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 Eﬀect of Direct Contact on the Phytotoxicity of Silver Nanomaterials Danielle E. Gorka†,‡ and Jie Liu*,†,‡ †
 
 Center for the Environmental Implications of NanoTechnology (CEINT) and ‡Department of Chemistry, Duke University, Durham, North Carolina 27708, United States S Supporting Information *
 
 ABSTRACT: The increasing use of silver nanomaterials (AgNMs) in consumer products will result in an increased amount entering the environment, where AgNMs were recently found to cause phytotoxicity in the model plant Lolium multif lorum. To better understand the causes of the phytotoxicity, we have designed a new set of experiments to study the eﬀect of AgNM dissolution. Dissolution of AgNMs was measured over a 1-month period to determine if dissolution alone caused phytotoxicity. Very little dissolution was observed over the testing period, suggesting a diﬀerent mechanism caused the majority of the toxicity. To further conﬁrm this hypothesis, AgNMs were physically separated from the seeds and plants by a dialysis membrane. Toxicity was ameliorated in AgNM-exposed plants, showing that direct contact between AgNMs and plant seeds/roots is a required condition for the observed phytotoxicity in plant models. Probing further, a surface reactivity assay showed increased surface reactivity of silver nanoparticles (AgNPs) and silver nanocubes (AgNCs) corresponded to increased toxicity compared to silver nanowires (AgNWs). The work here can help build the knowledge base regarding shape control of nanomaterials and reducing unintended side eﬀects.
 
 ■
 
 INTRODUCTION Silver nanomaterials (AgNMs) are being increasingly used in consumer products due to their unique properties. The shape of the AgNM impacts its properties, resulting in multiple uses of NMs depending upon shape.1 Spherical silver nanoparticles (AgNPs) are commonly used as an antimicrobial agent due to their bacterial toxicity and relative ease of large-scale manufacturing.2 Silver nanocubes (AgNCs) have been used as sensors for biodiagnostics due to their surface enhanced Raman scattering.3 Silver nanowires (AgNWs) are being studied for their electronic properties as a replacement for indium tin oxide in thin, transparent ﬂexible conductive displays.2 Several consumer goods contain AgNMs; however, the majority of these materials are expected to undergo disposal to landﬁlls after their intended use. When consumer products containing AgNMs enter the environment, they can leach out and cause environmental toxicity. Though the fate, transformations, and toxicity of NMs within the environment are not fully understood,4 great eﬀorts are being put into addressing these knowledge gaps. The majority of AgNMs are expected to accumulate in soils after disposal where they can directly impact plant growth.5−8 Previous studies have shown that AgNMs can cause plant toxicity.9−11 Additionally, diﬀerences were found between AgNM-exposed plants grown in soil and those grown in liquid media, though the cause for the diﬀerences in toxicity was not elucidated.12 Previous work has focused on the size9,11,13,14 and surface coating12 of the AgNM, both factors related to phytotoxicity. More recently, work has shown that AgNM shape aﬀects phytotoxicity, with AgNPs being more toxic than AgNCs and AgNWs;15 however, the cause of toxicity is still unclear. The most commonly hypothesized causes of AgNM toxicity are AgNM dissolution and physical contact of the AgNM with © 2016 American Chemical Society
 
 the organism. Previous work has shown that increased AgNM dissolution correlated to increased toxicity.16,17 However, other work showed that AgNM toxicity is enhanced by physical contact between the organism and the AgNM.18 More recently, surface reactivity of the NM was shown to play a role in its toxicity.19 To further understand the underlying causes of phytotoxicity, these factors were studied. This work aims to elucidate the cause of shape-based toxicity among three AgNMs in the model plant species Lolium multif lorum. The eﬀects of dissolution, physical separation, and surface reactivity were measured on the growth of L. multif lorum exposed to three diﬀerently shaped AgNMs. We discovered that dissolution alone could not account for all of the toxicity exhibited. Physical contact is a necessary requirement to introduce toxicity in the model plant, and surface reactivity may be a cause for this observed toxicity.
 
