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Environmental Significance Statement

Although polymeric nanoparticles are very efficient in delivering herbicides and
controlling weeds, few reports on crop concerns can be found in the literature. This study
explores the aspects related to the efficient delivery of the herbicide metribuzin by
polymeric nanoformulations, with efficient weed control, while observing the least
damage caused to crops and soil organisms. Dose reduction is the achievement of these

polymeric nanoformulations and the key to sustainable herbicide applications.
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Abstract

Several studies have reported improved weed control and targeted delivery of herbicides
by nanocarriers. However, the effects on crops and non-target organisms need to be
considered. Here, we investigate the crop and soil health treated with metribuzin in
conventional and biodegradable nanoformulations (poly-¢e-caprolactone - PCL and lignin-
PCL) (both at 480 g a.i. ha!). Weed control of Amaranthus retroflexus by the
nanoformulations was also evaluated as a measurement of target delivery. Soybean plants
did not show any differences in photosynthetic parameters and a slight oxidative stress
with nanoherbicide treatment, with biomass reduction occurred at 60 days after
application. The root accumulated metribuzin formulations and translocated to the aerial
part for both plant species. The polymeric nanomaterials in the soil mitigated alterations
in the bacterial community. Metribuzin formulations, mainly nanoformulations even at
low dose (48 g a.i. ha!) caused severe photosynthetic damage in the weed species, with
reduction of chlorophyll content (up to 2.35 time) and electron flow (up to 9.22 times),
leading to eventual mortality. MTZ nanoformulations presented a greater efficacy (even
in 10-fold less dose) for weed control compared to conventional formulation. These
findings suggest that MTZ nanoformulations improve weed control and attenuate the
negative effects on crop and soil health, offering an important nano-enabled strategy for
sustainable weed management.

Keywords: Nanoherbicide, PCL, lignin, weed control, plant uptake, non-target plant,
target plant.

1. Introduction

Pesticides are used to maintain crop production in the face of adverse biotic
conditions. Among the pesticides, herbicides are used for weed control, helping to reduce
multispecies competition for nutrients, water, and space with food crops. In 2021,

herbicides represented almost 49% of the total pesticides used worldwide, corresponding
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to 1.8 thousand tons !. Use of herbicides has increased exponentially since the
development of herbicide-tolerant crops 23. However, current herbicides are hampered by
low delivery efficiency, leading to considerable negative environmental impact, as well
wasted energy and water inputs 4.

Another significant shortcoming of herbicides is related to their effects on non-
target species >~7. Schulz et al. ® studied data on 381 pesticides studied over 25 years and
demonstrated notable increase in toxic effects on non-target plants by herbicides.
Importantly, nanoformulations of pesticides have demonstrated reductions in
environmental risk and non-target effects, while simultaneously having increased efficacy
9-17_ Overall, nanoherbicides have lower toxicity than conventional herbicide
formulations, mainly due to the use of nature-inspired nanocarriers such as zein, chitosan,
lignin, and alginate “!'L.1820. However, a more comprehensive investigation and
subsequent analysis is necessary to improve knowledge of nanoformulations for further
safe and optimized applications ?!. Studies with non-target plants, beyond weed control
assays, are a critical part of these investigations.

Metribuzin is a model herbicide that has been evaluated for delivery by
nanocarriers. For example, metribuzin nanoparticles based polycaprolactone (PCL), a
flexible biodegradable plastic 22, showed 7.2% higher weed control than conventional
metribuzin formulation at recommended dose for field application (480 g a.i. ha!) and
35.37% at 10-fold recommended dose (48 g a.i. ha') '3, Similar to conventional
metribuzin, the same nanoformulation presented low retention and potential mobility in
soil, even in different tropical agricultural tropical soils 23. Also, the authors observed low
persistence (~15 d) and no negative effects on soil enzymatic activity (acid phosphatase,
B-1,4-glucosidase, and arylsulfatase) in spite of effective weed control of Ipomoea
grandifolia (480-48 g a.i. ha'') 2, Lignin-based nanocarriers have begun to generate
interest in other applications but have not been reported yet for metribuzin. Salinas et al.
4 investigated lignin polymeric nanoparticles as a cargo-free nanoplatform and showed a
negligible impact on exposed soybean plants, with no biomass reduction and oxidative
damage, except for a slight SOD increase at 7 and 14 days after application. Little
information on the effects of lignin-based nanoparticles loaded with metribuzin on non-
target and target plants, relative to other biodegradable nanocarriers, is available in the
literature.

Here, we investigate the uptake and physiological effects of metribuzin

formulations (conventional and nanoformulations) on soybean plant as indicators of
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ecological safety and crop health. In addition, we assessed the weed control efficacy of
the metribuzin in conventional and nanoformulations on Amaranthus retroflexus.
Importantly, this is the first study examining the uptake, physiological, and
photosynthetic effects of metribuzin nanoformulations on target (weed) and non-target
(food crop and soil microbial community) species. Notably, the importance of
comparisons between biodegradable nanoformulations from different materials were

made to better understand their safety and potential use as herbicide nanoformulations.

2. Material and Methods
2.1 Chemicals

Technical grade metribuzin (95% purity) was was kindly provided by the U.S.
Food and Drug Administration (FDA). For preparation of nanoparticles, caprylic/capric
triglyceride (Myritol 318) was purchased from BASF (BASF Co. Ltd., Sdo Paulo, SP,
Brazil), while poly-g-caprolactone (PCL) (Mn~80,000 Da), polysorbate 80 (Mn~1310

Da), sorbitane monostearate (Mw = 430.63 g mol™1), e-caprolactone (CL, >99%), and

stannous 2-ethyl hexanoate ((Sn(Oct)2) - purity 92.5-100.0%) were purchased from
Sigma Aldrich (Sigma-Aldrich, Chem. Co., St. Louis, MO, USA). A alkaline lignin was
procured from TCI Inc. (Portland, OR), and rhodamine B (99% purity) was purchased
from Avanti Polar Lipids (Avanti Polar Lipids®, Alabaster, Alabama, USA). For the

process of fixing slides for microscope analyses, paraformaldehyde (95% purity) was
purchased from Sigma Aldrich (Sigma-Aldrich, Chem. Co., St. Louis, MO, USA) and
fluoromount (99% purity) was purchased from Thermo Fisher Scientific (Waltham,

Massachusetts, USA).

