribuzin were found in
SL-1 (15.70 ± 0.09% nanoMTZ and 13.99 ± 0.13% MTZ)
(Figure 2b) and SL-2 (19. 32 ± 0.11% nanoMTZ and 18.82 ±
0.28% MTZ) (Figure 2c), at the end of the same period. After
21 days of incubation in SL-1, nanoMTZ was more available
compared to the commercial metribuzin (p < 0.05). At 28 days
of incubation, the same pattern was observed for SL-2. Acidic
herbicides, such as metribuzin (pKa = 1), show greater
availability (lower retention) in soils with pH > pKa (Clay soil,
Table S2), where they remain in the anionic form.7,53,54

NanoMTZ showed similar bioavailability compared to the
commercial formulation. These results were evidenced mainly
for the clay soil, with higher sorption sites (clay content, OM,
and cation exchange capacity�CEC) (Table S2). The
negative charges of PCL nanoparticles could promote lower
retention due to electrostatic repulsion caused by soil
charges.55 In the present study, a ζ-potential of ∼−30 mV
was found for nanoMTZ. Furthermore, this retention may be
influenced by the greater affinity of the herbicide molecule
with the PCL nanoparticles than with the soil components.56

From the portions of herbicide extracted from the soil over
the 28 days of incubation, the data were fitted to first-order
kinetic models and the active half-lives were then calculated for
each soil and formulation type (Table 1). The DT50 values

were similar among the soils and the formulations (11.36 to
17.55 days), indicating that nanoencapsulation did not
interfere with the metribuzin persistence in the environment.
Kah et al.57 found that PCL nanoparticles also did not affect
the degradation kinetics of the herbicide atrazine. The same
authors indicated that the herbicide release could have
occurred faster than the degradation kinetics by the carrier
and/or that the herbicide associated with the nanoparticle
could undergo biotic or abiotic degradation in the soil.

Persistence and degradation are dependent on factors such
as temperature, humidity, and soil type. The persistence data
found in this study are close to the values found in the
literature for metribuzin (19 to 138 days), although in most
studies degradation occurred more quickly in the soils
(especially in the first month following the pesticide
application).15,58−60 Nanoformulations are reported to increase
the half-life of pesticides in the environment, indicating greater
availability over time, as well as to protect pesticides from
degradation.34,61 However, in the present paper, no effects of
nanoparticles on the persistence of metribuzin in soils were
verified, even with a slower and modified release of the
herbicide by the PCL nanoparticles. Kah et al.62 also found
similarities between the half-life of a nanoencapsulated
insecticide and the commercial formulation in contrasting
soils. The degradation of active ingredients seems to be little
affected by nanoencapsulation, although photodegradation
might be reduced, prolonging the protection of active
ingredients by nanoformulations.34

The formation of bounded residue (portion of herbicide or
its metabolites strongly retained in the soil) increased during
the degradation of metribuzin in all soils, for both formulations
(54−70% in relation to the total applied) (Table S3), possibly
due to higher energy chemical interactions, such as the
formation of covalent bonds, and physical trapping of more
polar molecules, such as metribuzin.63 In addition, some of

Table 1. Biodegradation Parameters of the
Nanoformulation and Commercial Formulation of 14C-
Metribuzin, 28 after Incubation, in Different Soils

formulation

parameters soil nanoMTZ MTZ

C0 ± sea (%) clay 89.14 ± 8.94 91.14 ± 6.56
SL-1 84.10 ± 14.76 90.63 ± 12.89
SL-2 84.20 ± 14.93 84.29 ± 15.75

k ± se (day−1) clay 0.0417 ± 0.0095 0.0406 ± 0.0067
SL-1 0.0395 ± 0.0161 0.0610 ± 0.0173
SL-2 0.0483 ± 0.0182 0.0485 ± 0.0193

R2 clay 0.88 0.93
SL-1 0.67 0.83
SL-2 0.71 0.68

p-value clay <0.1 <0.1
SL-1 <0.1 <0.1
SL-2 <0.1 <0.1

DT50 (days) clay 16.62 17.07
SL-1 14.35 14.29
SL-2 17.55 11.36

aStandard error of mean (n = 2).
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these strongly retained compounds may be products of
herbicide transformation in the environment, considering the
low herbicide retention in the soil.22,64,65 However, any formed
residues did not affect the degradation and mineralization rates
of metribuzin, regardless of the soils and formulations tested.

More than 40% of the 14C fractions of the a.i. extracted from
the soil after up to 7 days of incubation were derived from
parental 14C-metribuzin. The other fractions were divided into
up to five metabolites identified by thin-layer chromatography
(TLC), with increasing percentages of metabolites with time
(Figure S2). The nature of the metabolites was not identified
in this study, due to the absence of proper 14C-standards. The
European Food Safety Authority (EFSA) risk analysis report66

for metribuzin indicated diketometribuzin and desamino-
diketometribuzin as relevant products of metribuzin trans-
formation. These products are also considered as moderately
and little persistent in the environment and of low risk to soil
organisms. Mutua et al.60 verified the presence of these same
metabolites in soils exposed to metribuzin over 63 days of
incubation, with an accumulation close to 30% for each
metabolite, mainly in soils treated with organic waste. There
was no interference of encapsulation of metribuzin in the
transformation of 14C-metribuzin in the studied soils, so that
the formation of degradation products from the a.i. was similar

for all soils, indicating the release and availability of the active
ingredient for further degradation.

The formation and accumulation of 14CO2 (mineralized
herbicide) during the herbicide incubation period for
nanoMTZ was 6.98 ± 0.48% in clay soil, differing from the
commercial formulation that showed 11.83 ± 0.72% of 14CO2
(p < 0.05) (Table S3). For SL-1, metribuzin mineralization
was more pronounced compared to other soils (p < 0.05), with
∼19% mineralized herbicide at the end of 28 days of
incubation (Table S3). In this same period, the SL-2 soil
presented 14CO2 accumulation of 14.86 ± 0.06% and 13.54 ±
0.20% for nanoMTZ and MTZ, respectively (Table S3). It is
important to emphasize that in soils with lower clay contents,
the nanoMTZ presented similar mineralization to the soils
treated with MTZ, indicating that the soil microbiota
participated in the degradation of the active ingredient in a
similar way, regardless of the nanoform. The mineralization
rates in all studied soils were <20% of total metribuzin applied,
over 28 days of incubation, depending on the soil type as well
as the applied formulation (Figure 2). Guimarães et al.15 also
found slow mineralization of metribuzin over 70 days of
incubation (3.20% of the total 14C-metribuzin applied) in
different soils, where a large part of the herbicide trans-
formation was due to the formation of metabolites in the soil.

