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10 Sorocaba, SP 18087-180, Brazil

11
§Department of Botany, Santa Catarina State UniversityUFSC, Florianoṕolis, SC 88040-900, Brazil
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15 ABSTRACT: Atrazine is one of the most used herbicides and has been associated with persistent surface and groundwater
16 contamination, and novel formulations derived from nanotechnology can be a potential solution. We used poly(ε-caprolactone)
17 nanoencapsulation of atrazine (NC+ATZ) to develop a highly effective herbicidal formulation. Detailed structural study of
18 interaction between the formulation and Brassica juncea plants was carried out with evaluation of the foliar uptake of
19 nanoatrazine and structural alterations induced in the leaves. Following postemergent treatment, NC+ATZ adhered to the leaf
20 and penetrated mesophyll tissue mainly through the hydathode regions. NC+ATZ was transported directly through the vascular
21 tissue of the leaves and into the cells where it degraded the chloroplasts resulting in herbicidal activity. Nanocarrier systems,
22 such as the one used in this study, have great potential for agricultural applications in terms of maintenance of herbicidal activity
23 at low concentrations and a substantial increase in the herbicidal efficacy.
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25 ■ INTRODUCTION

26 In the last few decades, agriculture has used new substances,
27 tools, and technologies, such as pesticides and biotechnology,
28 to reduce pests and diseases to increase production and quality
29 of agricultural produce. However, many of these technologies
30 have also led to concerns over food safety and environmental
31 impacts. Nanotechnology is an important innovation that can
32 boost modern agriculture by protecting crops and producing a
33 low environmental impact.1−6 Nanotechnology offers a
34 number of innovations to conventional systems, such as
35 fertilizers and pesticides, pathogen detection,6,7 and soil and
36 water remediation.8 Therefore, the industry has a keen interest
37 in the potential applications of nanotechnology for improve-
38 ments in agri-food production, processing, packaging, and
39 development of innovative products.
40 A major challenge for modern farming is to increase
41 production while decreasing the resulting environmental
42 impacts.6,9,10 In this context, the use of nanoparticles as
43 nanocarriers of bioactive substances, such as pesticides, can
44 benefit both farmers and the environment. The encapsulation
45 of bioactive substances in nanocarriers may increase their
46 solubility, protect against degradation, and promote a sustained
47 and gradual release of the substance. This could lead to a
48 reduction in the use of chemical substances in the field due to

49increase in effectiveness against pests and diseases11−13 and
50thus reduce costs and environmental footprint of the
51chemicals.9

52Several nanoparticle-based systems, using different polymers
53and pesticides, have been developed to improve crop quality
54through more effective pest control.14 As example, Maruyama
55et al.15 developed a system based on chitosan nanoparticles
56loaded with the herbicides imazipic and imazapyr. According
57to de Oliveira et al.,16 the encapsulation of essential oils in zein
58nanoparticles has potential to increase insecticide and repellent
59activities. Pereira et al.17 showed the potential of chitosan
60nanoparticles for plant growth regulators for increasing the
61development of plants. In this context, studies into nanocarrier
62applications in agriculture is relatively new, and ongoing
63assessment is essential to ensure that these systems do not
64become a new source of contamination for food and the
65environment.18,19

66In plants, the physicochemical characteristics of nanocarriers
67may affect biological activity, particularly through interactions
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68 between the environment and living organisms.20 Nanoparticle
69 size is one of the main factors that affect penetration and
70 accumulation in plant cells, in addition to other aspects such as
71 chemical composition, morphology, and coating.9 Another
72 factor is the surface charge on nanoparticles, known as the ζ
73 potential, which affects interactions with different biological
74 components such as proteins and carbohydrates and
75 consequently interferes with the absorption, transport, or
76 bioaccumulation of nanoparticles in plants.20−23

77 The polymer poly(ε-caprolactone) (PCL) is obtained by the
78 polymerization of the cyclic monomer ε-caprolactone. It is a
79 semicrystalline polymer that is soluble in organic solvents and
80 is biodegradable and biocompatible. It is therefore ideal for use
81 in sustained release systems in agricultural applications.24

