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6 ABSTRACT: Seven Arabidopsis thaliana mutants with differences in cuticle thickness and stomatal density were foliar exposed to
7 50 mg L−1 Cu3(PO4)2 nanosheets (NS), CuO NS, CuO nanoparticles, and CuSO4. Three separate fractions of Cu (surface-attached,
8 cuticle, interior leaf) were isolated from the leaf at 0.25, 2, 4, and 8 h. Cu transfer from the surface through the cuticle and into the
9 leaf varied with mutant and particle type. The Cu content on the surface decreased significantly over 8 h but increased in the cuticle.
10 Cu derived from the ionic form had the greatest cuticle concentration, suggesting greater difficulty in moving across this barrier and
11 into the leaf. Leaf Cu in the increased-stomatal mutants was 8.5−44.9% greater than the decreased stomatal mutants, and abscisic
12 acid to close the stomata decreased Cu in the leaf. This demonstrates the importance of nanomaterial entry through the stomata and
13 enables the optimization of materials for nanoenabled agriculture.
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15 ■ INTRODUCTION

16 Given the projected pressure on agriculture from an increasing
17 population and a changing climate, nanotechnology has
18 garnered significant attention as a potentially critical tool for
19 maximizing global food production and achieving food
20 security.1,2 Current potential applications have included
21 nanoscale platforms for nutrient delivery, plant protection
22 strategies for pathogen management, the development of
23 intelligent nanoscale sensing systems for a range of parameters,
24 and strategies to increase photosynthesis or even tolerance to
25 stress, among other uses.3−5 A number of studies have focused
26 specifically on the foliar application of a range of nanoparticles
27 as a method to improve crop production and resistance to
28 pathogens. For example, Nandhini et al. reported that the foliar
29 application of 50 mg L−1 zinc oxide nanoparticles (ZnO NPs)
30 to pearl millet resulted in a 35% reduction in downy mildew
31 (Sclerospora graminicola) incidence compared to untreated
32 controls; 250 mg L−1 ZnO increased seedling vigor by 71.5%.6

33 Buchman et al. demonstrated that foliar application of 500 mg
34 L−1 chitosan-coated mesoporous Si NPs reduced Fusarium wilt
35 disease by 27% in a greenhouse study with watermelon and
36 under field conditions, increased the fruit yield of watermelon
37 by 70%.7 Our group has focused significant attention on the
38 role of nanoscale Cu in modulating plant health and resistance
39 to disease.8−12 For example, Borgatta et al. found that foliar
40 application of Cu3(PO4)2·3H2O nanosheets to 2 week old
41 seedlings increased the mass of individual watermelon fruit by
42 38.2% under Fusarium-infested conditions.13 Similarly, Ma et
43 al. demonstrated that foliar application of nanoscale Cu in
44 different forms could effectively suppress soybean sudden
45 death syndrome (SDS) caused by Fusarium virguliforme, and

46importantly, nanomaterial affinity to the leaf surface and
47dissolution of Cu ions could be modeled computationally.9

48This previous work has clearly demonstrated that nanomaterial
49attachment to and movement through the leaf biointerface is
50critical to the observed plant benefits; understanding of the
51important interactions between nanomaterial chemistry and
52leaf surface chemistry is lacking.
53The leaf biointerface is a complex framework of epidermal
54cells and varied structures such as the cuticle, stomata, and
55trichomes that forms a hydrophobic barrier between the outer
56environment and the inner leaf tissue. The leaf surface itself is
57covered with a waxy cuticle which is impermeable to liquid
58water and water vapor and chemically consists of a wide range
59of organic compounds such as palmitic acid, stearic acids,
60octacosanol, and hentriacontane.14 Permeated through the
61cuticle are stomata, which are 3−10 μm pores that regulate the
62exchange of gases and water vapor between the outside
63atmosphere and the interior of the leaf, including mesophyll
64and vascular tissues.15,16 Importantly, the mechanistic role of
65specific leaf structures in the transfer of nanoscale materials
66and/or dissolved ions from the foliar surface to the leaf interior
67is not well understood. The foliar surface free energy (SFE) is a
68quantitative measure of the polar and dispersive surface forces
69of the leaf and is a function of leaf thickness and the
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70 distribution and functionality of surface structures. The SFE
71 can roughly be viewed as an indicator of overall surface
72 hydrophobicity/hydrophilicity; plants with low SFE have been
73 reported as being significantly more likely to adhere and retain
74 NPs than plants with higher SFE values.17 Although SFE
75 speaks directly to particle attachment, mechanisms of particle
76 entry into the leaf are largely uncharacterized. Eichert et al.
77 suggested that plants absorbed liquid NH4

+ or NO3 through
78 the stomatal pores as opposed to the cuticle pathway.18

79 Similarly, Wang et al. hypothesized that nanoparticles of
80 Fe2O3, TiO2, MgO, and ZnO entered the leaf through the
81 stomatal pathway; NP presence was subsequently confirmed
82 through the leaf stomata by transmission electron micros-
83 copy.19 Avellan et al. demonstrated the importance of chemical
84 coating to particle accumulation by showing that negatively
85 charged citrate-Au NPs were more likely to be retained on the
86 outer cuticle layer of wheat leaves after 2 weeks, whereas
87 positively charged poly(vinylpyrrolidone) (PVP)−Au NPs
88 much more effectively crossed the cuticle.20 Similarly, Hu et
89 al. observed that positively charged (>15 mV) hydrophilic
90 cerium oxide (CeO2) and silica (SiO2) nanoparticles (<20 nm)
91 exhibited more effective transfer through the leaf tissues of
92 cotton and corn than did carbon dots.21 Shen et al. compared
93 the movement of ionic and nanoscale Cu across tomato leaves