Figure 3. Enzymatic activity of the clay (a), SL-1 (b), and SL-2 (c) soils, normalized in relation to the control (dashed line, i.e., samples without the
addition of nanoparticles and pesticides). Error bars indicate the standard deviation (biological replicates n = 3, technical replicates n = 6). For
enzymatic activities, significant differences from the control (Tukeyʼs test, p < 0.01) are indicated by an asterisk (*). DAA = days after application
of the treatments.
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2.3. Soil Enzyme Activity Assays

Soil enzyme activities showed some significant differences
between control (samples without addition of nanoparticles
and herbicides) and treated samples (p < 0.01) (Figure 3). For
clay soil (Figure 3a), activities of Mub-C, Mub-P, and Mub-S
were significantly different for nanoMTZ and PCL at 28 days
after application (DAA). Soils exposed to MTZ showed
significantly different activities of Mub-P and Mub-S
significantly different to those of the control samples at 14
and 28 DAA, respectively. For SL-1 soils (Figure 3b), no
significant differences between the control soils and those
exposed to the different treatments were verified at p < 0.01.
For SL-2 soils (Figure 3c), significant differences between
control samples and those exposed to nanoMTZ were verified
at 14 DAA for Mub-C.

Metribuzin is rapidly biodegraded in soils, however, it can
precipitate negative effects on soil microorganisms, including
changes in microbial composition.67 In a previous study, MTZ
did not affect the number of proteolytic microorganisms in
loamy soil but significantly reduced the population after 7 days
of exposure to a high concentration of the a.i. (1200 mg
kg−1).68 In the present article, when using the MTZ
concentration recommended by the manufacturer, no systemic
or extensive effects of the a.i. (pure or encapsulated) were
verified for the soil enzymatic activities. The absence of effects
of PCL nanoparticles on bioavailability, mineralization,
mobility, and persistence of the a.i. in the three investigated
soil types (Figure 2, Tables 1 and 2) may account for the
reduced evidence of a clear pattern between the effects of
MTZ and nanoMTZ on the tested soil enzymatic activities.
Kah et al.62 also found no major differences between

Table 2. Sorption and Desorption Parameters of Nanoformulation and Commercial Formulation of 14C-Metribuzin in
Different Soilsa

nanoMTZ MTZ

parameters clay SL-1 SL-2 clay SL-1 SL-2

Sorption
Kd (mL g−1) 0.90 ± 0.02 bB 1.04 ± 0.01 bA 0.52 ± 0.02 bC 1.24 ± 0.03 aB 1.37 ± 0.04 aA 0.65 ± 0.04 aC
KOC (mL g−1) 32.81 ± 0.59 199.29 ± 1.81 52.71 ± 1.70 45.29 ± 0.97 264.21 ± 7.32 65.71 ± 4.29
Kf (mL g−1) 0.67 ± 0.01 0.83 ± 0.03 0.44 ± 0.03 1.25 ± 0.02 1.30 ± 0.01 0.62 ± 0.01
1/nsorption 0.88 ± 0.01 0.90 ± 0.02 0.92 ± 0.04 0.98 ± 0.01 0.97 ± 0.01 0.96 ± 0.01
R2 0.99 0.99 0.99 0.99 0.99 0.99
% sorptionb 47.24 ± 0.45 50.88 ± 0.22 34.26 ± 0.73 55.43 ± 0.53 57.84 ± 0.53 39.37 ± 1.56

Desorption
Kd (mL g−1) 2.28 ± 0.06 bB 2.52 ± 0.00 bA 1.50 ± 0.08 bC 1.24 ± 0.02 aB 3.23 ± 0.05 aA 1.96 ± 0.07 aC
KOC (mL g−1) 83.44 ± 2.09 484.60 ± 0.82 157.01 ± 7.65 107.72 ± 0.71 620.41 ± 10.12 198.23 ± 7.11
Kf (mL g−1) 1.62 ± 0.03 1.96 ± 0.22 1.13 ± 0.07 2.74 ± 0.23 2.49 ± 0.23 1.72 ± 0.14
1/ndesorption 0.90 ± 0.01 0.93 ± 0.03 0.93 ± 0.03 0.98 ± 0.02 0.92 ± 0.03 0.95 ± 0.02
H 0.98 0.97 0.99 1.00 1.05 1.01
R2 0.99 0.99 0.99 0.99 0.99 0.99
% desorptionc 38.74 ± 0.57 36.44 ± 0.04 47.28 ± 1.10 32.96 ± 0.11 30.96 ± 0.11 41.54 ± 0.98

aValues correspond to the mean ± standard error of the mean (n = 2). Lowercase letters indicate the difference in the formulations within each soil,
and uppercase letters indicate the difference in each soil within each formulation, by Tukeyʼs test (p < 0.05). Kd = sorption−desorption coefficients,
KOC = organic carbon normalized sorption−desorption coefficients, Kf = soil−water distribution coefficients (Freundlich coefficients), and 1/n =
slope of the Freundlich curve. bPercentage of total assets applied to the soil. cPercentage in relation to the total asset remaining in the soil after
sorption.

Figure 4. Percentages of 14C-metribuzin sorbed (a) and desorbed (b) from the nanoMTZ and MTZ formulations applied to soils (clay, SL-1, and
SL-2). Bars represent the mean ± standard error of the mean (n = 2) of each factor (soil and formulation) separately. Different lowercase letters
indicate significant differences among the soils, while asterisks represent significant differences among the formulation types by Tukeyʼs test (p <
0.05). The interaction of factors was not significant according to the variance test (F > 0.05).
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dehydrogenase activities in soils exposed to pure bifenthrin or
bifenthrin encapsulated into polymeric nanoparticles.

Although all metribuzin concentrations in soils reached
<10% of the total mass initially added after 28 days (Table S4)
and the metribuzin degradation by the soil microorganisms did
not appear to be greatly affected by the formulation type. Soils
exposed to nanoMTZ showed a higher number of significant
differences in soil enzymes (p < 0.01) compared to those
exposed to MTZ. The slightly lower retention of the a.i. when
encapsulated into the polymeric nanoparticles compared to the
commercial formulation of MTZ (Figure 4a) might be
responsible for these apparently slightly more pronounced
effects of the nanoherbicide on soil enzymes since the a.i. may
be more bioavailable to the microbiota.