2.2 Synthesis of PCL-lignin polymers

Polymers were synthesized by ring opening polymerization (ROP) of the
monomer CL, following a slight modification of a previously reported procedure >
using alkali lignin that was dried in a vacuum oven before synthesis. Briefly, 2 g of alkali
lignin was placed in a 250 ml 3-neck round-bottom flask, and then 4 g of CL was added.
The mixture was heated and stirred in an oil bath at 130 °C. Subsequently, 0.2% (v/v
according to CL volume) of Sn(Oct), was added as a catalyst. The grafting reaction

proceeded for 24 h with constant stirring at 200 rpm under argon flow to create anhydrous

Page 4 of 38



Page 5 of 38

oNOYTULT D WN =

Environmental Science: Nano

conditions. When the reaction was complete, the solution was precipitated dropwise into
200 ml cold methanol. The supernatant was discarded, and the precipitate was washed
five times with cold methanol.

The resulting grafted polymer was then diluted in 200 mL dichloromethane and
washed five times with distilled water to remove unreacted lignin. The polymer was then
concentrated in a Rotavapor R-300 (Buchi Corporation, New Castle, DE). The resulting
solids were frozen at -80 “C for 24 h and lyophilized using a freeze dryer (FreeZone Plus
2.5; Labconco, Kansas City, MO) to remove all water and solvents from the polymer.
Finally, the PCL-lignin polymer was stored in a desiccator at room temperature for future
use. PCL-lignin exhibited a degree of polymerization of 37 as determined by 'H NMR
(Fig. S1).

2.3 Preparation and characterization of nanoformulations

Two nanoformulations were prepared as metribuzin herbicide nanocarriers. The
poly-e-caprolactone metribuzin nanoparticles (PCL-MTZ) were prepared based on
Takeshita et al. !> by the nanoprecipitation method, which consists of an organic phase
(100 mg of PCL, 200 mg of Myritol, 40 mg of SPAN, and 10 mg of technical-grade MTZ
in 30 mL of acetone as a solvent) and an aqueous phase (60 mg of Tween 80 and 30 mL
of ultrapure water). The solutions were agitated in magnetic stirrer and mixed under the
same conditions. After 20 min, the solvent was removed by rotary evaporation (Buchi
R300, Buchi Corporation, New Castle, DE) until 10 mL of final volume (1 mg mL").

PCL-lignin MTZ nanoparticles were prepared using an emulsion evaporation
method based on Salinas et al.  with modifications. The organic phase was prepared by
combining 800 mg of PCL-lignin copolymer and 80 mg of metribuzin in 20 mL of
dichloromethane and acetone (1:1 v/v). The aqueous phase was 200 mL water. The phases
were mixed by adding the organic phase dropwise to the aqueous phase under magnetic
stirring. The emulsion was passed through a microfluidizer (Microfluidizer M-110P,
Microfluidics International corporation, Westwood, MA) five times at 30 kpsi. The
organic solvent was evaporated out of the solution using a rotavapor for 2 h, followed by
the addition of 1000 mg trehalose for cryoprotection. The final formulation was
lyophilized (Labconco 2.5 freezone, Labconco Corporation, Kansas City, MO) for 2 days,

and was recovered a dark yellow powder (final concentration of 0.0631 mg of MTZ in 1
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mg nanoparticles powder). The work solution was prepared considering the same
concentration of PCL-MTZ, diluting the PCL-lig-MTZ powder in deionized water, at 1
mg mL-.

For plant experiments, nanoparticles were prepared by adding technical grade
metribuzin (purity of 98%) into the organic phase. For microscope analysis, 100 uL of a
fluorescent probe (rhodamine B) was added in the same organic phase to track
nanoparticles inside the plant species. The stability of nanoparticles was measured by
dynamic light scattering (DLS) technique, evaluating the mean size (hydrodynamic
diameter) of particles, polydispersity index (size uniformity of nanoformulation), and zeta
potential (surface charge). A dilution of nanoparticle suspension (1:1000, v/v) was
prepared and analyzed in triplicate using a Malvern Zetasizer ZS (Malvern Analytical,
Westborough, MA), at 25°C.

Transmission electron microscopy (TEM) was carried out on a Hitachi 7800
microscope for morphological characterization of the nanoformulations. To this end, a
suspension of the nanoformulation containing uranyl acetate (1%) as a contrast agent was

placed on a copper grid. The samples were dried in ambient air for 24 h prior to analysis.

2.4 Soil collection and plant material

Soil was collected from Lockwood Farm, Hamden CT, United States
(41°24'29.3"N 72°54'12.6"W). The soil, a sandy loam, was collected at a depth of (0-0.20
cm), from a site with no record of metribuzin application. All soil characteristics are
described in Table S1. The soil samples were sieved (2 mm) and mixed with 20% of Pro-
mix® commercial substrate, and the mesocosm and weed plants experiment units were
filled with 800 g and 250 g of soil, respectively.

For the plant experiments, soybean (Glycine max cv. Karikachi) seeds were
purchased from Johnny's Seeds (Winslow, Maine, USA). For the weed experiments,
Amaranthus retroflexus plants were collected from Lockwood Farm, Hamden, CT -
United States (41°2429.4"N 72°54'14.2"W) and stored in paper bags until the beginning
of sowing. All plants developed in a greenhouse for 60 days (23-17 °C) witha 10to 13 h
photoperiod.

2.5 Non-target plant assay
Pots containing soybean plants was prepared as a non-target assay. Pots of 1 L

capacity were filled with 800 g of soil mix. Before sowing, water capacity was tested in
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the potted soil to avoid leaching of formulations outside the pots, and 15 mL day! was
established as simulated precipitation. Five soybean seeds were sown in each pot 24 h
before treatment application. The experimental design was randomized, with four
treatments (water, MTZ non-encapsulated, PCL-MTZ, and PCL-lig-MTZ), and six
replicates. All treatments were applied with the distribution of 1 mL of working solutions
containing water and the herbicide active ingredient directly, or embedded in the
nanoformulations, prepared at 480 a.i. g h"! dose, considering the pot area (10 cm?), MTZ
mass, and final concentration of nanoformulations. Plants were cultivated in the
greenhouse for 60 days after application (DAA). The evaluation time points were 15, 30,
45, and 60 DAA. At each time point, photosynthetic parameters were acquired by non-
destructive measurement as described below. Oxidative stress parameters, biomass,
length, and metribuzin quantification were obtained with destructive samples. Soil

samples were collected for microbial analysis and metribuzin quantification.

2.5.1 Analysis of photosynthetic parameters

A portable PhotosynQ (PHOTOSYNQ INC., East Lansing, MI, USA) was used
to measure photosynthetic parameters, including PhiNO, PhiNPQ, Phi2, Relative
chlorophyll, and linear electron flow (LEF), a once per week for 60 days. A fixed location
was established in the greenhouse for all days of photosynthetic parameter measurements

to avoid significant variations in light.