94over 8 h and found that the nanoscale forms were accumulated
95in the leaf tissue to a significantly greater extent, with the
96CuSO4 foliar application leading to 7-fold greater Cu retention
97in the cuticle layer. Importantly, this greater intraplant
98accumulation of Cu with the nanoscale treatment led to
99increased resistance to the root pathogen Fusarium oxysporum
100f. sp. lycopersici. However, studies comparing the role of the
101cuticle and stomata in controlling nanoparticle movement
102across the plant leaf biointerface are limited, but it is clear that
103a mechanistic understanding of this process is critical to the
104success of nanoenabled foliar amendment strategies.
105To jointly investigate the role of both leaf surface and Cu
106nanomaterial properties in particle accumulation, CuO nano-
107sheets, CuO nanoparticles, Cu3(PO4)2·3H2O nanosheets, and
108CuSO4 were foliarly applied at 50 mg L−1 total Cu to the leaves
109of wild-type Arabidopsis spp., as well as to mutants with
110increased- or decreased-cuticle thickness, or decreased- or
111increased-stomatal activity. The time-dependent distributions
112of Cu in the surface-attached, cuticle, and interior leaf fractions
113of Arabidopsis thaliana leaves were assessed over 8 h. Although
114this approach does not tell us the form of Cu in these fractions,
115this design does enable an assessment of not only the role of
116nanomaterial morphology and dissolution profile in Cu
117accumulation but also a determination of the most important

Figure 1. X-ray diffraction patterns of Cu3(PO4)2 nanosheets (a), CuO nanosheets (b), and commercial CuO nanoparticles (c) and scanning
electron microscopy (SEM) images of Cu3(PO4)2 nanosheets (d), CuO nanosheets (e), and commercial CuO nanoparticles (f) at a scale of 1000
nm.
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118 pathway of uptake: stomata or cuticle. This work increases our
119 basic understanding of nanomaterial accumulation across this
120 important biological interface in the environment and will be
121 useful in optimizing the design of nanoscale agrochemicals for
122 controllable accumulation as part of sustainable nanoenabled
123 agriculture.

124 ■ MATERIALS AND METHODS
125 Materials Properties. CuO nanosheets were prepared by a
126 hydrothermal microwave synthesis method (Section S1). Cu3(PO4)2·
127 3H2O nanosheets were synthesized and characterized as reported
128 previously.8 Commercial nanoscale CuO (30 nm diameter; powder,
129 CuO nanoparticles) was purchased from U.S. Research Nanomaterials
130 (Houston, TX). Copper chloride dihydrate, ammonium phosphate
131 monobasic, and diethylene glycol were obtained from Sigma-Aldrich
132 (St. Louis, MO); all reagents were used as purchased. In the foliar
133 exposure experiments described below, the CuO nanosheets (NS),
134 CuO nanoparticles (NPs), and Cu3(PO4)2·3H2O (NS) were applied
135 by mass concentration (mg L−1). However, the concentrations added
136 were adjusted based on individual stoichiometries to ensure
137 equivalent doses of Cu; specifically, CuO and Cu3(PO4)2·3H2O are
138 85 ± 6 and 44 ± 4% mass percent Cu, respectively.8,9 Additional
139 information on material synthesis and subsequent characterization by

f1 140 SEM, XRD, and a zetasizer are described in Figures 1 and S4.
141 Importantly, this suite of materials represents different morphologies
142 and compositions that allow us to effectively probe the role of
143 nanomaterial chemistry on attachment to and movement across the
144 leaf biointerface. Cu2+ release from commercial CuO NPs, CuO, and
145 Cu3(PO4)2 were evaluated in deionized water, and Cu concentrations
146 were determined by inductively coupled plasma-mass spectrometry
147 (ICP-MS, Agilent 7500ce, Santa Clara, CA) as described in Section
148 S1.
149 Plant Growth and Nanomaterial Exposure. A. thaliana seeds
150 were purchased from the Arabidopsis Biological Resource Center
151 (ABRC). We selected the following Arabidopsis lines: wild type (Col-
152 0), homozygous T-DNA mutants with a decreased/compromised
153 cuticle (SALK_032531; “decreased cuticle”), two mutants with
154 altered cuticle (SALK_036774 and SALK_121760; “increased
155 cuticle”), several mutants with decreased stomatal activity (seed line
156 CS67139 containing homozygous SALK_047918 and SALK_137549
157 mutations and SALK_134698; “decreased stomata”), and a mutant
158 with increased-stomatal activity (SALK_106556; “increased stomata”)
159 (Table S1). A. thaliana seeds were surface sterilized with 70% (v/v)
160 ethanol for 5 min, followed by 30% commercial bleach (Clorox;
161 containing 6% sodium hypochlorite) for 30 min. The seeds were then
162 washed four times with autoclaved deionized H2O. Fifty sterilized
163 seeds were placed on Petri dishes and transferred to 4 °C for 24 h for
164 vernalization. After vernalization, the Petri dishes were moved to a
165 controlled environment cabinet (Percival Scientific, Perry, IA) with 16
166 h light and 8 h dark at 22 and 18 °C for 14 days, respectively. A.
167 thaliana seedlings were transferred to 450 mL plastic pots with the
168 Pro-Mix BX soil (Premier Horticulture Inc., PA); the seedlings were
169 fertilized with 20 mL of Peter’s soluble 20−10−20 (N−P−K)
170 fertilizer (R.J. Peters, Inc., Allentown, PA) every 7 days. The seedlings
171 grew under controlled conditions (day/night temperature of 25/20
172 °C and relative humidity of 65%) in the greenhouse of the College of
173 Natural Science at the University of Massachusetts, Amherst.
174 For the foliar exposure, 114.2 mg L−1 Cu3(PO4)2·3H2O nano-
175 sheets, 62.5 mg L−1 CuO nanosheets, 62.5 mg L−1 CuO commercial
176 nanoparticles, and 125 mg L−1 CuSO4 solution were prepared and
177 were sprayed onto the leaves of A. thaliana lines. These
178 concentrations were selected based on previous work that
179 demonstrated positive plant response and no overt phytotoxicity.8,13