It is also noteworthy that the effects of the treatments on the
soil enzymatic activities generally occurred after 14 DAA, being
stimulant at 14 DAA (for Mub-P of clay soil exposed to MTZ,
and Mub-C for SL-1 exposed to nanoMTZ), after which the
enzyme activities are suppressed at lower levels compared to
those of the control soils, especially in the case of exposure to
nanoMTZ at 28 DAA, indicating possible risks to the soil
bacteria. In the current paper, the initial increase in enzymatic
activity may be related to the availability of organic substrates
for soil microorganisms,69 such as products from the
degradation of PCL nanoparticles and MTZ, as well as to
the slow release of the a.i. from the nanoparticles (Figure 1),
acting thus as a source of organic substrates for the soil
microbiota over time. In addition to the supplemental energy
source and the addition of a pollutant that might cause harm to
the microorganisms, stimulatory or suppressive effects on soil
enzymes can also be considered as changes in the soil
microbial community, or an indication of microbial adaptation
to the products.70,71

For better comprehension of nanoparticle effects in the soil
microbiota, validation of environmental indicators for nano-
pesticides is necessary, which can aid safe use of these new
nanoproducts.47,72 In this article, Mub-C, Mub-P, and Mub-S
indicated significant effects at 28 days following the application
of the nanopesticide in the clay soil, acting thus as potential
environmental indicators for the presence of a nanopesticide in
agricultural soils. Further research is needed to improve the
comprehensive risk assessment of these novel products.
Experiments could involve field tests to reproduce the effects
of nanoformulations on soil enzymes under more realistic
conditions. Multiple applications of the nanoherbicide over
consecutive production cycles and genomic analysis of the
microbial community composition could also be evaluated, to
ensure environmental safety and protection of human health.47

2.4. Retention and Mobility Tests of the Nanoformulations
in the Soils

The sorption kinetics of nanoMTZ and MTZ formulations in
soils showed similar behavior (herbicide sorption > 70%), over
48 h of incubation (Figure S3). The formulations were sorbed
immediately after reaching the soils, attaining sorption stability
24 h after their application (>88% of the total sorbed during
the kinetic test).

The sorption isotherms for nanoMTZ and MTZ, repre-
sented by Kf and 1/n values, presented linear behavior for the
different soils tested, according to the classification by Giles et
al.73 (1/n or slope of curves close to 1) (Table 2 and Figure
S4). The Kd values indicated lower sorption for nanoMTZ
(0.52−0.90 mL g−1) compared to MTZ (0.65−1.37 mL g−1)

for all soils (p < 0.05). The same behavior was found for the
soil with lower clay content for nanoMTZ and MTZ (SL-2;
0.65 ± 0.04 mL g−1). In soils with higher clay content (Clay
and SL-1), sorption was significantly higher (p < 0.05).
However, in all of these scenarios, Kd and Kf values indicated
low retention of 14C-metribuzin, whether or not nano-
encapsulated (Table 2). The Freundlich coefficient (Kf) and
isotherms are very important to describe the behavior of
pesticide molecules in the soil since the concentrations of
pesticides can be different in the environment. Kd is also
important because it represents the behavior of this pesticide in
a specific scenario (such as soil type, crop system, and
environment), considering a recommended dose. In both
coefficients, the increase in values represents the increase in
herbicide sorption in the soil. Rigi et al.22 reported that
metribuzin sorption (Kf) in different soils increased with the
herbicide concentration, indicating nonsaturation of sorption
sites. The Kf values found in the literature for metribuzin are
consistent with those found in the present study, indicating low
retention of the herbicide in the soils.22,74−76 Even though
metribuzin retention was low, it may be associated with clay
fractions and soil OM (considering that iron and aluminum
oxide fractions can be more present in tropical soils).22,77−80

The low sorption of the acid herbicide metribuzin can also be
explained by the fact that it occurs in its anionic form when pH
> pKa,

53,54,81 as in the studied soils. For the nanoMTZ, which
showed the lowest sorption by soils, a repulsion between the
nanoparticles with a negative surface and the negatively
charged soil particles could have occurred. These results
were also observed by Rashidipour et al.82 for Pectin/
Chitosan/Tripolyphosphate nanoparticles as carriers of the
herbicide paraquat, which had a negative charge (−24.3 mV)
conferred by anionic pectin and tripolyphosphate.

Higher KOC values were found for SL-1 (199.29 ± 1.81 for
nanoMTZ and 264.21 ± 7.32 for MTZ) (Table 2). Therefore,
even though SL-1 had the lowest organic carbon (OC) content
among the tested soils, OC had greater effects on metribuzin
retention compared to the other mineral soil components.
Furthermore, the KOC data also suggest that the mobility of
metribuzin when associated or not with nanoparticles was
similar. Mobility classifications of the pesticide in soil adopted
by regulatory agencies around the world indicated that
metribuzin is a very mobile herbicide.66,83−85 Considering
the FAO (2000) classification, nanoMTZ and MTZ are
categorized as moderately mobile to mobile in soils (log KOC
1.51−2.29 and 1.66−2.42, respectively, calculated based on
data presented in Table 2). The risk analysis presented by
EFSA66 in the European Union indicated MTZ as a highly
mobile pesticide in soils, based on the KOC values (Table 2),
which may also be applicable to nanoMTZ. In Brazil, according
to the classification given by the Brazilian Institute for the
Environment and Renewable Natural Resources (IBAMA),85

metribuzin is considered to be of low adsorption, based on Kf
data (0−5 mL g−1), for both the commercial MTZ and the
nanoMTZ (Table 2).

Desorption Kd values were between 0.52−1.04 mL g−1 for
soils treated with nanoMTZ and 0.65−1.37 mL g−1 for soils
treated with MTZ (Table 2), differing significantly from each
other (p < 0.05). Desorption was more pronounced in SL-1 for
both formulations (desorption KOC of 484.60 ± 0.82 for
nanoMTZ and 264.620.41 ± 10.12 for MTZ), possibly due to
fewer sites for sorption in this soil, allowing weaker and more
reversible connections between both formulations and the soil
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particles (hysteresis values, H, close to 1). The SL-1 soil
presented the lowest CEC among the tested soils, and its sites
were also largely saturated (Table S2). The desorption
behavior was also linear (1/n close to 1) as in sorption,
showing that the resuspension of the a.i. in the soils, either as
nanoMTZ or commercial MTZ, occurs as a function of their
concentrations in the medium (Figure S4). Herbicides with
low sorption have greater desorption capacity.86 Considering
that acidic herbicides have weak interactions with the soil,81

resuspension of metribuzin in the soil solution is expected, as
observed in this study.