82 PCL nanocapsules containing the herbicide atrazine have
83 been developed to reduce the herbicide’s side effects while
84 maintaining herbicidal activity. They can be prepared by
85 different methodologies in the form of systems with
86 physicochemical stability that promotes a sustained release of
87 atrazine.25,26 In a previous study, the encapsulation of atrazine
88 in PCL nanocapsules was shown to potentiate atrazine’s
89 herbicidal activity.27 Indeed, in contrast to a commercial
90 atrazine formulation, this system maintained postemergent
91 control of weeds in Brassica juncea (L.) Czern. crop even at 10-
92 fold dilution.27 In addition, atrazine-containing PCL nano-
93 capsules showed no persistent toxic effects in the nontarget
94 crop of maize (Zea mays L.).28 These systems have also been
95 shown to have lower toxicity of the herbicide in Allium cepa L.
96 and human cells than its free (unencapsulated) form.25,26

97 While many studies have focused on the effects of
98 nanoherbicides in target organisms, only a few have
99 investigated the mechanism of action in plants. Indeed, studies
100 that evaluate the uptake and structural effects of nano-
101 herbicides in plants are of extreme importance, because they
102 can support the design of new nanocarrier systems for desired
103 applications. The present study evaluated morphoanatomical
104 effects of PCL nanocapsules containing atrazine on mustard
105 plants (B. juncea) to understand the nanocapsule−plant
106 interactions. We specifically investigated phytotoxicity and
107 nanoparticle uptake. To the best of our knowledge, this is the
108 first study that has investigated such interactions between a
109 polymeric nanocapsule containing an herbicide and a target
110 species.

111 ■ MATERIAL AND METHODS
112 Materials. The PCL polymer (molecular weight 80 000 Da) and
113 atrazine were purchased from Sigma-Aldrich. The commercial
114 formulation used as a reference was Gesaprim 500 CG obtained
115 from Syngenta. B. juncea seeds were purchased from Topseed Garden-
116 Agristar (Santo Antonio de Posse, Brazil).
117 PCL Nanocapsules. PCL nanocapsules containing atrazine were
118 prepared by the interfacial deposition of preformed polymer.26 The
119 organic phase was composed of 100 mg of PCL, 30 mL of organic
120 solvent (acetone), 200 mg of Myritol 318 oil, 40 mg of surfactant
121 (sorbitan monostearate-SPAN 60), and 10 mg of atrazine. The
122 aqueous phase was composed of 30 mL of water containing 60 mg of
123 surfactant (Polysorbate 80-Tween 80). After complete dissolution of
124 the components for both phases, the organic phase was slowly poured
125 into the aqueous phase (maintained under constant stirring) with a
126 funnel, and the resulting mixture was stirred for 10 min. The total
127 volume was evaporated to 10 mL. Labeled nanoparticles were
128 prepared by adding the fluorophore 1,2-dipalmitoyl-sn-glycero-3-
129 phosphoethanolamine-N-(Lissamine rhodamine B sulfonyl chloride)
130 (0.1% of the PCL mass) to the organic phase.

131Dynamic Light Scattering (DLS) and Zeta Potential. The size
132distribution and polydispersity index (PDI) of the nanoparticles were
133determined by the DLS technique, with the scattered light detected at
134an angle of 90° using a Zetasizer Nano ZS90 instrument (Malvern
135Instruments, UK). The ζ potential was evaluated using the same
136instrument by electrophoresis. The samples were analyzed in triplicate
137at 25 °C.
138Nanoparticle Tracking Analysis (NTA). After preparation, the
139nanocapsules were characterized in relation to their size and
140concentration by NTA using a Nanosight model LM 10 (Malvern
141Instruments). The formulations were diluted 5000-fold, and the
142samples were evaluated in five replicates, counting 100 nanoparticles
143per sample. Analyses were performed at 25 °C.
144Plant Material and Growth Conditions. B. juncea was used as
145the model target species. Seed germination was performed in plastic
146pots filled with a mixture of substrate for seedlings (Genebom) and
147vermiculite (Isoplus) (2:1, w/w). After seedling emergence, four
148individual plants were grown in each pot until they had a pair of fully
149expanded leaves (about one month later). Throughout cultivation, the
150plants were kept in a growth chamber at 25 °C, 10 h photoperiod,
151with daily manual irrigation. The experiments were conducted from
152April to June (fall).
153Herbicidal Activity Assays and Symptom Evaluation. Thirty-
154day-old mustard plants were treated with the following formulations:
155distilled water (control), herbicide-free nanocapsules (control nano-
156particles, NC), commercially formulated atrazine at 1 mg mL−1