180 Specifically, the solutions were dispersed in a 10 min bath sonicator
181 and ∼3 mL of solution was foliar applied on the leaves of each A.
182 thaliana line. The actual Cu concentration across all treatments was
183 equivalent to 50 mg Cu L−1. At 15 min, 2, 4, and 8 h after foliar
184 application, Cu was extracted from three separation fractions as
185 described below: the surface-attached fraction, the cuticle, and the

186interior leaf tissue. These time points were chosen based on findings
187from a previous study indicating significant foliar Cu accumulation
188within the first 8 h.13 Twelve biological replicates for each mutant
189were established for each treatment, and one biological replicate that
190was the source of three leaves for each leaf fraction was used for Cu
191measurement.
192Cu Measurement. Three uniform leaves that had been amended
193with Cu were collected from each A. thaliana seedling at each time
194point: 15 min, 2, 4, and 8 h after application. The isolation of the
195surface-attached fraction, cuticle fraction, and leaf tissue fraction was
196conducted according to Shen et al.13 Briefly, (1) DI water (10 mL)
197was used to wash the outer surface of the leaf for 5 min, and the
198collected rinsate was designated as the surface-attached fraction; (2)
199those same leaves were then transferred into 35% nitric acid (10 mL)
200for 15 min, and the collected nitric acid was designated as the cuticle
201fraction; and (3) the same water rinsed- and cuticle-free leaves were
202then digested in concentrated acid (5 mL diluted to 25 mL for
203analysis) to isolate the interior absorbed Cu fraction. The nitric acid
204digestion method was conducted on an open hot plate;22 a 5 mL
205aliquot of concentrated HNO3 was added to digestion tubes
206containing 0.50−0.80 g (three leaves) fresh leaves, and then the
207samples were incubated overnight. The samples were then digested at
208115 °C on a hot block for 45 min, followed by dilution to 25 mL with
209DI water after cooling for Cu determination. Copper from surface-
210attached and interior tissue fractions were quantified by inductively
211coupled plasma optical emission spectroscopy (ICP-OES; Thermo
212Fisher iCAP 6500; Thermo Fisher Scientific, Waltham, MA). Because
213of lower sample masses, ICP-MS was used to quantify Cu in the
214cuticle fraction. The nutrient Mg was monitored as a biomarker in the
215cuticle fraction to ensure minimal whole leaf damage during the
216cuticle isolation procedure.13

217Stomata and Cuticle Effects. To further explore the roles of the
218stomata and cuticle in nanomaterial transfer from the leaf surface
219through the cuticle and into the leaf interior over time, a stomatal
220closure assay was conducted employing the foliar application of
221abscisic acid (ABA).23 An ABA solution (50 μM ABA) was applied by
222foliar spraying onto Arabidopsis mutant and wild-type plants until the
223surface was fully visible covered; this was done on two consecutive
224days prior to nanomaterial and CuSO4 exposure. Then, 114.2 mg L−1

225Cu3(PO4)2·3H2O nanosheets, 62.5 mg L−1 CuO nanosheets, 62.5 mg
226L−1 CuO commercial nanoparticles, and 125 mg L−1 CuSO4 solutions
227were prepared and applied as above. Three uniform leaves were
228harvested from each Arabidopsis mutant at 15 min and 8 h after foliar
229application; the surface-attached, cuticle, and interior leaf tissue
230fractions were isolated, and the Cu content was determined as
231described above.
232Leaf Surface Analysis. To characterize the leaf surface of A.
233thaliana stomatal mutants, leaf surface stomata density was
234investigated by the Axioplan 2 imaging light microscope (CARL
235ZEISS, Germany) according to Kim et al.24 To characterize the
236cuticle of A. thaliana cuticle mutants, fully expanded leaves of each
237mutant were harvested for analysis by attenuated total reflectance−
238Fourier-transform infrared spectroscopy (ATR-FTIR), with six leaves
239collected from each line being evaluated. The experiment was
240performed using a SHIMADZU IRTracer-100 FTIR spectrometer
241(Shimadzu, Japan) equipped with attenuated total reflectance (ATR)
242(PIKE Technologies).25 Univariate statistical analyses were calculated
243using Spectragry (v1.2.15, Germany).
244Statistical Analysis. The elemental content of the three isolated
245fractions was statistically analyzed using a one-way ANOVA. Twelve
246individual plants were established for A. thaliana mutant lines. For the
247collection, 12 biological replicates were set in each treatment, and
248three replicates were set at each time point of the three-leaf fractions
249(surface-attached, cuticle, leaf tissue); three separate leaves were
250analyzed for each A. thaliana line at each time point. Means were
251separated using Duncan’s significant difference test at p < 0.05. All
252analyses were performed using SPSS 25.0 (IBM).
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253 ■ RESULTS

254 Nanomaterial Characterization and Dissolution. CuO
255 in nanoparticle and nanosheet forms and Cu3(PO4)3·3H2O in
256 nanosheet form were synthesized as described previously.8

257 Since CuO and Cu3(PO4)3·3H2O nanomaterials used in the
258 present work are identical to those used previously, we include
259 here only analytical data specific to the batch of nanoparticles
260 used in the present studies.
261 The ζ-potential values of CuO NP, Cu3(PO4)2·3H2O NS,
262 and CuO NS suspended in deionized water were −11.45,
263 −8.94, and −26.3 mV, respectively (Table S4). The SEM
264 images of these particles are shown in Figure 1a−c and confirm
265 that the morphology of CuO nanosheets were elongated sheets
266 with an average length of 500 ± 200 nm and an average width
267 of 120 ± 40 nm (Figure 1d−f). The nanoparticle powder
268 diffraction pattern was consistent with the monoclinic tenorite
269 crystal structure of CuO. The dissolution of Cu from the
270 different nanomaterials was 0.1−1.4% (Figure S1). Cu3(PO4)2·
271 3H2O NS exhibited the greatest dissolution at 637.30 μg L−1 at
272 24 h; CuO NPs and CuO NS had different patterns of release
273 and had values of 41.46 and 54.62 μg L−1. These findings align
274 well with previously reported dissolution data for these
275 materials.11