The percentage of a.i. sorbed into the soil did not show
interaction effects between the soil and formulations, and only
the isolated effect of these variables was verified (Figure 4).
More details of sorption−desorption percentages are available
in the Supporting Material (Table S4). SL-1 showed the
highest retention capacity of metribuzin (54.36 ± 2.03%),
followed by clay soil (51.33 ± 2.38%) (Figure 4a). Only 36.81
± 1.63% of the herbicide was retained in the sandy soil (SL-2).
Part of the product retained in the soil returned to the solution,
suggesting bioavailability to the soil microbiota and to plants,
and favoring dissipation in the environment. More than 70% of
the total a.i. initially retained in the soil returned to the soil
solution of the SL-1, while for the other soils, only between 55
and 59% of the metribuzin was available in the soil solutions
(Figure 4b). In total, 6.7% less retention of the nano-
formulation was verified in soils compared to the commercial
formulation of metribuzin (Figure 4a). Due to its lower affinity
with the soils, 69.63 ± 6.39% of the total nanoMTZ initially
retained returned to the soil solution, compared to 54.61 ±

1.29% for MTZ (Figure 4b). In addition to surface charges, the
increased solubility of metribuzin given by encapsulation into
polymeric nanoparticles can also contribute to the greater
availability of nanoMTZ in the soil solution, which might
reflect the greater number of statistically significant differences
found for soils exposed to nanoMTZ in relation to the control
samples compared to the soils exposed to PCL and MTZ (p <
0.01, Figure 3; p < 0.05, Table S4). The increased solubility of
metribuzin when encapsulated into PCL particles might occur
because the surface of these polymeric nanocapsules is
stabilized in water by the surfactant polysorbate 80, despite
the oil core and hydrophobic characteristics of the polymer.49

The surfactant plays an important role in the hydrophilic-
lipophilic balance of nanoformulations, giving the nano-
particles an amphiphilic character.87,88 Thus, the interaction
of polysorbate 80 with nanoparticles keeps its polar head facing
the aqueous medium, which improves interactions with the
aqueous medium and, consequently, its solubility.

There was no interaction effect between the variables depth
and type of formulation on the mobility of the a.i. in each soil,
when testing each soil separately (Figure 5). The formulations
were similarly retained in the first 10 cm of the soil profile
(60.84 ± 1.66%). Values >87% of the total herbicide were
concentrated in the first 20 cm, which suggests a greater
presence in the seed bank, conferring greater weed control.
Only 7.17 ± 3.74% of the herbicide was distributed in the
deeper portions of the soil. However, the 14C-metribuzin
collected in the leachate did not exceed 0.60 ± 0.01% for the
nanoMTZ, and 0.63 ± 0.02% for the MTZ, after 48 h of
simulated rain. These results indicate low mobility of the

Figure 5. Mobility of nanoMTZ (a) and MTZ (b) formulations in the soil profile (clay, SL-1, and SL-2). Bars represent the mean ± standard error
of the mean (n = 2). Different lowercase letters indicate significant differences between the depths for each soil separately, according to Tukeyʼs test
(p < 0.05). Symbols can cover up error bars.
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formulations in the soil profile (beyond 30 cm in depth), even
in extreme conditions of rainfall and low soil retention. For
both formulations, Diyanat and Saeidian37 found herbicide
retention at a depth of 5−10 cm of the soil profile, with a
reduction in the presence of nanoMTZ at a depth of 10−15 cm
(0.06%) compared to commercial metribuzin (8.03%).
Fernańdez-Peŕez et al.89 found a reduction in metribuzin
contents in the leachate solution using a lignin-based
formulation of metribuzin. Maqueda et al.90 also pointed out
a reduction in the concentration of metribuzin in the soil
profile using a clay-gel matrix formulation.

For polar compounds, such as metribuzin, sorption
mechanisms can occur through ion exchange, charge transfer,
ligand exchange, and cationic or salt bridges in aqueous
medium.78 The PCL-based metribuzin nanopesticide also has
polar characteristics, mainly due to the surfactants responsible
for the stability of the nanoparticles in water. For PCL-based
atrazine nanopesticide, Pereira et al.29 reported that the
nanocapsules increased the mobility of the a.i. in soil due to its
reduced adsorption in the soil compared to the commercial
formulation. However, the same authors found that this
increase in the availability of the a.i. in the soil was beneficial,

as there was an increase in the effectiveness of control of the
target organism due to the nanoencapsulation of the pesticide.
Similar results were found for metribuzin in this article,
indicating that the polarity characteristics of PCL nanoparticles
promote higher herbicide solubility and availability in soil
without increasing the risks of groundwater contamination.
2.5. Weed Control and Inhibition of Physiological
Parameters

At 14 DAA, effective control of I. grandifolia could be observed
in nanoMTZ and MTZ for the highest dose (480 g a.i. ha−1),
and nanoMTZ for the lowest dose (48 g a.i. ha−1) (Figure 6b).
The effects of the nanoMTZ formulation (480 g a.i. ha−1) in
reducing the number of live plants were detected from 7 DAA
onward, compared to the other treatments (Figure S5a). The
initial similarity in the number of live plants among the
treatments, at 3 DAA (Figure S5a), was consistent with plant
germination, which occurred between 3 and 7 DAA.
Furthermore, the effects of metribuzin, a PSII inhibitor, were
already expected from 7 DAA onward (Figure 6a). At 14 DAA,
the nanoMTZ and a commercial MTZ induced a reduction of
94% in the number of plants compared to the control when
applied at the highest dosage, followed by application of the

Figure 6. Physiological parameters (a) at 7 days after treatment application (DAA), and control at 14 DAA (b), of I. grandifolia plants with the
application of nanoMTZ and MTZ. The multispectral images of the I. grandifolia plants at 7 DAA are displayed on the left (b), representing the
values plotted in the graphs presented in the Supporting Material (Figure S5).
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nanoMTZ diluted 10 times (52%). PCL nanoparticles and 10-
fold diluted commercial MTZ showed similar responses to the
control samples for all evaluated days, indicating no effects of
these treatments on the number of plants. Plants treated with
nanoMTZ formulations (regardless of the dose) and
commercial MTZ (480 g a.i. ha−1) induced similar reductions
in shoot and root dry masses compared to the control samples
(around 67 and 65% for shoot and root dry masses,
respectively) (Figure S5b). In contrast, the decreases in root
and shoot dry masses induced by MTZ at 48 g a.i. ha−1 were
much less intense (23.9 and 22.7% relative to the control).
These results indicate that the encapsulation potentiated the
activity of the herbicide metribuzin in relation to commercial
MTZ, allowing maintenance of its activity even when applied
at a reduced dosage (48 g a.i. ha−1). These results were
corroborated by the analysis of the physiological parameters of
the plants (Figure S5b). The nanoMTZ and MTZ (at 480 g a.i.
ha−1) led to the same steep inhibitions of PSII activity and
chlorophyll a and anthocyanin indices (by 77.9, 46.3, and
47.3% in relation to the control). However, when the 10-fold
lower dosage was used, a difference between nanoMTZ and
MTZ was observed. While nanoMTZ at 48 g a.i. ha−1 inhibited
the PSII activity by 36.7%, the inhibition induced by MTZ at
this dosage was 10.9%. Regarding the chlorophyll a and
anthocyanin indices, both were negatively affected by
nanoMTZ at 48 g a.i. ha−1, but not by MTZ at this dosage.
The PCL nanoparticles without the a.i. did not induce a
reduction in shoot and root mass of plants at 14 DAA
compared to the control samples or affect the physiological
parameters of the plants (Figure S5b).