157(ATZ), and nanocapsules containing 10-fold diluted atrazine at 0.1
158mg mL−1 (NC+ATZ). The standard concentration of atrazine in the
159nanoformulation was 1 mg mL−1; however, we decided to use a 10-
160fold-diluted NC+ATZ solution because Oliveira et al.28 showed that
161the formulation maintained efficacy against the target at this
162concentration. For each formulation, at least five pots were sprayed
163with 5 mL of the test sample, resulting in an application of atrazine
164that is recommended by the manufacturer (2000 g of atrazine per
165hectare).27 Herbicide-free nanoparticles added by Lissamine rhod-
166amine B sulfonyl chloride were applied in the same way for plants
167used in the confocal analysis, as described below. All of the treatments
168were applied in the morning (before 9 am).
169Symptoms of effects in the leaves were recorded at 3 and 7 days
170after treatment. Photographic images were taken under the same
171conditions, and the background and color were adjusted using
172CorelDRAW X6 software.
173Morphoanatomical Characterization. Confocal Laser Scan-
174ning Microscopy. Leaf samples measuring 3 × 2 mm were fixed in 4%
175paraformaldehyde in phosphate buffer for 4 h at 4 °C, washed with
176buffer, plated on round glass slides using an aqueous mounting
177medium (Dako Faramount S3025), and stored at 4 °C until analysis.
178Samples were analyzed with a Zeiss LSM 510 confocal microscope
179(Carl Zeiss, Jena, Germany) using an argon 488 nm laser, “Plan-
180Neofluar” 20, 40, and 63× 1.3 oil lens, and LSM 510, version 2.02,
181software. Images were taken at a resolution of 1024 × 1024 pixels.
182Light Microscopy. One-millimeter-long leaf samples were selected
183from each treatment and fixed in 3% glutaraldehyde and 0.2 mol L−1

184sodium cacodylate buffer (pH 7.25, 24 h), postfixed in 1% osmium
185tetroxide in 0.1 mol L−1 phosphate buffer (pH 7.2), and processed
186using standard methods.29 Dehydration was performed through a
187graded alcohol series with subsequent embedding in hydrophilic
188acrylic resin (LR White Hard grade; Fluka). Samples were then
189embedded in the same resin and polymerized in an oven at 60 °C for
19012−24 h. Semithin sections were prepared using a Leica UC7
191ultramicrotome with a glass blade. The sections were stained using
1920.05% toluidine blue O in citrate-phosphate buffer, pH 4.5,30 and
193permanently mounted on slides with Entellan synthetic resin (Merck,
194Darmstadt, Germany). Images were captured using an Olympus DP71
195digital camera coupled to an Olympus BX51 microscope.
196Scanning and Transmission Electron Microscopy (SEM and
197TEM). For SEM and TEM, 1 mm long samples were selected near the
198leaf edge in the hydathode regions of the leaf blade. For SEM, samples
199were fixed in Karnovsky solution,31 dehydrated in an acetone series up
200to absolute acetone, dried using the critical point method with CO2,
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201 mounted on aluminum stubs, and coated with a layer of 30−40 nm
202 gold using a Balzers SCD 050 sputter-coater. Observations and
203 photomicrographs were obtained using a JEOL JSM 5800LV at 20 kV
204 with SemAfore 5.21 software, and scale bars were directly printed
205 onto the electron micrographs generated.
206 For TEM, samples were fixed and prepared as described for light
207 microscopy. Ultrathin sections were prepared using a Leica UC7
208 ultramicrotome with a diamond blade (Diatome) at 45° to a 60 nm
209 thickness and were placed on 100-mesh copper grids. Counterstaining
210 was performed using an aqueous solution of 5% uranyl acetate and 1%
211 lead citrate for 10 min each for contrast.33 TEM was performed using
212 a JEOL JEM 1011 at 80 kV.

213 ■ RESULTS AND DISCUSSION

214 Nanocapsule Characterization. The use of PCL has
215 several advantages over other polymers, such as its
216 biodegradability and biocompatibility. It is ideal for use in
217 sustained release systems for agricultural applications24 and
218 also cheap and easy to manufacture.34 Moreover, ATZ-loaded
219 PCL nanocapsules are a reservoir system, which is composed
220 of an oil nucleus covered by the polymeric coat. ATZ interacts
221 mainly with the oily phase due to its hydrophobicity; however,
222 due to hydrophobic characteristics of PCL and due to the
223 presence of the surfactant in the nanoparticle surface, ATZ
224 molecules can be distributed from the inner core to the surface
225 of the nanoparticles.