2.5.2 Oxidative stress analysis

The effects of nanoherbicides on oxidative stress were analyzed through the
quantification of malondialdehyde (MDA), ascorbate peroxidase (APX), catalase (CAT),
and superoxide dismutase (SOD). For APX, CAT, and SOD an extraction method based
on %7 and ?® was carried out. For this analysis, 0.2 g of plant tissue (depending on if aerial
part or root tissue) for each enzyme (0.6 g in total) was vigorously mixed with 6 mL of
25 mM potassium phosphate buffer solution (KH,PO,, pH 7.4) using a high-speed
homogenizer (12,000 g for 2 min). Samples were centrifuged at 5,000 g and 4°C for 15
minutes. Then, 1.5 mL of supernatant was frozen in liquid nitrogen and stored at -80°C
until analyses. An extraction method based on ?° was used for MDA. A mixture of 0.2 g
of plant tissue (aerial part or root) with 0.1% (w/v) trichloroacetic acid (TCA) was

homogenized vigorously using a high-speed homogenizer (5,000 rpm for 2 min). The
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same centrifugation and supernatant collection performed for other enzymes was applied
to MDA.

APX activity was determined by decreased absorbance of the H,O, method 3°. For
measurements, 40 puL of the extract sample was mixed with 228 puL of 0.5 mM ascorbic
acid and 532 puL of 0.4 mM H,O,. The absorbance of the reactions was measured in a 96-
well plate, in triplicate (200 pL each replicate), at 290 nm with 2 min total run time, by
UV-vis spectrophotometer (Molecular Devices, SpectraMax M2). A calibration curve of
H,0; (10-0.3 mM) was established and used for quantitation.

CAT activity was determined according to Medina-Velo et al. 3* by measuring the
decrease in absorbance of H,O,. For measurements, 40 pL of the extract sample was
mixed with 760 puL of 10 mM H,0,. The sample absorbance was measured in a 96-well
plate, in triplicate (200 puL each replicate), at 240 nm with 3 min total run time, by UV—
vis spectrophotometer. The same calibration curve for APX was used to calculate the
CAT activity in the plant samples.

To determine SOD activity, a method involving the photochemical reduction of
nitroblue tetrazolium (NBT) was used 273°. A buffer mix solution was prepared with 500
puM NBT, 78 mM L-methionine, 1.5 mM EDTA, and 100 mM potassium phosphate
buffer (pH 7.8). Thirteen puL of plant extract was mixed with 707 pL buffer solution and
80 uL of 0.02 mM riboflavin solution. The mixture was transferred to a 96-well plate and
then illuminated for 15 min in a box with a compact fluorescent light and the absorbance
measurements were made by UV—vis spectrophotometer (560 nm). Inhibition of NBT
was determined by comparing samples without plant extracts (illuminated and non-
illuminated). Units of SOD activity were defined as the amount of enzyme activity
causing to a 50% reduction in NBT concentration.

For MDA determination, the thiobarbituric acid reactive substances (TBARS)
method was used 3!. A mixture of 160 uL of plant extract, 400 uL of 2% trichloroacetic
acid (TCA), and 400 pL of 0.5 % thiobarbituric acid (TBA) was heated at 95°C for 30
min and then immediately cooled on ice until R.T. The absorbance of MDA was measured
in a 96-well plate, in triplicate (200 uL each replicate), at 532-600 nm, by UV—vis
spectrophotometer. The final MDA concentration was calculated based on

Lambert—Beer’s equation (extinction coefficient of MDA is 155 mM cm™!).

2.5.3 Plant physiological parameters and soil collection
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Soil samples were collected from each pot (n=6) at 2 soil points (in all soil depths),
totaling ~3 g per pot, for metribuzin quantification by LC-MS. The mass and length of
the soybean were measured at 15, 30, 45, and 60 DAA through destructive sampling. All
samples were stored at -20°C until plant (oxidative stress and metribuzin quantification)

and soil analysis (metribuzin quantification) was completed.

2.5.4 Metribuzin quantification

Metribuzin extractions were carried out using the QUEChERS method, based on
Hazra et al. 32. Approximately 1 g of plant tissue (depending on if aerial part or root tissue)
or soil was added in 50 mL conical tubes, the volume was adjusted to 15 mL with
deionized water, and then 10 mL of acetonitrile was added. Samples were homogenized
in a high-speed homogenizer for 30 seconds at 12,000 g. For the salts of amendment, 1 g
of NaOAc and 4 g of MgSO, were added to the solution, followed by homogenization
and centrifugation for 5 min at 12,000 g at each step. Ten mL of supernatant was collected
and transferred to 15 mL conical tubes with clean-up salts (0.15 g of PSA sorbent, 0.45 g
of anhydrous MgSQO,, and 0.05 g of C,g). The mixture was homogenized and centrifuged
under the same conditions described above. One mL of the supernatant was collected,
concentrated by evaporation (TurboVap® LV, Biotage), and resuspended in 100 pL of
acetonitrile. Samples were placed in chromatography vials and stored at -20 °C until
analysis.

Samples were analyzed by liquid chromatography-mass spectrometry using a
Dionex UltiMate 3000 liquid chromatograph equipped with an Agilent SB-C;s-RRHD-
2.1 mm x 150 mm column packed with 1.8 um particles (Agilent Technologies, Santa
Clara, CA, USA) coupled to a Thermo Q Exactive high-resolution mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). Mobile phases were 0.1% formic acid
in water (A) and 0.1 % formic acid in acetonitrile (B). Initial mobile phase composition
was 5% B ramped to 95% B over 12 min at a 0.2 mL min-! flow rate. Calibration curves
were obtained by making a series of metribuzin standards at different concentrations. An
external standard calibration curve was used with continuing calibration verification
injections performed at the beginning, during, and at the end of each analytical batch. For
quality assurance, every analytical run contained a reagent blank and continuing

calibration verification (CCV) samples at regular intervals.

2.5.5 Soil microbial diversity
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Microbial diversity in the soil was analyzed according to 33. Total DNA was
extracted from 0.25 g of soil from the resulting pellet using the DNeasy PowerSoil kit
(Qiagen). DNA extractions were verified by gel electrophoresis in a 1% agar gel.
Bacterial 16S rRNA genes were amplified with the primer pair 515F
(GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT) with
dual indexing of the Illumina I5 and 17 tags 34. Extracts were amplified with 10 pL
Platinum SuperF1 II DNA polymerase (Invitrogen), which also included 7.5 uM both the
mPNA and pPNA peptide nucleic acid (PNA) clamps (mPNA,
GGCAAGTGTTCTTCGGA; pPNA, GGCTCAACCCTGGACAG) to block the
amplification of host plant mitochondria and plastid rRNA genes, respectively 3336, PCR
conditions consisted of 94 °C for 2 min followed by 30 cycles of 94 °C for 15 s, 60 °C
for 15s, 68 °C for 15 s, and 4 °C for an infinite hold. The resulting amplification products
were verified by gel electrophoresis, and cleaning and normalization of individual PCR
products was performed with a SequalPrep normalization plate (Invitrogen). The
normalized PCR amplicons were mixed, and the quantity and quality of the DNA pool
were verified using an Agilent TapeStation. The resulting 16S rRNA gene amplicons
were sequenced on the Illumina MiSeq 100 system employing 250 base pair chemistry at
the Yale Center for Genome Analysis (YCGA, New Haven, CT, USA).