The effectiveness of PCL nanoparticles as a carrier system
for atrazine, aiming at weed control has been evidenced by
previous studies from our group.29,38−40,91 Even when applying
10-fold lower doses of the nanoformulation, the pre- and
postemergence herbicidal activity of atrazine against suscep-
tible weeds was not compromised.38,39,91 In the present
research, the MTZ incorporation into PCL nanoparticles was
also shown to potentiate the preemergent herbicidal activity
against I. grandifolia plants. The nanoMTZ induced an earlier
decrease in the number of live plants compared to commercial
MTZ. Moreover, when both formulations were applied at a 10-
fold lower concentration, nanoMTZ showed a higher decrease
in dry mass accumulation and inhibition of physiological
parameters than commercial MTZ. The QB-binding site on the
D1 protein of PSII is the primary target of MTZ in plants,
which acts by interrupting the electron transport from QA to
QB.

92,93 This action, in addition to decreasing CO2
assimilation, leads to the generation of reactive oxygen species,
which cause oxidative damage to different cellular components,
including chlorophylls and anthocyanins. Both the compro-
mised carbohydrate synthesis and the induction of oxidative
stress are related to the decrease in biomass accumulation and
to the plant mortality.94

Previous studies have reported a higher uptake rate of
organic compounds by plant roots due to the negative charge
of nanocarriers.95,96 Positively charged nanoparticles tend to
adhere more to the soil particles and the root tissue surface
(both negatively charged), while negative particles, such as
nanoMTZ (∼−30 mV), may have lower soil retention (Table
2) and better penetration through symplastic and apoplastic
pathways into the roots, being transported by vascular tissues
to the shoot.50,97−100 Therefore, the greater the herbicide
uptake, the more a.i. can reach the site of action and promote

weed control.49 Diyanat and Saeidian,37 using a PCL
nanoparticle as a carrier of metribuzin (size of 263 nm, PDI
of 0.32, and ζ-potential of −27 mV), obtained reduced
germination of P. oleracea plants with the preemergence
application of nanoMTZ (600 g a.i. ha−1) in relation to the
plants exposed to a commercial formulation and to untreated
samples. However, when the control efficiency was measured
(shoot and root dry masses), differences were not observed
between treatments. The authors indicated that the dose used
may have been sufficient to quickly and completely prevent
plant growth, without affecting the mass after 14 DAA. In the
present study, using other doses (480 and 48 g a.i. ha−1), lower
than those used by Diyanat and Saeidian,37 differences were
observed in control and physiological parameters. It is
noteworthy that even at a higher recommended dose (600 g
a.i. ha−1), the authors found that the genotoxicity in onion cells
was reduced with the nanoencapsulation of metribuzin.
Furthermore, they did not observe side effects in the crop
(soybean).

Weed control using lower doses of herbicides than the
conventional formulations is one of the main objectives of
developing nanobased formulations. For Wu et al.,101 studies
such as the one presented in this article are needed to better
understand the interaction between a nanoherbicide, a target
species, and the environment, so that the development of
effective and environmentally safe nanopesticides is possible.
In our study, nanoMTZ showed similar environmental
behavior to MTZ and low risks to soil enzymes. The dose of
nanoMTZ diluted to 1/10 was effective in controlling I.
grandifolia and points to the possibility of reducing the dose of
nanoMTZ. Nanoformulation improves the targeting of the a.i.
to the site of action, maintaining the productʼs efficacy even
with a reduction in the applied dose, reducing therefore the
amount of a.i. needed for crop protection.91 The use of lower
doses of herbicides is desirable as it reduces the long-term
effects of residues of these herbicides in agricultural areas and
the toxicity to the environment, maintaining the sustainability
of agricultural production.102,103 In this sense, nanoMTZ
demonstrated the potential to be used in the production
system at reduced doses, characterizing an efficient and
sustainable tool for weed control. Studies with further
scenarios, using other crop species and weeds, are necessary
before introducing these nanoformulations into crop systems.

3. CONCLUSIONS
Nanoencapsulation had no effects on the environmental fate of
metribuzin, which was similarly available for degradation,
retention, and transport processes between the nanoformula-
tion and the commercial formulation in the different soils
tested. The bioavailability of the a.i. for degradation in the soil
was not altered, indicating that soil microorganisms possibly
use the polymer nanoparticles and the herbicide as a source of
energy, enabling processes of biodegradation that were
corroborated by the stimulating effects on the soil enzymatic
activities. Significant effects of PCL, nanoMTZ, and MTZ for
soil enzymes were reported 14 days after their application in
the soils, especially for the clay soil, indicating microbial
adaptation to the products. The retention of all formulations
occurred linearly, so that the sites in the soils were not
saturated, regardless of the soil. The mobility of the
nanoformulation occurs to a great extent up to 20 cm from
the soil surface, which is considered as the seed bank and area
of the main action of herbicides applied in preemergence.
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Despite the distribution in the soil profile, the nanoformulation
did not present risks for groundwater contamination. The
greater bioavailability of the nanoMTZ in soil was confirmed
by the greater control of weed plants, obtained even at the
dose 10 times lower than the recommended dose, indicating
efficiency in the delivery of the herbicide to the plants by PCL
nanoparticles. Considering this dose reduction and increased
control effectiveness, smaller amounts of a.i. will be available
for dissipation in the environment.

4. MATERIALS AND METHODS

4.1. Materials
Polycaprolactone (Mn ∼ 80,000 Da), sorbitane monostearate (Mw:
430.63 g mol−1), and polysorbate 80 (Mn ∼ 1310 Da) were
purchased from Sigma-Aldrich (Sigma-Aldrich, Chem. Co.) and
caprylic/capric triglyceride (Myritol 318) from Basf Co. Ltd, Brazil.
Technical-grade metribuzin (95%) and the conventional formulation
(Sencor 500 CG), 14C-metribuzin (95%) with a specific activity of 2.3
Bq mg−1 (American Radiolabeled Chemicals, Inc., St. Louis, MO),
and scintillation solution (Ultima Gold, PerkinElmer, Waltham, MA)
were also used. Acetone ACS (>99.5%) and high-performance liquid
chromatography (HPLC)-grade methanol were purchased from
Dinam̂ica Co. Ltd, Brazil.