226Characterization of nanocapsules was conducted using two
227different methods, DLS and NTA. Both techniques define size,
228but DLS also shows the PDI and ζ potential by electro-
229phoresis, and NTA provides an estimate of nanoparticle
230 f1concentration (Figure 1).35 Such characterization was found to
231be crucial after nanocapsule synthesis by Grillo et al.,26

232particularly in relation to size, PDI, ζ potential, morphology,
233and release profile of bioactive substances.
234The DLS analysis (Figure 1A,C) revealed that the particle
235size of NC+ATZ was 256 ± 2.3 nm, and when labeled, the size
236increased to 345 ± 3.1 nm. The NTA analysis (Figure 1B,D)
237revealed that regardless of whether the NC+ATZ nanoparticles
238were labeled, they had the same size (∼258 nm). The NTA
239also showed that nanoparticle concentration was approximately
2409.20 × 1012 nanoparticles/mL for NC+ATZ and 9.36 × 1012

241nanoparticles/mL for the labeled nanoparticles. These results
242show that there was no major change in nanoparticle
243concentration due to labeling. The DLS analysis showed that
244NC+ATZ had a PDI of 0.09 ± 0.02 and, when labeled, a PDI
245of 0.23 ± 0.015, which showed an increase in a polydispersity
246of the nanoparticles due to labeling. Despite the increase of
247PDI, the NTA showed that the largest fraction of nanoparticles
248had a size of 258 nm.
249The ζ potential was determined by electrophoresis and was
250approximately −32 mV for both nanoparticles (labeled and

Figure 1. Nanoparticle characterization by dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). (a) nanocapsule (NC) +
atrazine (ATZ) by DLS; (b) NC + ATZ by NTA; (c) labeled NC + ATZ by DLS; and (d) labeled NC + ATZ by NTA. For DLS, the samples were
analyzed in triplicate. For NTA, the samples were evaluated in five replicates, counting 100 nanoparticles per sample. Analyses were performed at
25 °C.
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251 unlabeled). The nanoparticle control (NC) (without the
252 active) had the same size, PDI, ζ potential, and concentration
253 of nanoparticles as those containing atrazine or label (Figure
254 1). The nanoparticles had the characteristics as described
255 previously by Grillo et al.,26 and labeled nanoparticles had the
256 same characteristics as described by Jacques et al.36 According
257 Grillo et al.,26 the nanoparticles have a spherical shape, with an
258 encapsulation efficiency about 86% and a loading capacity of
259 2%.
260 Macroscopic Effect Evaluation. To understand the
261 relationship between exposure and effect, it is important to
262 study nanoparticle uptake. We investigated PCL nanocapsule
263 uptake in mustard leaves using several techniques. These
264 included macroscopic and microscopic evaluations, confocal
265 laser scanning microscopy, SEM, and TEM, to gain a broad
266 understanding of the interactions.
267 Untreated, fully expanded mustard leaves exhibited a light-
268 green coloration, with a central vein and ornamentation on the

f2 269 edge (Figure 2A, water). The first macroscopic signs of

270 atrazine toxicity were observed 3 days after the treatments, in
271 leaves sprayed both with commercially formulated atrazine and
272 with NC+ATZ (Figure 2A). In both treatments, the leaves
273 exhibited a yellowish coloration, particularly near the veins and
274 the edge of the leaf. After 7 days (Figure 2B), NC (control)
275 maintained normal development and appearance, suggesting
276 that there were no side effects of the nanocapsules. In contrast,
277 in samples treated with NC+ATZ or commercial solution
278 alone (ATZ), most leaves had wilted and had chlorotic and
279 necrotic areas. The symptoms were most evident from the
280 border to the middle of the lamina, and yellowish areas near
281 the veins were visible at this stage in both treatments. These
282 symptoms are known to be elicited by atrazine, which causes
283 interveinal and marginal chlorosis and ultimately death,37 and
284 are consistent with those observed by Oliveira et al.,27 who
285 demonstrated that encapsulation maintained atrazine’s mech-
286 anism of action against mustard plants even at a 10-fold lower
287 application.
288 B. juncea Leaf Characterization. Healthy, untreated B.
289 juncea leaves were anatomically characterized to investigate the
290 possible effects of nanoparticles in the tissues. Transversal