276Cu Uptake by Wild-Type A. thaliana. In wild-type A.
277thaliana, the concentration of Cu in the surface-attached
278fraction ranged from 70.9 to 106 μg. Specifically, the amount
279of Cu observed in leaves after exposure to CuSO4 solution,
280CuO NP, Cu3(PO4)2·3H2O NS, and CuO NS was 70.9, 87.0,
281 f2106.2, and 74.8 μg, respectively (Figure 2 and Table S2).
282These values are not statistically significantly different between
283the CuO NP, Cu3(PO4)2·3H2O NS, and CuO NS after a 15
284min exposure. Over the course of 8 h, the amount of Cu
285present in the surface-attached fraction steadily declined across
286all Cu types; notably, these decreases coincided with increases
287in the cuticle and interior leaf fractions (below). Specifically,
288for the wild-type, the amount of Cu in the surface-attached
289fraction with the CuSO4 solution treatment at 2, 4, and 6 h was
29044.0, 18.0, and 5.7 μg, respectively; the amounts for the CuO
291NP were 65.7, 22.8, and 6.1 μg, respectively; the amounts for
292the Cu3(PO4)2·3H2O NS were 68.8, 39.4, and 19.0 μg,
293respectively; and the amounts for the CuO NS were 37.6, 20.2,
294and 14.8 μg, respectively. The amount of Cu in the cuticle
295fraction at 15 min ranged from 5.31 to 36.3 μg and differed
296 f3significantly as a function of Cu type (Figure 3 and Table S3).
297Specifically, the amount in the ionic, CuO NP, Cu3(PO4)2·
2983H2O NS, and CuO NS was 36.2, 5.3, 8.6, and 22.9 μg,
299respectively. Over time, the amount of Cu present in the
300cuticle fraction increased across all Cu types. The amount of

Figure 2. Surface-attached Cu content at 15 min (a), 2 h (b), 4 h (c), and 8 h (d) in Arabidopsis wild-type, increased-stomata, decreased-stomata,
increased-cuticle, and decreased-cuticle mutants. (Note: within a panel and mutant type, bars with different letters are significantly different; one-
way ANOVA with Duncan’s test (p < 0.05).).
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301 Cu in the cuticle fraction with the ionic treatment at 2, 4, and 8
302 h was 57.3, 173.4, and 279.6 μg, respectively; the amounts for
303 the CuO NP were 26.5, 99.1, 149.7 μg, respectively; the
304 amounts for the Cu3(PO4)2·3H2O NS were 17.0, 75.3, and
305 143.5 μg, respectively; and the amounts for the CuO NS were
306 30.7, 79.8, and 128.1 μg, respectively. Interestingly, the amount
307 of Cu retained in the cuticle fraction at 8 h is significantly
308 greater for the ionic treatment than for the three nanoscale
309 forms of Cu. The amount of Cu in the interior leaf fraction at
310 15 min ranged from 19.3 to 26.8 μg and did not differ as a

f4 311 function of Cu type (Figure 4 and Table S4). The amount of
312 Cu in the interior leaf fraction increased over 8 h for all Cu
313 types. Specifically, the amount of Cu in the interior leaf
314 fraction with the ionic treatment at 2, 4, and 8 h was 57.0,
315 136.6, and 253.4 μg, respectively; the amounts for the CuO NP
316 were 109.4, 212.6, and 339.5 μg, respectively; the amounts for
317 the Cu3(PO4)2·3H2O NS were 118.2, 188.5, 361.0 μg,
318 respectively; and the amounts for the CuO NS were 111.2,
319 182.1, 397.4 μg, respectively. Similar to the cuticle fraction, the
320 amount of Cu in the interior leaf fraction for the ionic
321 treatment was significantly different from the nanoscale
322 materials, with the nanomaterials having greater Cu content
323 in the interior leaf fraction. In summary, for wild-type A.
324 thaliana, the amount of Cu in the surface-attached fraction
325 steadily declined over 8 h as Cu was transferred to the cuticle

326and interior leaf tissue fractions and that movement from the
327surface to the plant was significantly lower for the ionic
328treatment relative to the nanomaterials.
329Cu Uptake by A. thaliana Cuticle Mutants. The transfer
330of Cu from the surface to the interior leaf tissue over 8 h was
331measured in A. thaliana mutants that had either an increased
332cuticle or possessed a decreased/compromised cuticle. In the
333increased-cuticle A. thaliana mutants, the concentration of Cu
334in the surface-attached fraction at 15 min ranged from 75.2 to
335139.1 μg; for the decreased-cuticle mutants, the range was
33656.8−149.2 μg. Specifically, for the increased-cuticle mutants,
337the amount in the ionic, CuO NP, Cu3(PO4)2·3H2O NS, and
338CuO NS was 75.1, 109.7, 139.1, and 92.0 μg, respectively
339(Figure 2); for the decreased-cuticle mutants, these values
340were 94.8, 130.4, 149.15, and 56.8 μg, respectively. Notably,
341similar to the wild-type plants, within each mutant type, there
342were differences as a function of Cu type, with the ionic and
343CuO NS generally having less Cu in the 15 min surface-
344attached fraction than the CuO NP and Cu3(PO4)2·3H2O NS
345treatments. When comparing the “increased” to “decreased”
346mutant types, the differences appear to be somewhat limited;
347the Cu contents for CuO NP and Cu3(PO4)2·3H2O NS do not
348differ significantly based on mutant type. For the ionic
349treatment, the decreased-cuticle mutants have significantly
350more Cu in the 15 min surface-attached fraction than do the