The substrates (4-methylumbelliferone-phosphate (Mub-P), 4-
methylumbelliferone-glucopyranoside (Mub-C), and 4-methylumbel-
liferone-sulfate (Mub-S)) and fluorophore (4-methylumbelliferone,
Mub) for the enzyme assays were purchased from Sigma-Aldrich.
Other reagents (analytical grade or better) were purchased from local
suppliers.
4.2. Nanoformulation Preparation
The method used to prepare the nanoformulation was proposed by
Grillo et al.28 for the preparation of PCL nanoparticles as a carrier for
the herbicide atrazine and adapted for metribuzin. The preparation
consisted of an organic phase, composed of 100 mg of PCL dissolved
in 30 mL of acetone, under magnetic stirring with heating (55 °C)
until the polymer was completely dissolved. Next, 200 mg of Myritol,
40 mg of sorbitane monostearate, and 10 mg of technical-grade
metribuzin were added to this organic phase. Subsequently, 30 mL of
ultrapure water and 60 mg of polysorbate 80 were homogenized
under magnetic stirring for the aqueous phase. The organic solution
was then poured into the aqueous solution and kept under stirring for
20 min at room temperature. The resulting suspension was
concentrated on a rotary evaporator to a volume of 10 mL (1 mg
of metribuzin mL−1). For the behavior studies, the formulation was
also prepared as described above, however, in the preparation step of
the organic phase, 14C-metribuzin was added, together with
metribuzin technical (2 mg mL−1), to reach the final concentration
of 0.4 mg mL−1.
4.3. Characterization and Stability of the Nanoformulation
The stability of the nanoformulation was monitored 0, 15, 30, 60, 90,
and 120 days after preparation. Average size, polydispersity index
(PDI), ζ-potential, and nanoparticle concentration measurements
were performed by photon correlation spectroscopy (dynamic light
scattering�DLS), microelectrophoresis, and nanoparticle tracking
analysis (NTA). For DLS and microelectrophoresis measurements,
taken in triplicate, the samples were diluted in ultrapure water
(1:1000, v/v) and analyzed in ZetaSizer Nano ZS90 equipment
(Malvern Instruments, United Kingdom), with a fixed angle detector
at 90°, at 25 °C. For analysis by tracking nanoparticles, samples were
diluted in ultrapure water (1:30,000, v/v) and measurements were
taken by collecting 60 s videos, from five injections at 25 °C.
NanoSight LM 10 cell (532 nm) equipment was used, with a CMOS
camera and NanoSight software (version 3.2).

The chemical stability of the nanoparticles was measured as a
function of pH variation. The pH of the dilution water was adjusted
with solutions of HCl and NaOH (0.05 M), and the nanoformulation
of PCL, containing and not containing the herbicide metribuzin, was

diluted in these solutions in a proportion of 1:1000. The pH was
measured before and after the dilution of the nanoformulations, and
measurements were made for size, polydispersity index, and ζ-
potential by DLS, as well as in the characterization step.

The morphology of nanoparticles containing metribuzin was
evaluated using a micrograph obtained by atomic force microscopy
(AFM). The nanoparticle suspension was diluted in ultrapure water
(1:30,000, v/v), 10 μL was deposited on a silicon surface, dried in a
desiccator, and observed in Nanosurf Easy Scan 2 Basic AFM�
Pattern BT02217 equipment (Nanosurf, Switzerland). The analysis
was carried out in noncontact mode, using a TapAl-G cantilever
(BudgetSensors, Bulgaria) with a scan rate of 90 Hz. The image was
processed using Gwyddion software.

4.4. Encapsulation Efficiency
The encapsulation efficiency for metribuzin was evaluated by high-
performance liquid chromatography (HPLC), using a UV−vis
detector operating at 290 nm, equipped with a Luna 5 μm C18(2)
column 100 Å 250 mm × 4.6 mm, maintained at 40 °C. The mobile
phase consisted of a methanol:water (80:20, v/v) solution, with a flow
rate of 0.8 mL min−1. The detection limit presented was 5.7 ng mL−1

and the quantification limit was 19.1 ng mL−1. The samples were
submitted to the ultrafiltration/centrifugation method, using Micro-
con 10 kDa regenerated cellulose ultrafiltration units (Millipore). The
fraction not retained on the filter was used for quantification in
HPLC, and the encapsulation efficiency was determined considering
the amount initially added to the filter.

For the nanoformulation prepared for the behavior studies, using
14C-metribuzin, the fraction not retained on the filter was added to 10
mL of scintillating solution and analyzed in liquid scintillation
counting (LSC) (Tri-Carb 2910 TR LSA, LSA PerkinElmer,
Waltham, MA) for the quantification of radioactivity (% unencapsu-
lated).

4.5. In Vitro Release Assays
The experiments to evaluate the release of metribuzin were carried
out in triplicate, under light agitation and at room temperature (25 ±
2 °C), in a system composed of a donor and an acceptor medium,
separated by a cellulose membrane (Visking, with size 1000 Da size-
exclusion pore). The acceptor medium consisted of 100 mL of an
aqueous solution of polysorbate 80 (0.25%, v/v) and the donor
medium per 0.5 ml of sample (0.4 mg mL−1 of a.i.). The cross-
sectional area was 3.46 cm2, in which the pores ensured that only the
nonassociated herbicide passed into the acceptor medium until the
systems reached equilibrium. Samples were collected from the
acceptor compartment as a function of time and metribuzin quantified
by HPLC. The evaluation of the mechanism involved in the release of
metribuzin was performed by fitting the measurements to the
Korsmeyer−Peppas semiempirical kinetic model (eq 1).104,105

=M
M

Ktt n

(1)

where Mt corresponds to the absolute cumulative amount of
metribuzin released in time t, M∞ is the total amount of herbicide
released in infinite time, K is a constant that considers the structural
and geometric aspects of the system, and n is a release exponent,
indicative of the mechanism of herbicide release, which is semi-
empirically valid for the Fickian and non-Fickian diffusion
process.52,106 The analysis was performed using the linearized
equation of the model, applied to the measures that precede the
region, where Mt/M∞ < 0.6.

4.6. Preparation of Commercial Metribuzin Formulation
To study the behavior of the formulations, 14C-metribuzin was used
together with the commercial herbicide (70% purity), considering the
recommended dose of 480 g a.i. ha−1 for the soybean crop. The same
dose recommendation was considered for the studies of biodegrada-
tion, soil enzymatic activity, and sorption−desorption, in the
preparation of the working solution of nanoMTZ and MTZ solutions,
with and without radiolabel, calculated in relation to the mass of soil
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per experimental unit. In the leaching study, the area of the glass
column (19.52 cm2) was considered for the calculation of the doses of
the formulations.
4.7. Collection and Preparation of Soil Samples
Samples of three soils (Clay, Sandy loam-1 (SL-1) and Sandy loam-2
(SL-2)) were collected from the 0−20 cm layer, with total removal of
the vegetation cover layer, in agricultural areas of experimental studies
at the “Luiz de Queiroz” School of Agriculture (ESALQ/USP),
Piracicaba, Saõ Paulo, Brazil. The collected samples were sieved (2
mm) and stored at 4 ± 2 °C until the studies were carried out. The
physicochemical properties of these soils are shown in Table S1 in the
Supporting Material.
4.8. Biodegradation and Mineralization of Formulations
The biodegradation test was carried out according to the guidelines
described in OECD guidelines 307.107 In the flask preparation and
incubation stage, 50 g of each sieved soil (2 mm) (corrected for soil
moisture) was added to biometric flasks as per Bartha and Pramer.108

The humidity of each soil was adjusted to 75% of field capacity, and
the flasks were incubated in a dark room at 20 ± 2 °C, for 7 days,
until the application of the formulations. At this stage, the bottles
were weighed so that the humidity could be adjusted throughout the
study, when necessary.