f3 291 sections revealed hydathodes on the leaf margin (Figure 3A−

292D). These are water pores (modified stomata; Figure 3C,D,
293arrows), layers of thin-walled epithem cells below the
294epidermis (Figure 3D), and terminal tracheids in the vascular
295bundle. In the middle of the leaf blade (Figure 3E), the
296epidermis was uniseriate, with thick outer periclinal walls and
297stomata in both leaf faces. There was also dorsiventral
298heterogeneous mesophyll, and small lateral veins composed
299of vascular bundles immersed between palisade and spongy
300parenchyma. Chloroplasts were well-developed and could be
301observed in the chlorophyllous parenchyma, with starch grains
302in most of them (Figure 3E).
303Nanoparticle Penetration. Although several studies have
304investigated the macroscopic effects of nanocapsules and
305nanoherbicides in target organisms, few have focused on their
306uptake and mechanism of action. Visualization of nanoparticle
307uptake into the leaves was possible using nanoparticles labeled
308with a fluorescent dye (Lissamine rhodamine B sulfonyl
309chloride) followed by confocal microscopy. As a result, a green
310fluorescent signal of the dye indicated the position of the
311 f4nanoparticles in the NC and NC+ATZ treatments (Figure 4,
312arrows). In the first 24 h, nanoparticles were deposited on the
313leaf surface, there was no nanoparticle penetration (Figure
3144A,C,E), and no fluorescent signal was observed inside the leaf
315in the mesophyll (Figure 4B,D,F).
316After 48 h of incubation (Figure 4G,H), it was possible to
317observe the particles in the vessel elements (Figure 4H), and
318after 96 h of incubation (Figure 4I, L), particles were observed
319in the stomata (Figure 4I), interspersed among mesophyll cells
320(Figure 4J), and in vessel elements (Figure 4K,L), showing
321that the particles penetrate stomata, particularly those in
322hydathode regions.
323In the NC treatment after 168 h of incubation (Figure 4M−
324P), the green fluorescent signal of the nanoparticles was still
325detected inside vessel elements and mesophyll cells with intact

Figure 2. Macroscopic symptom evolution in Brassica juncea leaves.
Symptoms were recorded 3 (A) and 7 (B) days after the plants were
sprayed with water, unloaded nanocapsules (NC), nanocapsules
containing atrazine at 0.1 mg mL−1 (NC + ATZ), or commercial
atrazine at 1 mg mL−1 (ATZ). Scale bars = 2 cm.

Figure 3. Microscopic characterization of a healthy Brassica juncea
leaf, showing the hydathode (1) and mesophyll (2) regions.
Photograph (A), scanning electron micrographs (B, C), and optical
micrographs (D,E) of hydathodes on the leaf edge. Arrows in image B
indicate hydathodes. (C) Detail of the image B inset; arrows indicate
water pores. (D) Longitudinal section of a hydathode on the leaf
edge, showing its anatomical structure. (E) Transverse section of the
middle region of the leaf blade (2); arrows indicate chloroplasts in the
chlorophyll parenchyma. Ep = epithem, Epd = epidermis, Pp =
palisade parenchyma, s = stomata, Sp = spongy parenchyma, Vb =
vascular bundle. Scale bars: photograph A = 2 cm; scanning electron
micrographs B, C, E = 100 μm; optical D = 50 μm.
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326 tissue (Figure 4M,N). NC+ATZ were found in similar regions;
327 however, the leaf tissue was extensively damaged, indicating
328 atrazine activity (Figure 4O,P).
329 Hydathode regions have a high concentration of modified
330 stomata (water pores), which are directly connected to the
331 vascular system through terminal tracheids in the vascular
332 bundle.38 They mediate water exudation, a process that
333 generally occurs in conditions of high water uptake and
334 limited transpiration, such as warm soils and high humidity.39

335 However, foliar water uptake is also attributed to hydath-
336 odes.40−43

337 Hydathode water pores can vary from a few micrometers up
338 to several micrometers,44 a size that could allow nanocarrier
339 entry.21 Moreover, in our experiment, the plants were kept
340 well-hydrated, thus favoring stomatal aperture. The nano-
341 encapsulated form of atrazine could also travel directly through
342 the vascular system and spread rapidly throughout the whole
343 plant, accelerating the activity of nanoencapsulated atrazine.
344 Nguyen et al.21 reported that nanocarrier penetration in pepper
345 leaves is rapid and can reach the deepest parts of the leaf blade
346 just 60 min after application. In pepper leaves, as in mustard
347 leaves, stomata are found on both leaf surfaces, which
348 facilitates rapid penetration in these species, because stomata
349 and consequently hydathode regions are ideal pathways for
350 nanocarrier leaf penetration.21

351 Another factor is that the PCL nanoparticles used in our
352 experiments had a negative ζ potential, and according to
353 Nguyen et al.,21 negatively charged nanoparticles have a faster
354 foliar penetration than those with positive ζ potential. Plant
355 cell walls have a negative charge because of the large presence
356 of polysaccharides rich in galacturonic or glucuronic acid units,
357 such as pectin and glucuronoarabinoxylan.45 Due to the