Figure 3. Cuticle Cu content at 15 min (a), 2 h (b), 4 h (c), and 8 h (d) in Arabidopsis wild-type, increased-stomata, decreased-stomata, increased-
cuticle, and decreased-cuticle mutants. (Note: within a panel and mutant type, bars with different letters are significantly different; one-way
ANOVA with Duncan’s test (p < 0.05).).
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351 increased-cuticle plants (94.8 μg for the decreased cuticle to
352 75.2 μg for the increased cuticle); however, the pattern of CuO
353 NS is reversed (56.8−92.0 μg). Across nearly all mutants and
354 Cu types, the amount of Cu in the surface-attached fraction
355 declined over 8 h and did not differ significantly as a function
356 of mutant types, the exception being CuO NS (below). The
357 amount of Cu in the surface-attached fraction of the increased-
358 and decreased-cuticle mutants declined to 7.3 and 7.9 μg,
359 respectively; the amount of Cu for the CuO NP was 7.5 and
360 6.6 μg (significantly different; p < 0.05), respectively; and the
361 amounts for the Cu3(PO4)2·3H2O NS were 18.0 and 10.6 μg,
362 respectively. Conversely, the amount of Cu for the CuO NS in
363 the increased- and decreased-cuticle mutants was 110.5 and
364 26.3 μg, respectively (significantly different; p < 0.05).
365 The amount of Cu in the cuticle fraction at 15 min ranged
366 from 9.3 to 22.9 μg and 5.9 to 17.4 μg for the increased- and
367 decreased-cuticle mutants, respectively; within both mutant
368 types, the amount of Cu for the CuO NP treatment was
369 significantly less than the other treatments (Figure 3). Across
370 all Cu types and both types of cuticle mutants, the amount of
371 Cu in the cuticle fraction increased significantly over time. At 8
372 h, the amount of Cu in the cuticle of the increased- and
373 decreased-cuticle mutants increased to 325.5 and 121.7 μg,
374 respectively, for the ionic Cu; the amounts for the CuO NP
375 were 174.1 and 138.6 μg, respectively; the amounts for the

376Cu3(PO4)2·3H2O NS were 127.9 and 34.9 μg, respectively;
377and the amounts for the CuO NS were 129.7 and 74.3 μg,
378respectively. For all Cu types, the decreased-cuticle mutants
379had significantly less Cu than the increased-cuticle mutants,
380and the Cu contents are 62.6, 20.0, 73.0, and 42.7% less for
381ionic Cu, CuO NP, Cu3(PO4)2·3H2O NS, and CuO NS.
382Although the reasons for the differences as a function of Cu
383type are unknown, it is not surprising that plants with greater
384cuticle content would retain larger amounts of analyte in this
385fraction of the leaf.
386The interior leaf tissue Cu content at 15 min ranged from
38721.5 to 43.2 and 22.1 to 32.0 μg for the increased- and
388decreased-cuticle mutants, respectively (Figure 4); there were
389no statistically significant differences between the mutant types
390except for CuO NS, where increased- and decreased-cuticle
391mutants contained 43.2 and 28.2 μg, respectively (p < 0.05).
392Over 8 h, the amount of Cu in the interior leaf tissues
393increased significantly for all plant and Cu types. At 8 h, the
394amount of Cu in the interior tissues of the increased- and
395decreased-cuticle mutants increased to 301.5 and 441.2 μg,
396respectively, for the ionic treatment; the amounts for the CuO
397NP were 408.6 and 180.4 μg, respectively; the amounts for the
398Cu3(PO4)2·3H2O NS were 328.9 and 341.7 μg, respectively;
399and the amounts for the CuO NS were 314.6 and 247.5 μg,
400respectively. Notably, for the three nanomaterials, the interior

Figure 4. Interior leaf tissue Cu content at 15 min (a), 2 h (b), 4 h (c), and 8 h (d) in Arabidopsis wild-type, increased-stomata, decreased-stomata,
increased-cuticle, and decreased-cuticle mutants. (Note: within a panel and mutant type, bars with different letters are significantly different; one-
way ANOVA with Duncan’s test (p < 0.05).).
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401 leaf tissues of the increased-cuticle mutants had either
402 statistically equivalent or greater Cu content than the
403 decreased-cuticle mutants. This is an important finding
404 because if the cuticle pathway was a significant route of
405 entry for Cu nanomaterials or Cu derived from nanomaterials
406 (ionic Cu), one would expect the opposite finding; a decreased
407 or compromised cuticle would yield greater leaf Cu content.
408 Interestingly, that is precisely the finding for the ionic Cu
409 treatment, the Cu content in the decreased-cuticle mutants is
410 46% greater than in the increased-cuticle mutants in the
411 interior tissues. These findings clearly imply nanoscale-specific
412 processes of attachment, accumulation, and/or dissolution at
413 the leaf biointerface.
414 Cu Uptake by A. thaliana Stomatal Mutants. The time-
415 dependent movement of Cu from the surface to the interior
416 leaf tissue was measured in A. thaliana mutants that had either
417 increased- or decreased-stomatal density. In the increased-
418 stomata density A. thaliana mutants, the concentration of Cu
419 in the surface-attached fraction at 15 min ranged from 66.0 to
420 147.3 μg; for the decreased-cuticle mutants, the range was
421 72.3−151.0 μg. Specifically, for the increased-stomata mutants,
422 the amount at 15 min in the CuSO4, CuO NP, Cu3(PO4)2·