After the initial incubation period, 200 μL of each working solution
containing the metribuzin formulations were applied to each vial and
homogenized. The flasks were stored in a dark room (20 ± 2 °C) for
a period of 28 days after application (DAA), during which time the
mineralization and degradation of the formulations applied to the soils
were evaluated.

For mineralization, traps to capture evolved 14CO2, containing 10
mL of NaOH (0.01 M), added to the handle of the biometric flask,
were collected in duplicate, 10 mL of scintillating solution were
added, and the radioactivity was measured in LSC. Traps were
replaced every week. For degradation, the herbicide was extracted
from the soil through two sequential extractions of methanol (60 and
40 mL) and one of chloroform (40 mL). In each extraction, using
Teflon flasks, the suspensions were shaken (200 rpm for 1 h),
centrifuged (800g for 15 min), and the supernatant collected.15 The
radioactivity of the total volume extracted was measured by LSC,
constituting the bioavailable fraction of the herbicide in the soil. For
the unavailable fraction, the soil remaining from the extractions was
dried at room temperature, ground, and homogenized for burning (3
aliquots of 0.2 g) in a biological oxidizer (OX500, R.J. Harvey
Instrument Corporation, Tappan, NY). The 14CO2 evolved after the
combustion of the samples, fixed in 10 mL of scintillating solution,
was quantified in LSC. Data on the total 14C-metribuzin extracted
were fitted to a first-order kinetic model (eq 2)

= ×C C e kt
0 (2)

where C is the percentage of herbicide at time t (%), C0 is the
percentage of herbicide at time zero (%), k is the degradation rate
constant (days), and t is the incubation time (days). The herbicide
degradation half-life (DT50), defined as the time required for 50% of
the herbicide to be degraded in the soil, was calculated by DT50 =
ln 2/k, based on the radioactivity of the herbicide extracted from the
soil.

Thin-layer chromatography (TLC) analysis was performed
according to the US Environmental Protection Agency method
507109,110 for the quantification of parental 14C-metribuzin and
metabolites formed during the days of incubation. The samples
extracted from the soil in the degradation stage were concentrated in a
rotary evaporator up to a volume of 10 mL; 100 μL aliquots of these
concentrated solutions were applied to TLC plates (60F254, EMD
Millipore), together with the 14C-metribuzin standard, and eluted
with 100 mL of acetonitrile:chloroform (1:1, v/v), in the saturated
chamber.15 The eluted plates were dried at room temperature for 30
min and taken to phosphorescent film sensitization for 24 h. After this
period, autoradiography images were generated on the radio scanner
(Packard, Cyclone, PerkinElmer). The images obtained indicated the

percentage of parental metribuzin and metabolites available in the soil
contained in each sample submitted to extraction. The identification
of the positions of the metabolites on the TLC plates and
comparisons was possible due to the sensitization of the
phosphorescent plates by the 14C present in the molecules formed
from the parental 14C-metribuzin, used as a standard in the analysis.

4.9. Soil Enzymatic Activity
For the soil enzymatic activity assays, 100 g of soil was used, in 250
mL flasks. As in the study of biodegradation (14C), the moisture in the
soils was adjusted and maintained at 75% of the field capacity. In each
vial, nanoMTZ and MTZ formulations were applied at a dose of 480 g
a.i. ha−1. The soils were incubated, also for 28 days, and the analysis of
the enzymatic activity in the soils was carried out at 24 h, and 7, 14,
21, and 28 DAA.

Acid phosphatase, β-1,4-glucosidase, and arylsulfatase (linked to
Mub substrate: Mub-P, Mub-C, and Mub-S) were chosen as
hydrolases indicative of enzymatic activity in the soil. These enzymes
play important roles in biogeochemical cycles, are resistant to a wide
range of physical factors in soil environments, and demonstrate
important markers of the effects of nanoparticles in soil.45,70

The soil enzyme activity assays were based on a sensitive
fluorometric technique.45 At each evaluation time, 1 g of soil was
collected from the flasks, dried at room temperature, and sieved (2
mm). Enzyme extraction was performed in 0.5 g of soil, with 25 mL of
a 50 mM sodium acetate buffer solution (pH 5.2, equal to the soil
samples) for 30 min under constant agitation, followed by
centrifugation (5 min at 1700g). A 30 mM stock solution of Mub
was prepared in dimethyl sulfoxide and stored in the dark at 4 °C.
Working solutions (200 μM) of each substrate (Mub-P, Mub-C,
Mub-S) were prepared from the sodium acetate buffer solutions. In a
96-well black polystyrene microplate (Corning), 50 μL of each
substrate and 150 μL of soil extract were added to each well
separately. For each sample and each substrate, six technical replicas
were prepared. Blank samples consisting only of soil extract and
substrate solutions were also prepared and analyzed. Replicates of all
treatments were randomly shifted into multiwell microplates. Details
on the soil enzymes assays are presented at the Supporting Material.
At the same time as the soil sampling for analysis of enzymatic
activities, a 1 g aliquot of each soil was sampled to quantify the
residual content of metribuzin using 2 mL of acetonitrile under
stirring for 1 h, followed by filtration (0.45 μm) and quantification by
HPLC.

4.10. Sorption−Desorption of Metribuzin Formulations
The sorption−desorption test was performed based on the OECD
guidelines 106.111 The study was carried out in three sequential tests,
one to define the soil:solution ratio (step I), another to determine the
time needed to obtain the equilibrium and sorption kinetics (step II),
and, finally, the sorption−desorption as a function of a.i.
concentrations in the soil (step III). In steps I and II (Table S4
and Figure S1), the ratio of 1:1 (m/v) and the equilibrium time of 24
h were defined. In step III, the experimental units consisted of 50 mL
Teflon tubes, containing 10 g of soil and 10 mL of a CaCl2 solution
(0.01 M) containing 14C-metribuzin in nanoMTZ and commercial
MTZ formulations.

The tubes were incubated 12 h before herbicide application with
90% of the final volume (at all stages) of CaCl2 (0.01 M) and shaken
at 180 rpm on a shaking table. The remaining 10% of the volume was
prepared and applied with nanoMTZ and commercial MTZ
formulations. After application, the tubes were shaken for another
24 h and subsequently centrifuged at 800 g for 15 min;15 1 mL
aliquots were removed from the supernatant in duplicate, added to 10
mL of scintillator solution, and analyzed in LSC for quantification of
radioactivity (5 min). The portion sorbed into the soil was
determined by the difference between the total radioactivity of the
14C-metribuzin applied and the radioactivity obtained in the solution.