358electrostatic interaction, nanoparticles with positive charge
359accumulate and aggregate in the tissue surface. In contrast,
360negatively charged nanoparticles usually show higher distribu-
361tion inside the plants, given their poor interaction with cell
362wall. This behavior has been described for cerium oxide and
363gold nanoparticles.45,46

364Structural Aspects. Macroscopic symptoms of atrazine
365toxicity were observed after only 3 days in plants treated with
366atrazine. Anatomically, the symptoms of atrazine toxicity were
367already seen from the second day (48 h) after leaves were
368sprayed with commercially formulated atrazine and with NC
369 f5+ATZ. Further structural insights were gained by SEM (Figure
370 f55A−I). After 48 h, epidermal cells (Figure 5D,E), particularly
371on the adaxial surface near to the edge of the leaf blade and in
372the hydathode regions, exhibited less turgor in the NC+ATZ
373and ATZ treatments than after 24 h (Figure 5A−C). From that
374time point onward (Figure 5F−I), the symptoms increased,
375and cell turgor continuously decreased, particularly in the last
376stage (168 h). Leaves subjected to water and NC treatments
377were unchanged (Figures 2C, 5A,G).
378 f6Light microscopy (Figure 6A−L) revealed that atrazine
379toxicity (Figure 6I−L) symptoms were visible from 48 h when
380it was possible to observe the abnormal development of the
381chloroplasts followed by chlorophyllous parenchyma cell
382degradation when compared to the water control (Figure
3836A,B). In the water and NC treatments (Figure 6C,D), no
384structural changes in the leaves were observed, while in the NC
385+ATZ treatment (Figure 6E−H), the changes were similar to
386those observed in the ATZ treatment, with plastid deterio-
387ration (Figure 6H and inset). Cell degradation, as observed in
388the ATZ treatment, was not observed in the NC+ATZ
389treatment until after 168 h; however, considering the

Figure 4. Confocal micrographs of hydathode regions on a Brassica juncea leaf, showing nanoparticle penetration after incubation with water,
nanocapsules (NC), or nanocapsules containing atrazine at 0.1 mg mL−1 (NC + ATZ). All the nanocapsules were labeled with 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(Lissamine rhodamine B sulfonyl chloride) at 0.1% of miglyol mass in the oil phase. Arrowheads indicate
stomata on the leaf surface and arrows indicate the green fluorescent signal of the dye. The first and third rows are focused on the leaf surface (A, C,
E, G, I, K, M, and O), while the second and fourth rows are focused on the mesophyll level (B, D, F, H, J, L, N, and P). Scale bars = 20 μm.
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390 macroscopic symptoms (Figure 2) and further observations
391 (data not shown), cell degradation must have occurred.

f7 392 In the control samples (Figure 7A−D), the cells were intact,
393 all of the organelles had developed normally, the cell walls and
394 plasma membranes were intact (Figure 7A), the mitochondria
395 had well-developed cristae, and chloroplasts had a normal
396 thylakoid organization (Figure 7B,D) with a few plastoglobuli
397 (Figure 7C,D).
398 In the nanoparticle-containing treatments (Figure 7E−R),
399 12 h after the NC+ATZ treatment (Figure 7K) and from the
400 36-h stage in the NC treatment (Figure 7G, H), the presence
401 of particles with the same size as the nanoparticles used for the

402treatments (Figure 1) was observed inside the cell. With NC
403+ATZ treatment, first cell damages were recorded at 36 h, and
404at 48 h the chloroplasts (Figure 7N,O) had lost their
405characteristic shape and become unstructured, starch grains
406had disappeared from the system, a large number of supersized
407plastoglobuli had accumulated, and frets had been destroyed,
408resulting in granum arrangement disorganization. In the last
409stages (96 and 168 h), the plastids had lost their structural
410organization (Figure 7P−R). These effects were also observed
411in the ATZ treatment (Figure 7S). The only difference
412between the NC+ATZ and ATZ treatments was that in the
413latter the herbicidal effects were faster, with chloroplast
414structural disorganization occurring at 24 h (Figure 7S) and
415complete cell damage at 168 h (Figure 7V). Regardless of
416treatment (NC+ATZ or commercial ATZ), all of the cells were
417damaged, and the photosynthetic system was destroyed.
418The primary effect of atrazine in the leaves is to inhibit
419photosystem II activity, which in a previous study was
420observed 24 h after treating mustard plants with ATZ or NC
421+ATZ.28 A greater decrease in photosystem II activity occurred
42248 h after treatment,28 which coincided with nanocapsule
423penetration reaching the mesophyll cells. At this time point,
424the induction of oxidative stress by atrazine was detected,28