4233H2O NS, and CuO NS treatment was 66.0, 105.7, 121.2, and
424147.3 μg, respectively (Figure 2); for the decreased-stomata
425mutants, these values were 72.3, 117.0, 151.0, and 147.9 μg,
426respectively. Notably, similar to the wild-type and cuticle
427mutant plants, within each mutant type, there were differences
428as a function of Cu source, with the ionic treatment having
429significantly less Cu in the 15 min surface-attached fraction
430than the nanomaterial treatments. When directly comparing
431the increased to decreased mutant types, there were no
432differences of statistical significance at 15 min in the surface-
433attached fraction. Across all mutant and Cu types, the amount
434of Cu in the surface-attached fraction declined over 8 h and did
435not differ significantly as a function of mutant type; Cu
436contents for the ionic and CuO NP treatments did differ
437significantly for the two nanosheets in the surface-attached
438fraction. The amount of Cu in the surface-attached fraction of
439the increased- and decreased-stomata mutants declined to 3.8
440and 5.1 μg, respectively, for the ionic treatment; the amounts
441for the CuO NP were 7.4 and 8.2 μg, respectively; the amount
442for the Cu3(PO4)2·3H2O NS was 27.6 and 15.8 μg,
443respectively (p < 0.05); and the amounts for the CuO NS
444were 23.4 and 41.5 μg, respectively (p < 0.05).

Figure 5. Cu content in surface-attached (a), cuticle (b), and leaf tissue (c) at 15 min and 8 h in Arabidopsis wild-type, increased-stomata,
decreased-stomata, increased-cuticle, and decreased-cuticle mutants after ABA foliar application. (Note: within a mutant type and time point, bars
with different letters are significantly different; one-way ANOVA with Duncan’s test (p < 0.05).).
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445 The amount of Cu in the cuticle fraction at 15 min ranged
446 from 6.4 to 32.6 and 7.4 to 47.6 μg for the increased- and
447 decreased-stomata mutants, respectively; similar to the A.
448 thaliana cuticle mutants, within both stomata mutant types, the
449 amount of Cu for the CuO NP treatment was significantly less
450 than the other treatments (Figure 3a and Table S4). Across all
451 Cu types and both types of stomata mutants, the amount of Cu
452 in the cuticle fraction increased significantly over time.
453 Specifically, at 8 h the amount of Cu in the cuticle of the
454 increased- and decreased-stomata mutants increased to 215.0
455 and 145.1 μg, respectively, for the ionic Cu; the amounts for
456 the CuO NP were 114.3 and 82.1 μg, respectively; the
457 amounts for the Cu3(PO4)2·3H2O NS were 83.7 and 48.13 μg,
458 respectively; the amounts for the CuO NS were 115.5 and
459 104.2 μg. For ionic, CuO NP, and Cu3(PO4)2·3H2O NS, the
460 increased-stomata mutants had significantly more Cu in the
461 cuticle than the decreased-stomata mutants: 48.1, 39.3, and
462 73.9% more for ionic Cu, CuO NP, and Cu3(PO4)2·3H2O NS,
463 respectively. It is not surprising that plants with greater
464 stomatal density would accumulate larger amounts of the
465 analyte.
466 The interior leaf tissue Cu content at 15 min ranged from
467 17.1 to 105.9 and 19.9 to 62.3 μg for the increased-and
468 decreased-stomata mutants, respectively (Figure 4). There
469 were no statistically significant differences between the mutant
470 types except for CuO NS, where increased and decreased
471 mutants contained 105.6 and 62.3 μg, respectively (signifi-
472 cantly different; p < 0.05). The significantly greater
473 accumulation of Cu from the CuO nanosheets in the
474 increased-stomatal mutants is notable relative to all other
475 treatments and A. thaliana plants, including wild type. At 8 h,
476 the amount of Cu in the interior tissues of the increased- and
477 decreased-cuticle mutants increased to 274.7 and 194.1 μg,
478 respectively, for the ionic treatment; the amount for the CuO
479 NP was 349.0 and 319.5 μg, respectively; the amount for the
480 Cu3(PO4)2·3H2O NS was 518.4 and 285.1 μg, respectively; the
481 amount for the CuO NS was 671.3 and 414.2 μg, respectively.
482 Notably, for all Cu types, the interior leaf tissue of the
483 increased-stomata mutants had greater Cu content than those
484 of the decreased-stomata mutants. This is an important finding
485 because if the stomatal pathway is a significant route of entry
486 for Cu nanomaterials or Cu derived from nanomaterials, one
487 would expect this exact result. To get a final assessment of Cu
488 content at 8 h, the amount of Cu in the surface-attached,
489 cuticle, and interior leaf fractions at the final time point were
490 summed and compared across stomata mutant type. For the
491 decreased-stomata mutants, the total Cu content of the three
492 fractions at 8 h was 344.3, 409.8, 349.0, and 559.8 μg for the
493 ionic, CuO NP, Cu3(PO4)2·3H2O NS, and CuO NS
494 treatments, respectively; in comparison, the values for the
495 increased-stomata mutants were 492.8, 470.7, 629.7, and 810.2
496 μg, respectively. The increased-stomata mutant Cu content is
497 1.43-, 1.15-, 1.80-, and 1.45-fold greater for the ionic, CuO NP,
498 Cu3(PO4)2·3H2O NS, and CuO NS treatments than present in
499 the decreased-stomata mutants. These findings clearly high-
500 light the stomatal pathway as the dominant route of Cu entry,
501 regardless of Cu type.
502 ABA-Induced Stomatal Closure Assay. As noted above,
503 ABA is a plant hormone which is associated endogenously with
504 stomatal closure and has been used as an exogenous
505 amendment to induce the closing of these pores and to
506 study subsequent physiological impacts on plants.23 Based on
507 the above findings highlighting the critical role of the stomatal