16S rRNA gene sequences were initially processed using the Mothur software
package (v. 1.44.2) 37. Quality filtering is selected for sequences of at least 250 bp in
length. Chimeric sequences were identified with the VSEARCH algorithm as
implemented in Mothur (Rognes et al., 2016), using the most abundant sequences as a
reference for chimera detection. All putative chimeric sequences were removed from the
data sets. The 16S rRNA sequences were classified against the SILVA v138 reference
database 3® using the RDP naive Bayesian classifier as implemented in Mothur 3°, and
sequences identified as belonging to eukaryotes or that were unclassified were removed.
The resulting sets of sequences were assigned to amplicon sequence variants, employing

a 100% sequence similarity threshold.

2.6 Target plant assay
2.6.1 Weed control assay

In the weed control assay, A. retroflexus seeds were sown (~10 g) in 250 mL soil
mix pots 24 h before treatment application (treatment in pre-emergency of weed plants).

The experimental design was randomized, with 8 treatments (Table 1), and 4 replicates.

Page 10 of 38



Page 11 of 38

oNOYTULT D WN =

Environmental Science: Nano

Dose calculations were made considering the pot area (45 cm?) and MTZ concentration
in each formulation, using the technical grade metribuzin. The treatments were applied
using a liquid working solution over the soil (I mL) with a pipet. Evaluations were
conducted at 7, 14, and 21 DAA with pot harvest and dry biomass determination after 48
h in a ventilated oven (60 °C).

Table 1. Pre-emergent treatments applied for Amaranthus retroflexus in the weed control

assay.
Treatments Dose (g a.i. ha'!)
Water (control) -
MTZ (positive control) 480*
PCL-MTZ (full-dose) 480
PCL-MTZ (half-dose) 240
PCL-MTZ (1/10-dose) 48
PCL-1lig-MTZ (full-dose) 480
PCL-lig-MTZ (half-dose) 240
PCL-lig-MTZ (1/10-dose) 48

*Based on commercial recommendation (Sencor® 480, Bayer CropScience).

2.6.2 Assessing herbicide uptake by fluorescence microscope analysis

To determine metribuzin uptake and translocation, seeds were sown on trays, and
then seedlings were transplanted 15 days after germination to the experimental pots (250
mL pots). Pots with transplanted 4. retroflexus (one plant per pot) received treatments
after 3-4 fully expanded leaves. The experimental design was completely randomized,
with a 2 x 3 factorial arrangement, where 2 are PCL-MTZ and PCL-lig-MTZ, both with
rhodamine B encapsulated as a fluorescent probe, and 3 evaluation days (1, 3, and 5 days
after application), with 5 replicates. The samples were separated into fully expanded
newest leaf and root tissue. The sampling was carried out in a dark room to avoid the
degradation of the rhodamine B probe.

The sample preparation method was based on Preisler et al. 4°. A sterile blade was
used, and ethanol sterilization was performed after each cutting sequence. Squares (1 cm?)
in the middle leaves were removed, fixed, and placed in slides as described below. For
tissue fixation, samples were placed in 50 mL conical tubes containing 10 mL of 4%
paraformaldehyde solution and shaken at 140 rpm for 4 h at 22°C. Samples were then
transferred to new tubes containing a phosphate buffer solution (PBS, pH 7.0), and
subjected to 10-minute shaking under the same conditions as the previous step. The

samples were stored in 50 mL conical tubes containing 10 mL of azide PBS and
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refrigerated in the dark. Slides of plant samples were prepared with 100 pL of
fluoromount. Images were obtained in a Zeiss Axio Imager M1 fluorescence microscope
with excitation ranging from 538 to 562 nm and emission ranging from 570 to 640 nm.
After collecting all images, the Zen 3.7 (Zeiss Zen Lite) software was used for

fluorescence quantification and data was expressed in terms of fluorescence intensity (FI).

2.6.3 Analysis of herbicide uptake and effects of nanoformulations on photosynthesis in
weed plants

Weed plants in pots received the same treatments as described in Section 2.4.2 to
quantify metribuzin in plant parts (aerial part and roots) and the photosynthetic
parameters were assessed, as described for soybean plants. The extraction method and
LC-MS analysis were carried out according to Section 2.3.4. Measurements were carried
out at 1, 3, 5, and 7 DAA by destructive sampling. These data were used to support the
uptake of nanoformulations analyzed by fluorescence microscopy and the analogous

weed control assay.

2.7 Statistical analysis

The datasets for the photosynthetic parameters (PhiNO, PhiNPQ, Phi2, Relative
chlorophyll, and LEF), oxidative stress indicators (MDA, APX, CAT, and SOD),
physiological parameters (mass and length), concentration of metribuzin in soil and plants
were subjected to variance analysis (ANOVA). When significant according to an F’s test
(F<0,05) and to ANOVA assumptions (homoscedasticity and homogeneity of variances)
(»>0,05), data was analyzed by to the Tukey’s test (»>0,05, n=4). Weed control data was
also subjected to Dunn’s test, by Kruskal-Wallis multiple comparison test, to indicate the
difference between the metribuzin treatments and control treatment with water. The
figures were plotted using Origin® 2020 (Version 9.7.0.185, OriginLab Corporation,
Northampton, MA, USA). For the soil microorganism diversity effects evaluation, the
Mothur output files were imported into the phyloseq R package for descriptive and
statistical analyses 4'. Detrended correspondence analysis was performed with Bray-
Curtis similarities calculated between samples. Significant differences in clustering were
determined with the adonis2 function of the vegan R package . Biomarkers
distinguishing the different treatments were identified with the linear discriminant
analysis (LDA) effect size (LEfSe) method as implemented in the microbiome Marker R

package 4344,
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3. Results and discussion
3.1 Nanoformulations characteristics

The synthesized PCL-MTZ and PCL-lig-MTZ nanoformulations presented
hydrodynamic sizes of 265.83 = 1.79 nm and 178.23 + 0.26 nm, respectively (Table S2).
PCL-MTZ nanoparticles had a PDI of 0.17 = 0.05 while PCL-lig-MTZ had a PDI of 0.34
+ 0.03. The charges were negative, -27.33 £ 0.03 mV for PCL-MTZ and -42.27 + 0.07
mV for PCL-lig-MTZ. Both nanoparticles are thus considered homogeneous
nanoformulations 132045, A spherical shape was observed for both metribuzin
nanoformulations (Fig. S2a and S2b), which was expected for PCL nanoparticles based
on prior studies >34, The PCL-MTZ presented high encapsulation efficiency (74.8% +
0.5) and stability over time (120 days), with a release of 70% in 24 h that is associated
with the diffusion of herbicide by swelling and relaxation of the polymer matrix '3. PCL-
lig-MTZ presented 96% of encapsulation efficiency, with 31.67% of agrochemical in the
first 24 h 26, The PCL-MTZ has a 1.82% loading capacity, while PCL-lig-MTZ has 4.08%
(estimated with the previous data available in the literature) '>26. In summary, all
measured characteristics indicate significant potential of the nanoformulations to

encapsulate and deliver metribuzin to plants.