425which could have been related to the onset of anatomical
426symptoms such as cell turgor reduction, abnormal chloroplast
427development, and parenchyma cell degradation. As a
428consequence, macroscopic symptoms could be observed 72
429days after treatment with both atrazine treatments (ATZ and
430NC+ATZ).
431Penetrating the leaf’s barriers is a key point when
432considering a nanosystem. As we have demonstrated, nano-
433particles penetrate the leaf through natural openings, that is,
434water pores and stomata; however, translocation beyond the
435leaf is probably also mediated by apoplastic and symplastic

Figure 5. Scanning electron micrographs of the symptoms of atrazine
toxicity (A−I) on the edge of a Brassica juncea leaf at 24 to 168 h after
the plants were sprayed with water, empty nanocapsules (NC),
nanocapsules containing atrazine with a 10-fold dilution in water (1/
10 v/v) (NC + ATZ), or commercial atrazine (ATZ). Arrowheads
indicate stomata or water pores on the leaf surface. Scale bars: A = 20
μm, B−I = 50 μm.

Figure 6. Anatomical characterization of symptom evolution in Brassica juncea leaves under optical microscope. (A−L) Transverse sections of the
leaf blade at 24 to 168 h after the plants were sprayed with water, empty nanocapsules (NC), nanocapsules containing atrazine with a 10-fold
dilution in water (1/10 v/v) (NC + ATZ), or commercial atrazine (ATZ). Arrows in A, D, and H (inset) show chloroplasts, and arrows in B and C
show water pores. Epd = epidermis, Ep = epithem, s = stomata. Scale bars = 50 μm; inset in H = 10 μm.
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436 pathways,47,48 because we found nanoparticles inside cell
437 protoplasts after only 36 h of incubation and inside the
438 chloroplasts after 48 h of incubation. The penetration
439 mechanism seems to involve endocytosis,49,50 in which
440 nanoparticles pass through the cell wall and reach the cell
441 membrane that invaginates, resulting in the internalization of
442 the nanomaterial within a vesicle in the cytoplasm. These
443 particles first appear near the cell wall and plasma membrane,
444 followed by the vesicles. It is noteworthy that the PCL
445 nanocarrier system does not generate phytotoxic effects, as the
446 NC treatment did not cause any structural alterations, despite
447 the presence of nanoparticles inside the cells, suggesting that
448 they could be used for the delivery of different agents inside
449 the leaf mesophyll, particularly targeting the chloroplasts.
450 Cell damage in the NC+ATZ and ATZ treatments involved
451 chloroplast disorganization followed by supersized plastoglo-
452 buli accumulation, fret destruction, granum arrangement
453 disorganization, and rapid starch grain consumption after
454 photosynthesis blocking. All of these alterations are atrazine
455 effects,51 demonstrating that ATZ-loaded nanoparticles are
456 effective at low herbicide dosages and toxic to target plant
457 tissue.
458 In a previous study, Grillo et al.26 showed that PCL
459 nanocapsules have a sustained release: 72% of ATZ was

460released after 5 days using a two-compartment model. Also, the
461release mechanism was based on a non-Fickian process,
462indicating the ATZ release was controlled by the relaxation of
463the polymeric chains. Oliveira et al.52 demonstrated that
464atrazine encapsulation led to an increased inhibition of the
465photosystem II activity of mustard plants, indicating that ATZ
466reached its site of action. Here, we demonstrated that
467nanoparticles were absorbed through hydathode region and
468internalized by the cells. Taken together, these studies indicate
469that ATZ was released after nanoparticle uptake. However,
470further studies are necessary to elucidate the ATZ release from
471nanoparticles in plant tissues, for example, using 14C-atrazine.
472Controlled release is not the only objective of a nanocarrier
473system, as this system could also increase the accumulation of
474the active component at the intracellular level in target
475organelles. Therefore, nanocarriers can maintain the concen-
476tration of the active component at an optimal level for
477biological activity and also reduce resistance.53 The absorption
478mode, translocation, and cell uptake of PCL nanoparticles as
479revealed by the present study highlight the high efficiency of
480this system at low concentrations.
481Nanocarrier systems for herbicides have great potential for
482agricultural applications, so understanding the underlying
483mechanisms of action of these materials is of great importance