508pathway in the intraleaf accumulation of Cu in both ionic and
509nanoscale forms, we exogenously applied ABA to the A.
510thaliana wild-type and mutant leaves and determined the Cu
511content from ionic and nanoscale foliar amendments in the
512surface-attached, cuticle, and interior leaf tissues at 15 min and
513 f58 h (Figure 5). After 8 h exposure, the content of Cu in the
514interior leaf tissue was 112.4−145.1 μg and did not differ
515significantly as a function of A. thaliana mutant type. Notably,
516regardless of Cu or mutant type, these values are all
517significantly lower than the non-ABA experiments noted
518above, where 8 h interior tissue Cu content ranged from
519180.4 to 414.2 μg. More importantly, the increased
520accumulation of Cu noted above in interior leaf tissue for all
521Cu types in the increased-stomata mutants over the decreased-
522stomata mutants had completely disappeared with ABA
523treatment. The contents of Cu in the interior leaf tissue at 8
524h for the increased and decreased ABA-treated stomata
525mutants for ionic, CuO NP, Cu3(PO4)2·3H2O NS, and CuO
526NS treatments were 26.7 and 33.5 μg, 46.9 and 60.31 μg, 112.4
527and 134.0 μg, and 42.5 and 34.6 μg, respectively. This adds
528further certainty to the more important role of the stomatal
529pathway for the uptake of Cu derived from foliar applied ionic
530and Cu nanomaterials relative to the cuticle. Interestingly,
531there are significant differences in the 8 h interior tissue
532content as a function of Cu types and these differences do not
533necessarily coincide with data from the non-ABA-treated
534plants. For example, with ABA treatment, the Cu content from
535the Cu3(PO4)2·3H2O NS treatment ranged from 112.4 to
536145.1 μg and was consistently significantly (p < 0.05) greater
537than the other Cu sources, regardless of mutant types (17.1−
53864.0 μg). In the non-ABA-treated plants, there were no
539instances where the Cu3(PO4)2·3H2O NS treatment gave rise
540to the greater 8 h interior leaf tissue content.

541■ DISCUSSION
542Nanomaterial Chemistry and Cuticular Pathway. As
543noted above, there are two main pathways of nanomaterial
544transfer from the leaf surface to the interior leaf tissue: the
545cuticle and the stomata.20,26 The cuticle makes up the vast
546majority of the leaf surface and is composed of a hydrophobic
547and insoluble barrier permeated with soluble waxes.27 Vra  blova  
548et al. reported that the major organic constituents of the
549Arabidopsis leaf cuticle included palmitic acids (1.44 mg cm−2),
550stearic acids (0.32 mg cm−2), hentriacontane (0.45 mg cm−2),
551octacosanol (0.11 mg cm−2), nonacosane (0.27 mg cm−2), and
552hexacosanol (0.07 mg cm−2).14 Nanoparticle transfer through
553this surface chemistry of macromolecular organic acids and
554long-chain alkanes could be difficult and hetero- and
555homoaggregation to larger particles may be strongly favored.28

556For example, paraffin has been used as an agent in which to
557store Fe3O4 nanoparticles, and palmitic acid has been applied
558as a cap and reducer agent for Fe3O4 nanoparticles.

29 Similarly,
559Choudhuri and Datta reported that a two-dimensional network
560of thiol-capped Au nanoparticle clusters self-organized on a
561stearic acid monolayer on water; the nanoparticles were unable
562to penetrate the tension formed at the stearic acid and water
563interface.30 This level of nanoparticle−organic constituent
564interaction seems to suggest that most nanomaterials would
565have difficulty in traversing the complex organic barrier
566provided by the cuticle.
567Importantly, the cuticle is the outer layer, but to a certain
568extent, it does form a continuum with the polysaccharide-
569dominated plant cell wall (30−50% cellulose, 20−35% xylem,
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570 and 10−25% lignin); these components are chemically quite
571 different from that of the cuticle.31 The cuticle and plant leaf
572 surface, in general, exhibit weak positive field intensities at
573 100−400 V cm−1, and this overall positive charge will
574 electrostatically attract negatively charged particles on the
575 surface.32,33 The ζ-potential of the materials used in the
576 current study is shown in Table S5. All nanomaterials used
577 here present a negative ζ-potential (−26.3 to −8.94 mV),
578 which would indicate favorable electrostatic interactions with
579 the cuticle surface. This weak electrostatic surface interaction
580 explains why the surface-attached fraction of all of the materials
581 from the leaf surface was initially high at 15 min (Figure 2).
582 Importantly, this pattern was exhibited by the wild-type A.
583 thaliana, with the surface-attached fraction at 15 min
584 containing the greatest amount of Cu from Cu3(PO4)2·3H2O
585 nanosheets and the least from CuO nanosheets. In solution,
586 Cu from CuSO4 will exhibit a positive charge,34 leading to
587 weak electrostatic repulsion from the cuticular surface.
588 Additionally, Cu2+ may bind electrostatically to any negatively
589 charged macromolecular organic acids with proton-binding
590 characteristics within the cuticle, such as humic and fulvic
591 (hydrophobic) acids.35 Given this, the observed accumulation
592 of Cu from the ionic treatment in the cuticle fraction is not
593 surprising (Figure 3).
594 In our study, FTIR analysis of A. thaliana mutants revealed
595 that the increased-cuticle mutants have greater amounts of
596 CC bonds, aldehyde groups, and carbonyl groups relative to
597 the decreased-cuticle mutants and wild-type controls (Figure
598 S2 and Table S2). Importantly, although these rather
599 significant changes in cuticle chemistry and overall amount
600 did result in greater Cu retention within the cuticle, there was
601 no impact on the transfer of Cu derived from Cu nanoma-
602 terials through the cuticle and into the leaf interior.
603 Epicuticular waxes are deposited on the outer surface as a
604 more or less uniform and amorphous layer or in the form of
605 discontinuous agglomerations. The cuticle matrix underneath
606 is chiefly composed (40−80% weight) of cutin, a polymer with
607 a network of oxygenated C16 and/or C18 fatty acids cross-
608 linked by ester bonds. Depending on the species, the quantity
609 of cutin controls the thickness, and the numbers of ethylene
610 linkages, aldehyde groups, and carbonyl groups can mediate
611 the quantity of cutin. Based on the FTIR results, the number of
612 ethylene linkages of the increased-cuticle mutants is signifi-
613 cantly greater (p < 0.05) than that in the wild-type and the
614 decreased-cuticle mutants (Table S2), indicating greater
615 thickness in the increased-cuticle mutants.
616 Importantly, in addition to charge, Cu movement from the
617 surface to the leaf will also be impacted by particle morphology
618 and dissolution.36,37 In solution, the measured nanomaterial
619 hydrodynamic size was as follows: Cu3(PO4)2·3H2O nano-
620 sheets (1079 nm) > CuO commercial nanoparticles (628 nm)
621 > CuO nanosheets (319 nm) (Table S5). However, these
622 measurements may have little relevance to Cu nanomaterial
623 fate and transformation on the leaf surface over the course of 8
624 h. The dissolution rates of Cu3(PO4)2·3H2O NS, CuO NPs,
625 and CuO NS were 240.16, 27.49, and 76.73 μg L−1 at 8 h,
626 respectively. These data align with the experimental and
627 computational dissolution results of the same materials in Ma
628 et al.,11 both in terms of the absolute amount of Cu release
629 from each material type and the relative amounts across the
630 materials. For the wild-type A. thaliana, although there were
631 some differences in the amount of Cu from the different
632 nanomaterials in the different leaf fractions from 15 min to 4 h,