3.2 Pot studies
3.2.1 Non-target plant photosynthetic effects

The photosynthetic parameters of soybean exposed to MTZ formulations are
presented in Figure 1. The PhiNO, PhiNPQ, and Phi2 indicated a similar effect of
nanoencapsulated MTZ in soybean plants at 60 DAA (Fig. 1a, b, and c¢). All of these
parameters are related to energy losses in the photosynthetic process; there was limited
impact of the nanoformulations, followed by complete recovery by the final time point.
The relative chlorophyll conten was not affected by treatment across all evaluation days
(Fig. 1d), except for PCL-MTZ at 60 DAA. The linear electron flow (LEF) was not
negatively affected by treatment (Fig. 1e); in fact, values were significantly increased in
after 45 DAA in the presence of the nanoformulations, being 1.29 times higher than in

MTZ-treated plants.
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Figure 1. Photosynthetic parameters (PhiNO, PhiNPQ, Phi2, Relative chlorophyll, and
LEF) of soybean plants at 15, 30, 45, and 60 days after application of metribuzin non-
encapsulated (MTZ) and nanoencapsulated in two formulations (PCL-MTZ and PCL-lig-
MTZ at 480 g a.i. ha'!). Bars represent the mean and standard error mean. Different
lowercase letters represent statistical differences between treatments on each evaluation
day, on each parameter by Tukey’s test (»<0.05; n=06).

The PhiNO, PhiNPQ, and Phi2 parameters are represented by unit values
corresponding to the yields for dissipative processes of the energy absorbed by the
photosystem II. The Phi2 is the photochemistry yield from PSII, and PhiNPQ is the non-
photochemical quenching of chlorophyll fluorescence, both of which occur in proteins
that comprise the antenna system for PSII #. PhiNO is another non-photochemical yield
energy dissipation endpoint, corresponding to absorbed light that is not used for
photochemistry or dissipated by NPQ (non-photochemical fluorescence quenching) 47.
For Phi2, until 45 DAA soybean plants treated with PCL-MTZ and PCL-lignin-MTZ
showed less photochemistry yield than water and MTZ-treated plants. We observed an
inverse effect for PhiNPQ. The activity of NPQ can be increased as a response to reactive
oxygen species generation 48,

Importantly, MTZ is a known photosynthesis II inhibitor, and the effect of the
non-encapsulated MTZ was similar to the water treatment in most evaluations, indicating

a metribuzin herbicide tolerance level of this soybean cultivar. Gabr et al.

[NO_PRINTED_FORM] 49 indijcated that even with inhibitory effects on the biosynthesis of
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pigments (chlorophyll), the chlorophyll ratio a/b was not affected 60 days after
metribuzin application in soybean. A number of strategies for the metabolism or
differential distribution of metribuzin in soybean cultivars have been described in the
literature °°2, indicating non-negative effects in plants even when associated with
nanoparticles. The LEF data showed gains in energy throughout the photosystem. Also,
biodegradable nanoparticles have been shown to increase photosynthesis in plants by a
number of different mechanisms, including an increase in light absorption, augmentation
of protein and chlorophyll content in plants, or other unknown processes 3. Process
related to carbon metabolism could also be involved. Therefore, the MTZ detoxification
and the presence of nanoscale carbon structures can contribute to photosynthetic

processes and carbohydrate production.

3.2.3 Non-target plant oxidative stress

Slight oxidative damage was observed with enzyme activity over time (Fig. 2).
For SOD from roots and aerial part, some differences were found between treatments
within the first 15 days of evaluation; however, herbicides treatment did not show a higher
antioxidant effect than the treatment with water after 30 DAA (Fig. 2a). For APX and
CAT, an increase over time was observed in aerial parts (Fig 2b and c¢), with no oxidative
damage presented at 60 DAA. For MDA, the enzyme activity in the roots was similar
after 45 DAA and in the aerial part, a slight effect for PCL-lig-MTZ was detected
overtime. However, the MTZ treatments did not cause significant damage to the exposed

soybean plants.
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Figure 2. Oxidative stress enzyme activities (a, APX, b, CAT, ¢, MDA, and d, SOD) of
soybean plants at 15, 30, 45, and 60 days after application of metribuzin non-encapsulated
(MTZ) and nanoencapsulated in two formulations (PCL-MTZ and PCL-lig-MTZ at 480
g a.i. ha'!). The left column indicate enzyme activity in the aerial tissues and the right
column is root data. Bars represent the mean and standard error mean. Different lowercase
letters represent statistical differences between treatments on each evaluation day, on each
enzyme, by Tukey’s test (p<0.05; n=6).

SOD, APX, and CAT are enzymes involved in mitigating reactive oxygen species
and hydrogen peroxide stress in plants 3. This data indicates that the nanoformulations
were causing slight significant oxidative stress or associated damage in the exposed

soybean plants. Nakasato et al. 3> showed that phytotoxicity was highly nanomaterial
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specific, as chitosan/tripolyphosphate presented negative effects on Zea mays, Brassica
rapa, and Pisum sativum plants compared to solid lipid nanoparticles. Kacs6 et al.
[NO_PRINTED_FORM] 36 ghserved little or no effect of zein and lignin-based nanoparticles on
soybean seed viability and plant growth. Also, PCL-based nanoparticles did not cause
adverse effects, such as lipid peroxidation, in maize *’.