Figure 7. (A−V) Transmission electron micrographs showing atrazine symptoms at the ultrastructural level in leaves sprayed with water, empty
nanocapsules (NC), nanocapsules containing atrazine with a 10-fold dilution in water (1/10 v/v) (NC + ATZ), or commercial atrazine (ATZ).
Arrowheads indicate plastoglobuli, white arrows indicate thylakoid organization, and black arrows indicate nanoparticles. Panel R is the
enlargement of the squared region in panel Q. c = chloroplast, cw = cell wall, m = mitochondria, v = vacuole, vs = vesicle. Scale bars: panels A−C,
E, K, L, O, P, R, and S = 500 nm; panels D, H, and J = 200 nm; panels F, T, and U = 1 μm; panels G, I, M, N, and V = 2 μm; panel Q = 5 μm.
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484 to ensure their safety, as well as for designing more efficient
485 systems. In conclusion, we found that nanocapsules containing
486 atrazine efficiently adhered to the leaf surface and penetrated
487 into the mesophyll through stomata on the leaf edge.
488 Consequently, the nanocapsules efficiently delivered atrazine
489 to the site of action, and the herbicidal activity was remarkably
490 strong even when diluted 10-fold. This means that the
491 nanoscale formulation of atrazine could enable a major
492 reduction in the use of herbicides and consequently reduce
493 the overall costs and negative impacts on the environment.
494 The fact that PCL nanocapsules (without atrazine) were
495 harmless in terms of phytotoxic effects and effects on the
496 plant’s structure shows that they provide a very useful means
497 for delivery of active substances into the leaf mesophyll.
498 Although more understanding of toxicological aspects toward
499 nontarget plant and animal species is required, our study
500 provides a foundation for further research into efficient
501 delivery of atrazine and other bioactive substances in their
502 use in a safe and sustainable way.
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526 Cientifico e Tecnoloǵico (CNPq) (573913/2008-0). We also
527 thank Qsaim Chaudhry for a friendly review.

528 ■ ABBREVIATIONS USED
529 ATZ, commercially formulated atrazine at 1 mg·mL−1; NC,
530 herbicide-free nanocapsules (control nanoparticles); NC
531 +ATZ, nanocapsules containing atrazine 10-fold diluted at
532 0.1 mg·mL−1; PCL, poly(ε-caprolactone)

533 ■ REFERENCES
(1)534 Fraceto, L. F.; Grillo, R.; de Medeiros, G. A.; Scognamiglio, V.;

535 Rea, G.; Bartolucci, C. Nanotechnology in Agriculture: Which
536 Innovation Potential Does It Have? Front. Environ. Sci. 2016, 4
537 (March), 1−5.

(2)538 Yusoff, S. N. M.; Kamari, A.; Aljafree, N. F. A. A Review of
539 Materials Used as Carrier Agents in Pesticide Formulations. Int. J.
540 Environ. Sci. Technol. 2016, 13 (12), 2977−2994.

(3) 541Nuruzzaman, M.; Rahman, M. M.; Liu, Y.; Naidu, R.
542Nanoencapsulation, Nano-Guard for Pesticides: A New Window for
543Safe Application. J. Agric. Food Chem. 2016, 64 (7), 1447−1483.

(4) 544Parisi, C.; Vigani, M.; Rodríguez-Cerezo, E. Agricultural
545Nanotechnologies: What Are the Current Possibilities? Nano Today
5462015, 10 (2), 124−127.

(5) 547Kookana, R. S.; Boxall, A. B. A.; Reeves, P. T.; Ashauer, R.;
548Beulke, S.; Chaudhry, Q.; Cornelis, G.; Fernandes, T. F.; Gan, J.; Kah,
549M.; et al. Nanopesticides: Guiding Principles for Regulatory
550Evaluation of Environmental Risks. J. Agric. Food Chem. 2014, 62
551(19), 4227−4240.

(6) 552Kah, M.; Kookana, R. S.; Gogos, A.; Bucheli, T. A Critical
553Evaluation of Nanopesticides and Nanofertilizers against Their
554Conventional Analogues. Nat. Nanotechnol. 2018, 13, 677.

(7) 555Antonacci, A.; Arduini, F.; Moscone, D.; Palleschi, G.;
556Scognamiglio, V. Nanostructured (Bio)Sensors for Smart Agriculture.
557TrAC, Trends Anal. Chem. 2018, 98, 95−103.

(8) 558Rawtani, D.; Khatri, N.; Tyagi, S.; Pandey, G. Nanotechnology-
559Based Recent Approaches for Sensing and Remediation of Pesticides.
560J. Environ. Manage. 2018, 206, 749−762.
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