633the amount in the interior leaf tissue at 8 h did not vary
634significantly as a function of Cu type. A larger number of
635statistically significant differences in Cu content were noted in
636the various A. thaliana mutants, but the role of mutant type
637complicates correlating Cu accumulation with dissolution
638profile. In addition, given the low overall dissolution rate
639(less than 1.5%) and a large number of differences between
640solution-based measurements and the leaf surface, the
641relationship between dissolution and Cu movement through
642the leaf fractions over an 8 h period may be tenuous at best.
643Nanomaterial Composition and Stomatal Pathway.
644As noted above, the stomatal pathway plays a dominant role in
645the accumulation of Cu from the nanomaterial and ionic foliar
646amendments in both wild type and mutant A. thaliana. The
647summed Cu content of the surface-attached, cuticle, and
648interior tissue fractions for the increased-stomata mutants was
6491.15−1.80 times greater than that of the decreased-stomata
650plants. Not surprisingly, this data correlated with the observed
651stomatal density on the leaf surfaces; the increased-stomata
652mutant, decreased-stomata mutant, and wild-type leaves
653possessed 134.68, 94.70, and 113.64 stomata/mm2, respec-
654tively (Figure S3 and Table S3). In addition, foliar pretreat-
655ment with ABA to close the stomata reduced Cu content in all
656mutants across all Cu nanomaterial types and eliminated the
657differences between the increased- and decreased-stomatal
658mutants. This data clearly implicates the stomatal pathway as
659the dominant entry point for Cu derived from Cu nanoma-
660terials and salt forms. This data aligns well with the previous
661results demonstrating that the stomata are key to the
662internationalization of Ag NPs in plant leaves.38 Similarly,
663upon foliar application of Ag NPs and AgNO3, SEM-EDS
664showed that Ag NPs were found in the Lactuca sativa leaf
665stomata, whereas Ag ions were dispersed across the leaf
666surface.39 Xiong et al. also reported that on lettuce leaf
667surfaces, SEM-EDS observation revealed that the majority of
668CuO NPs were detected in the stomata while the Cu ions were
669more scattered on the leaf surface.40 Zhu et al. foliar applied
670fluorescein isothiocyanate (FITC)-tagged ZnO NPs to wheat
671leaves and used confocal microscopy to show that these
672materials appeared to move through the stomata to the
673apoplast prior to transport into the leaf mesophyll.
674Importantly, the reduced stomatal aperture was directly
675associated with decreased Zn content in the leaf apoplast
676and cytoplasm.41 These findings align well with the results
677from our study. Also, stomatal closure was observed during
678CuO NPs−leaf contact on water hyacinth leaf surfaces,42 and
679the data clearly suggested that the more open structure of the
680stomata, the greater nanomaterial passage into the interior
681leaf.43,44 Interestingly, while foliar fertilization with salt or ionic
682forms of micronutrients has been successfully used to improve
683plant nutrition in agriculture,45,46 our results and that of the
684supporting literature clearly demonstrate that the cuticle serves
685as an effective barrier for amendments in this form. Nanoscale
686amendments with strategies that specifically target stomatal
687and guard cell attachment may prove far more effective at foliar
688feeding for both crop nutrition and disease resistance.47

689The plant leaf cuticle is among the most significant
690environmental biointerfaces serving as a hydrophobic boun-
691dary between the outer environment and interior plant tissues.
692The current study demonstrates that the cuticular pathway is
693not particularly important for Cu nanomaterial uptake, as Cu
694tissue concentrations for increased-cuticle and decreased-
695cuticle mutants did not differ. Conversely, the Cu leaf tissue
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696 content of A. thaliana increased-stomatal mutants was
697 significantly greater than that of the decreased stomatal
698 mutants across all Cu types. In addition, exogenous treatment
699 with ABA to close the stomata reduced Cu content in all
700 mutants across all Cu types and eliminated the differences
701 between the increased- and decreased-stomatal mutants. These
702 findings clearly highlight the significance of the stomatal uptake
703 pathway for nanomaterial foliar accumulation. Additional study
704 should focus on determining the precise form of Cu as the
705 element moves through the cuticle and into the leaf and,
706 importantly, correlate that process with initial nanomaterial
707 properties such as composition, morphology, and dissolution
708 profile. These findings increase our understanding of nanoma-
709 terial chemical interactions at the leaf biointerface and directly
710 inform nanomaterial synthesis so as to optimize this
711 functionality for strategies of nutrient amendment in
712 sustainable nanoenabled agriculture.
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