MDA activity in the aerial tissues of plants treated with PCL-lig-MTZ showed
lower levels compared to all other treatments at 30 DAA (Fig. 3d), in spite of the innate
increase in enzyme activity during the growth period. As noted above, MDA activity is a
bioindicator of lipid peroxidation 3!; plant cellular membrane leakage, necrosis, and
biomass loss can be symptoms of this process. Notably, only at 60 DAA did plants that
received PCL-MTZ and PCL-lig-MTZ formulations present mass loss (described in the
section below at 60 DAA). The occurrence of lipid peroxidation can be an indicator of
damage, but no such impacts were noted upon exposure to the nanoformulations.
Importantly, MDA quantitation must be interpreted as a marker of lipid peroxidation with
caution due to interferences in the absorbance signals of the enzyme by other
carbohydrates and anthocyanins, with a possible overestimation of the values obtained by
the TBA method *%. Nevertheless, our results showed little evidence of harmful oxidative
effects associated with MTZ treatment in soybean. Importantly, despite the slight
oxidative stress observed, the MTZ nanoformulations offered an efficient weed control

alternative, mainly due to the possibility of the active ingredient reduction.

3.2.4 Non-target plant physiological responses

Plant mass and length were measured at 60 DAA (Fig 3a and b). No fresh biomass
reduction was observed in roots over the experimental period and for the shoots until 45
DAA. Despite the absence of oxidative effects on the plants, the nanoformulations
reduced of the soybean plant mass by ~32% at 60 DAA compared to the water and MTZ
treatment. Crop plant mass reduction is not frequently reported for nanoherbicides -7,
nevertheless, the active ingredient rate of application can be reduced (as demonstrated
further in section 3.4.1) and the associated risks for the crop can be reduced. Importantly,
this possibility in dose reduction and the mass decline of soybean plants at 60 days
evidenced the herbicide delivery enhancement, as a function of nanocarriers.

In our greenhouse assay, the pod mass was only reduced by PCL-lig-MTZ (1.57
times less compared with other treatments' mean) (Fig. 3e); however, a field studies to

confirm these findings are necessary. No length alterations were evident at 60 DAA as a
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function of treatment with metribuzin encapsulated and non-encapsulated formulations,

again highlighting the tolerance of this cultivar (Fig. 3b and d).
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Figure 3. Physiological parameters of soybean plants at 15, 30, 45, and 60 days after
application (DAA) of metribuzin non-encapsulated (MTZ) and nanoencapsulated in two
formulations (PCL-MTZ and PCL-lig-MTZ at 480 g a.i. ha'!). Fresh mass of aerial part
(a) and root (b) of soybean plants. Length of soybean plants' shoots (¢) and roots (d).
Fresh mass of pods (e) of soybean plants at 60 DAA. Bars represent the mean and standard
error mean. Lowercase letter different represents statistical differences between
treatments in each evaluation day, for each parameter, by Tukey’s test (p<0.05; n=6).
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Although there was no observed photosynthetic and oxidative damage, field
studies are needed to ensure the safe application of these nanoformulation so as to
understand if the observed biomass reductions may affect over plant growth and yield

(Fig. 3e). ' observed no significant mass reduction in mustard plants treated with PCL
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nanoparticles that carried an atrazine cargo (2000-200 g a.i. ha'!). Similarly, Preisler et
al. INO_PRINTED_FORM] 39 ghserved an increase in the short-term residual effect of atrazine
that was loaded in PCL nanoparticles, but recovery from the phytotoxicity on soybeans
was evident at 60 DAA. In general, polymeric nanoparticles offer greater safety for crop
plants, increase growth and plant protection, and reduce the negative environmental
effects associated with pesticide use 62, However, only limited field studies with

herbicide nanocarriers have been carried out to date (e.g.!!-?4).

3.2.5 Metribuzin uptake in soybean treated with nanoscale and conventional formulations

Soybean plants exposed to MTZ formulations were analyzed by LC-MS for MTZ
concentrations in shoot and root tissues, as well as in the post-harvest soil (Fig. 4).
Absorption of MTZ from the polymeric nanoformulations was similar to that of the
conventional MTZ (<13 ng g'!) in the shoots (Fig. 4a). In the roots, the values were similar
across the treatments but were low (< 4 ng g!), with some replicates below the detection
limit. This indicates significant translocation to the shoot (Fig. 4b). Similar results were
observed in the soil, with limitations in detection samples of herbicide at the final time
point (Fig. 4c). Takeshita et al. !> showed that the half-life of MTZ-loaded in polymeric
nanoparticles (PCL) was not affected by encapsulation and was similar to that of
conventional MTZ (~15 days) in different soils. Therefore, in our study, the level of MTZ
in the soil was not found over 60 DAA. In general, non-target plants, even with root
absorption and shoot translocation of MTZ, were healthy (no alterations in photosynthetic

parameters and no oxidative stress) after herbicide exposure.
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Figure 4. Metribuzin content in soybean plants and soil at 15, 30, 45, and 60 days after
application (DAA) of metribuzin non-encapsulated (MTZ) and nanoencapsulated in two
formulations (PCL-MTZ and PCL-lig-MTZ at 480 g a.i. ha''). Amount in shoots (a), roots
(b), and soil (¢). Bars represent the mean and standard error mean. Different lowercase
letters represent statistical differences by Tukey's test between treatments on each
evaluation day (p<0.05; n=3). The absence of a value indicates that the analysis of
variance and Tukey’s test are not suitable, considering the number of samples below the
adopted detection limit of MTZ quantification (<6 ng g!).

3.2.6 Soil microbial community response

To document the response of the rhizosphere bacteria to treatment, 16S rRNA
gene sequencing was performed. First, we investigated bacterial diversity. The number
of ASVs (amplicon sequence variants) recovered ranged from ca. 9,000 to 13,000 in the
initial samples, with the lowest diversity in the water controls. This may be due to
additional ASVs being brought in with the treatments as they were not sterile on
amendment (Fig. 5a). However, by 60 days, this temporary effect was gone as there were
no significant differences in ASVs between treatments. Thus, this data indicated that the

taxonomic diversity of the rhizosphere bacteria was generally resilient to these treatments.
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The Shannon's diversity index was also evaluated, and this endpoint captures both
species diversity and evenness (Fig. 5b). In the initial samples, there were generally no
substantial impacts of the treatments on diversity, although PCL-MTZ did have
significantly higher diversity (p = 0.045). However, after 60 days, the MTZ treatment
exhibited significantly lower diversity than the other treatments (p < 0.001). These
findings suggest that MTZ induced an alteration in the bacterial rhizosphere community,
and that importantly, this impact was potentially mitigated by the presence of polymeric
material carriers.

Detrended correspondence analysis was performed to characterize variations in
community composition. The most influential factor driving community dissimilarities
was sampling time, as the initial samples were distinctly separated from the 60-day
samples (Fig. 5¢). This clustering pattern was highly significant (PERMANOVA p <
0.001), these differences were considerably smaller in magnitude compared to the
changes observed as a function of time (i.e., throughout plant development).