In step III, the isotherms were built with five doses of active
ingredient (120, 240, 480, 960, and 1920 g a.i. ha−1), following the
same protocol described above. After sorption, the supernatant was
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discarded and 10 mL of a new herbicide-free CaCl2 solution (0.01 M)
was added to the soil. The tubes were shaken for another 24 h and
centrifuged. The supernatant was collected again (1 mL), and the
quantification of radioactivity was performed. The total desorbed was
calculated as a function of the asset remaining in the soil after
sorption.

The sorption−desorption coefficients, Kd (mL g−1), were obtained
considering the a.i. concentrations in the soil (Cs, μg g−1) and in the
solution (Ce, μg mL−1), through eq 3. The normalized sorption−
desorption coefficients for organic carbon, KOC (mL g−1), were
determined by eq 4. The soil−water distribution coefficients
(Freundlich coefficient), Kf (mL g−1), were calculated by eq 5.
Furthermore, the reversibility of sorption, hysteresis (H), was
calculated based on the values of 1/n, according to eq 6.

=K
C
Cd

s

e (3)

= ×K
K

%OC
100OC
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n
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1/
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desorption (6)

4.11. Leaching of Metribuzin Formulations in the Soil
Profile
Column leaching testing was performed based on the OECD
guidelines 312.112 The experimental units consisted of glass columns
(50 cm) filled with soil up to 30 cm deep. As a filter and containment
of the soil, glass wool and washed sand were used at the lower conical
end (HCl 0.01 M, in sufficient quantity for total cleaning of the
sample, with subsequent washing in deionized water, raising the pH to
7 and drying in an oven at 100 °C). Before applying the 14C-
metribuzin formulations, the columns were capillary saturated with a
0.01 M CaCl2 solution and drained for 15 min. Applications of
nanoMTZ and MTZ formulations were made at the top of the
columns (878 μL of the working solution), and subsequently, the
rainfall simulation system was started (200 mm in 48 h). Glass wool
disks and inverted funnels were used at the top of the column so that
the hoses of the peristaltic pump (model ISM942, Ismatec, Wertheim,
Germany) would not touch the soil containing the radioisotope and
so that preferential water paths would not form, with the rain smeared
on the glass wool.

During the 48 h of the test, samples of 10 mL of the leachate
solution were collected in triplicate, after 50, 100, 125, 150, and 200
mm of rain. The samples were added to 10 mL of scintillating
solution, and the radioactivity was quantified in LSC. After 48 h of
simulated rain, the columns were sectioned into 10 cm portions,
which were placed on aluminum trays to dry at room temperature.
After drying, the samples were ground, homogenized, and, in triplicate
(0.2 g aliquots of soil), burned in a biological oxidizer (OX500, R.J.
Harvey Instrument Corporation, Tappan, NY). The percentages of
active leached beyond 30 cm in depth and distributed along the soil
profile were calculated in relation to the total 14C-metribuzin initially
applied to the soil.
4.12. Control Efficacy and Aspects of Photosynthetic
Activity and Vigor of I. grandifolia
Pots containing 1 L of soil were prepared, with the same SL-1 used in
the behavior tests (Table S2). For each experimental unit, 25 seeds of
viola cord, I. grandifolia Lam. (synonymous with Stictocardia tiliifolia
(Desr.) Hallier f.), were sown and, after 24 h, preemergence
treatments were applied (4 repetitions): water (control), nano-
particles without the herbicide, the metribuzin nanoformulation at
doses of 480 and 48 g a.i. ha−1, and the commercial formulation of
metribuzin applied in the same doses. For the application of
treatments, the area of the pots (0.019 m2) and a 3 mL volume of
the formulations, standardized for all treatments, were considered. At

3, 7, 11, and 14 days after application (DAA), the number of live
plants was counted, and, at 14 DAA, the shoot and root dry mass of
the experimental units was measured.

SeedReporter equipment (PhenoVation B.V., Wageningen, Nether-
lands) was used to evaluate the physiological performance of I.
grandifolia plants at 7 DAA of the herbicides, following the procedures
described by Oliveira et al.113 The data were calculated using
SeedReporter software, version 5.5.1. To obtain the chlorophyll a and
anthocyanin indices, the leaves were illuminated with a broad-band
white light (3000 K; 450 to 780 nm), with a previously adjusted
intensity to avoid overload. In a few seconds, reflectance images were
acquired using optical filters at 540, 640, 710, and 770 nm to generate
the multispectral images (2448 × 2448 pixels corresponding to 3.69
μm pixel−1). The chlorophyll a and anthocyanin indices were
calculated according to the formulas presented by Oliveira et al.113

To evaluate the photosynthetic activity of the leaves, the fast
chlorophyll fluorescence method based on the Kautsky induction
curve was used. Plants were dark-adapted for 30 min prior to image
acquisition. Thirty-six high-intensity amber LED sources (peak at 620
nm) were used to excite the chlorophyll under a saturating light
intensity (6320 μmol m−2 s−1) that closed all of the reaction centers.
Fluorescence signals were transmitted to a CCD chip through an
interference filter (730 nm) that blocked the LED sources. F0 (basal
fluorescence) was measured in the dark-adapted state, when the
reaction centers were open. After application of the saturating light
flash, Fm (maximum fluorescence) was measured, and the variable
fluorescence (Fv) was calculated as the difference between Fm and F0.
The Fv/Fm ratio (which is equivalent to the maximum quantum yield
of PSII) was then obtained.

4.13. Statistical Analysis
Data on extracted and bound residues, enzymatic activity (for MUB
independently associated with a specific substrate), the concentration
of herbicide extracted in the study of enzymatic activity, Kd of
sorption and desorption, % sorption and desorption, and % leaching
were submitted to an analysis of variance (ANOVA) of two factors.
Data referring to the enzymatic activity (for MUB independently
associated with a specific substrate), the number of live plants, dry
mass of shoots and roots, and physiological parameters of the plants
were subjected to a one-way analysis of variance. When necessary, the
data were transformed to meet the analysis assumptions (homo-
scedasticity and homogeneity of variances). Later, when significant
differences were detected (p < 0.05 for the F test), the means were
compared by the Tukeyʼs test (p < 0.05). For the enzyme activities,
significance levels were at 0.01 for the F and Tukeyʼs tests. The figures
were plotted using Origin 2020 (Version 9.7.0.185, OriginLab
Corporation, Northampton, MA) to represent the degradation and
sorption−desorption models and for the other biodegradation and
leaching data.
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