Last, linear discriminant analysis effect size (LEfSe) was used to identify
taxonomic biomarkers associated with the different treatments. Interestingly, only one
taxon, the phylum Acidobacteria, showed enrichment in the water control samples (Fig
5d). This indicates that these bacteria were particularly susceptible to the herbicide
treatments, as their abundance appeared to decrease upon herbicide application. In
contrast, two taxa, the family Sphingomonadaceae and genus Burkholderia, were
significantly enriched in the MTZ treatment. Notably, both taxa have been previously
reported to possess herbicide degradation capabilities in soil 367, Importantly, we did not
observe any taxa that served as biomarkers for the biodegradable polymeric materials,
suggesting that the community changes associated with these materials were relatively
minor.

Taken together, these findings provide evidence that MTZ treatment caused a
significant modification in the rhizosphere bacterial community, leading to a reduction in
diversity and the enrichment of bacterial taxa capable of herbicide degradation.
Conversely, the incorporation of polymeric substances appeared to mitigate these
alterations in the bacterial community. The soil interaction or release rate of pesticides
from nanoparticles can interfere in the active ingredients rate that the microbial
community is exposed . However, these parameters were not evaluated here. Some
authors observed that nanopesticides can present negative impact under soil microbial

community (relative abundance and diversity), such as for azoystrobin, diuron, and
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atrazine nanoformulations, related to toxicity of pesticide and long-term exposure 71,
Nevertheless, when associated pesticides with biodegradable/natural nanoparticles or
matrix these effects are reduced due active ingredient protection and low application-rate
(slow release) as reported by Prudnikova et al. 7> and Takehsita et al. 15. As well as
providing safety for other non-target organisms 7374, This suggests that the addition of
polymeric materials played a beneficial role in preserving the composition and

functionality of the rhizosphere under the influence of the MTZ treatment.
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Figure 5. Soil microbial community response 15 and 60 days after application of
metribuzin non-encapsulated (MTZ) and nanoencapsulated in two formulations (PCL-
MTZ and PCL-1ig-MTZ at 480 g a.i. ha!). Alpha diversity of bacterial communities a,
Observed ASVs (amplicon sequence variants). b, Shannon’s diversity index. Significant
differences between means were identified by an ANOVA test with the p-value of the test
indicated (n=6). The asteric represents the results of a pairwise post-hoc t-test with water
as the reference level. P-values: *>0.05, **>0.01, ***>0.001. ¢, Detrended
correspondence ordination analysis of bacterial 16S rRNA gene ASVs clustered by
sample. Distances were calculated with the Bray-Curtis similarity metric. Ellipses denote
the 95% confidence level of datasets grouped by sampling time. The value of the axes
indicates the percent variation explained by the respective axis. d, LEfSe analysis to
identify biomarker taxa. Only categories meeting a log-linear discriminant analysis
(LDA) significant threshold >4 are shown. Bars are colored by the treatment in which the
genera were enriched as indicated in the legend.

3.4 Weed plant response as a target organism
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3.4.1 Weed control

Effective control of A. retroflexus was observed in both metribuzin formulation-
treated plants, demonstrating effective MTZ delivery by the nanoformulations (Tab. 2).
At 7 DAA, MTZ caused a plant biomass reduction of 81.03 + 14.16 % (480 g a.i. ha™!).
For the nanoformulations applied at the full-dose the biomass decrease was 58.62 +9.12
% and 44.83 £+ 18.03 %, respectively for PCL-MTZ and PCL-lig-MTZ; however, at low
doses (48 g a.i. ha'!) the weed control was 82.76 + 2.82 % for PCL-MTZ and 67.24 +
13.39 % for PCL-lig-MTZ. After 14 and 21 DAA, the biomass reduction was equal
between the doses (recommended, half, and 10 times lower) for both nanoformulations.
At 14 DAA, all doses exerted significant weed control (>80%), with e PCL-MTZ at full-
and half doses and PCL-lig-MTZ at the full-dose being the most effective. At 21 DAA,
both nanoformulations (at full and half doses) and MTZ had exerted 100% mortality.
Thus, it is clear that the nanoformulations could control 4. retroflexus to a greater extent

than MTZ, yielding equivalent efficacy at a half-dose of 240 g i.a. ha'l.

Table 2. Dry mass of Amaranthus retroflexus at 7, 14, and 21 days after application
(DAA) of metribuzin non-encapsulated (MTZ) and nanoencapsulated in two formulations
(PCL-MTZ and PCL-1lig-MTZ) in full-dose (480 g a.i. ha'!), half-dose (240 g a.i. ha'!),
and 1/10-dose (48 g a.i. ha'!).

Fresh mass (mg)

Treatments 7DAA 14 DAA 21 DAA
Water 14504433 64.00£622  236.49+73.00
MTZ (480 g a.i. ha') 2.7542.10 0.2840.28 0.28+0.28
PCL-MTZ (480 g a.i. ha') 2.50+0.87 0.0040.00*  0.00+0.00*
PCL-MTZ (240 g a.i. ha'!) 1.00£0.41 0.00£0.00*  0.00+0.00*
PCL-MTZ (48 g a.i. ha'!) 9.75+3.90 0754048  32.77+16.25
PCL-lig-MTZ (480 g a.i. ha'!) 4.75+1.80 0.00£0.00*  0.00+0.00%
PCL-lig-MTZ (240 g a.i. ha'!) 6.5042.75 0.1540.15 0.00-£0.00*
PCL-lig-MTZ (48 g a.i. ha'!) 8.0042.61 0.2540.25 9.5049.50

aMean = standard error (n=4).
*Indicate a difference between the metribuzin treatments and control treatment with water by Dunn, by
Kruskal-Wallis multiple comparison test.

Being able to reduce the active ingredient amount applied for weed control is a
significant advantage of nanoherbicides for sustainable agriculture. A number of studies
have reported that polymer-based nanoparticles have the potential to improve
environmental safety in herbicide applications. Oliveira et al.!! and Carvalho et al. 7
observed herbicidal effects at 10- and 80-times lower doses for atrazine-loaded in PCL
and zein nanoformulations, respectively, against mustard plants (Brassica oleracea).

Takeshita et al. !> observed similar results for MTZ, with 10-fold lower doses being
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effective in the control of Ipomoea grandifolia. In addition to dose reduction, nanoscale
biopolymer carriers can offer additional benefits. For example, Bombo et al. 7® described
the transpiration pathways (stomata and hydathodes) as an alternative uptake pathway,
compared to leaf diffusion pathway, for atrazine in plants with PCL nanoparticles.
Importantly, in the current study, PCL showed more efficient delivery and weed control
at lower doses than does PCL-lignin. However, lignin is a natural polymer that is more
suitable for a safe-by-design herbicide formulation and did exert sufficient weed control
until 21 DAA. Selective activity against the weed species also appears to be an important

benefit for nanoformulation applications.

3.4.2 Metribuzin uptake and distribution from nanoformulations

Fluorescence analyses were only able to be carried out in 4. retroflexus until 5
DAA due significant leaf damage beyond 7 DAA hampering slide preparation and
microscopic evaluation. Qualitative FI images are presented in Figure S3, comparing
fluorescence channels (rows) and treatments (columns). 4. retroflexus showed high
background fluorescence; however, differences in nanoparticle uptake were evident at all
time points by FI quantification (Fig. 6a and 6b). Clear nanoparticle signals were observed
in the leaves, particularly for PCL-lig-MTZ, with distribution in various plant structures.
Specifically, most of the nanoparticles were detected in leaves. PCL-MTZ presented
89.23 FI more than water treatments and PCL-lig-MTZ 826.24 FI, after first 24 h from
nanoparticles application. After 5 days, this difference that was 737.01 FI at 24 h. After
5 days, the nanoparticles uptake difference was 9.25 times higher for PCL-lig-MTZ than
PLC- MTZ in 24 h; this difference became 4.54 times after 5 days, evidencing the greater
entry of nanoparticles in the presence of lignin in the composition of nanoformulation. In
the roots, the FI values were similar between nanoformulations, due to the exportation of
nanoparticles from the root to the shoot. Nevertheless, PCL-MTZ showed effective weed
control, although a different mechanism of distribution and release of MTZ within plants

treated with nanoformulations seems likely.
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Figure 6. Fluorescence intensity (FI) of Amaranthus retroflexus plants at 5 days after
application of metribuzin nanoencapsulated in two formulations (PCL-MTZ and PCL-
lig-MTZ at 480 g a.i. ha!). Bars represent the mean and standard error mean of FI in the
shoots (a) and roots (b). Different lowercase letters indicate statistically significant
differences by Tukey's test (p<0.05; n=5) in the weed plant aerial part and roots.

The levels of metribuzin were below the limit of detection (<LOD); therefore, the
total absorbed agrochemical was considered equal to the amount present in the shoots of
the plants for quantification purposes. Non-significant interaction between “formulation”
and “days after application” factors was observed by ANOVA (p<0,05). However, the
formulations were different by Tukey’s test (p<0,05; n=12, that represent all data over
evaluation days). Less than 5% of the herbicide was absorbed by weed plants over 7 days.
The herbicide uptake was 1.43 times higher after PCL-MTZ than after conventional MTZ
in plants and 1.58 times higher than PCL-lig-MTZ, over 7 days. For PCL-lig-MTZ, the
difference was only 0.91 times higher than conventional MTZ. Despite low uptake rate,
metribuzin was efficiently to control A. retroflexus, independently of formulation. For
nanoformulations, even at low dose (10-fold less than conventional; equivalent to 48 g
a.i. ha!). Importantly, PCL-lig-MTZ exerted significant weed control, in spite of lower
uptake rates. Given the greater sustainability of these nanoparticles, they can be

considered a potentially more desirable nanocarrier of metribuzin than PCL-MTZ.
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Figure 7. Metribuzin uptake in Amaranthus retroflexus plants over 7 days after
application (DAA) of metribuzin non-encapsulated (MTZ) and nanoencapsulated in two
formulations (PCL-MTZ and PCL-lig-MTZ at 480 g a.i. ha'!). Bars represent the mean
and standard error mean of treatments over 7 days after application. Different lowercase
letters represent statistical differences by Tukey's test between treatments over evaluation

days (p<0.05; n=12).

3.4.3 Photosynthetic and physiological damages

All photosynthetic parameters indicate damage from metribuzin in all
formulations against A. retroflexus (Fig. 8). There was photosynthetic energy loss
(PhiNO, PhiNPQ, and Phi2) and reduction in electron flow (LEF) caused by metribuzin,
which is directly related to the known mechanism of action in plants (inhibitor of PSII),
which is different from the soybean data. At 7 DAA, greater damage was observed for
MTZ and PCL-MTZ as reflected in a reduced relative chlorophyll and linear electron
flow. Nonetheless, the PCL-lig-MTZ showed photosynthetic damage comparable to all
formulations on most evaluation days. As noted previously, the presence of lignin in
nanoformulations increases the sustainability, biocompatibility, and safer for the

environment as compared to synthetic carriers, even biodegradable ones such as PCL.
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Figure 8. Photosynthetic parameters of Amaranthus retroflexus plants at 1, 3, 5, and 7
days after application of metribuzin non-encapsulated (MTZ) and nanoencapsulated in
two formulations (PCL-MTZ and PCL-lig-MTZ at 480 g a.i. ha'!). Bars represent the
mean and standard error mean. Different lowercase letters represent statistical differences
by Tukey's test between treatments on each evaluation day, on each parameter (p<0.05;
n=6).

The detection of polymeric nanoparticles inside plants using fluorescence
techniques has been described by some authors 4%7%77. Here, despite a high background
plant fluorescence signal (rhodamine B channel), it was possible to observe an
accumulation of nanoparticles in the leaves, after translocation from the roots. We
observed a strong correlation between nanoparticles and herbicide localization inside
plant according to mass spectrometric analyses. Importantly, the current study was carried
out in soil, simulating a natural environment for weed control. It is evident that even after
soil interactions, the nanoscale formulations effectively delivered MTZ into the target
plants. Additionally, the photosynthetic effects confirm that the delivery of MTZ was
effective in the weed species, but led to minimal effects on the non-target species

(soybean).

4. Conclusion
The findings of this study demonstrate that two nanoscale formulations of MTZ

(178-265 nm) had effective weed control efficacy without significant impacts on non-
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target soybean plants. Although there was a slight reduction on soybean shoot mass, a
number of other physiological and biochemical indicators suggested minimal
phytotoxicity. Importantly, PCL-MTZ and PCL-lig-MTZ were efficient in controlling A4.
retroflexus even at reduced dose (240 and 48 g a.i. ha'!), compared to conventional MTZ
(480 g a.i. ha'!). The nanocarriers were absorbed by the plant roots and subsequently
translocated to the shoot system, up to 1.43 higher than conventional MTZ. In addition,
the nanoformulations has significant less impact on the soil microbiome, mitigating the
alterations in the bacterial community caused by conventional MTZ (suppression effect).
The ability of nanoformulations to precisely deliver MTZ to the target species could result
in active ingredient reduction and decreased negative environmental impacts. Future
work will evaluate this scenario under field conditions. Although PCL-lignin did not
perform quite as well as PCL, from a safe-by-design approach, it may be more desirable.
In fact, future work should focus on the use of lignin as a more sustainable alternative to
other polymers for agricultural applications. Also, in further works, the effects of
nanoparticles themselves may be explored to complement the information about the

selectivity of nanoherbicides.
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