 ■
 
 EXPERIMENTAL METHODS Silver Nanomaterial Synthesis. AgNMs were synthesized following well-established protocols.3,20−22 Brieﬂy, quasispherical silver nanoparticles were synthesized by placing 1.5 g of polvinylpyrrolidone (PVP, 55 kDa, Aldrich) and 5 mL of ethylene glycol (Ampresco) into a 10 mL round-bottom ﬂask and stirring at 300 rpm overnight. Next, 0.5 g of silver nitrate (99.99%, Alfa Aesar) was added and allowed to dissolve. The reaction was then heated to 140 °C for 24 h in an oil bath. AgNPs were cooled to room temperature and puriﬁed by rinsing with acetone and then undergoing centrifugation. The Received: Revised: Accepted: Published: 10370
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 Environmental Science & Technology ﬁnal product was resuspened in 10 mL of Nanopure water (18 MΩ,Thermo Scientiﬁc). Silver nanocubes were synthesized by heating 6 mL of ethylene glycol in an oil bath to 155 °C for 1 h, stirring at 600 rpm. To this 10 μL of 200 mM sodium hydroxide (98.6%, Fisher) in ethylene glycol was added. Then 80 μL of 3 mM sodium sulﬁde nonahydrate (98%, Sigma-Aldrich) in ethylene glycol was added. Next, two 0.75 mL aliquots of 20 mg mL−1 PVP (dissolved in ethylene glycol) was added (for a total volume of 1.5 mL). Then, 0.5 mL of 48 mg mL−1 silver nitrate was added. The resulting solution was allowed to react for 8 min. The solution was cooled to room temperature and AgNCs were puriﬁed by rinsing with acetone and then undergoing centrifugation. The ﬁnal product was resuspended in 5 mL of Nanopure water. Silver nanowires were synthesized by heating 5 mL of ethylene glycol to 160 °C, stirring at 600 rpm for 1 h. Nitrogen gas was bubbled through the ethylene glycol for 10 min to remove any water and then heated in air for 50 min. Meanwhile a reaction solution consisting of 144 mM PVP, 220 μM sodium chloride (99.2%, Fisher), and 22 μM iron(III) nitrate nonahydrate (99%, Fisher) in ethylene glycol was prepared. Using a syringe pump, 1.5 mL each of the reaction solution and of 96 mM silver nitrate in ethylene glycol were added simultaneously at a rate of 45 mL h−1. The solution was allowed to react for 1 h. The solution was cooled to room temperature and puriﬁed by rinsing with acetone and then undergoing centrifugation. The AgNWs were resuspended in 10 mL of Nanopure water. Nanomaterial Characterization. The concentration of Ag in each AgNM solution was determined using a PerkinElmer atomic absorption spectrophotometer (PerkinElmer 3100, Waltham, MA, USA). Transmission electron microscopy (TEM, Technai G2 Twin, FEI, Hillsborough, OR, USA) was performed to determine the size and morphology of the AgNMs. The size was measured using ImageJ (National Institutes of Health, Bethesda, MD, USA), with the diameter of the AgNPs, edge length of the AgNCs, and the diagonal and length of the AgNWs being recorded. For each AgNM, at least 500 measurements were made, except AgNW length, where 400 measurements were made. Values reported are the mean size ± one standard deviation. The particle concentration and surface area concentration were calculated assuming AgNPs were perfect spheres, AgNCs were perfect cubes, and AgNWs were perfect pentagonal prisms. The zeta-potential (ζpotential) was measured using a Zetasizer (Zetasizer ZS, Malvern Instruments, Westborough, MA, USA). AgNMs were diluted to 20 ppm Ag in 18 MΩ water to provide a suﬃcient concentration for analysis. For each AgNM, three measurements were made, each at least 10 scans. Data was ﬁt with the Smoluchowski equation. Values reported are the mean ζpotential ± one standard deviation. Nanomaterial Dissolution. AgNM dissolution was measured using a Thermo Orion silver/sulﬁde ion speciﬁc electrode (ThermoFisher, Waltham, MA, USA) ﬁlled with Optimum Results C Electrode Filling Solution (ThermoFisher). Each AgNM solution was diluted to 10 ppm (Ag mass basis) in 2% 1 M NaNO3 (Acros), which was the concentration used to germinate the L. multif lorum seeds. The addition of the 2% NaNO3 was necessary to increase the ionic strength of the test solutions to 20 mM, allowing for easier readings with the silver ion selective electrode. Work by Levard et al. showed that the addition of 10 mM NaNO3 caused less than 2% dissolution
 
 over a 33 day period in similarly sized PVP coated AgNPs.23 The minimal dissolution caused by NaNO3 in previous work suggests that its presence would likely not cause a markedly increased dissolution rate here. Calibration curves were made at the time of measurement using freshly prepared AgNO3 standards. Three replicates were used for each sample, and triplicate measurements were performed for each replicate. Measurements were performed at days 0, 1, 5, 7, 10, 15, 20, 25, 30, and 35. Solutions were stored in a closed container in the dark at room temperature between measurements. Plant Culture. The ﬁlter paper growth method has been previously used for testing NM toxicity in seed germination assays.11,24 Brieﬂy, AgNM solutions are added to a piece of ﬁlter paper and then seeds are placed on top of the solution, causing direct contact between AgNMs and plant seeds/roots. Plant culture followed modiﬁed OECD guidelines for seed germination.25 L. multif lorum, annual ryegrass (L. perenne var. italicum, Earnst Seeds, Meadsville, PA, USA), was used. For each test solution ﬁve replicates of 25 seeds were planted. An 11 cm piece of ﬁlter paper (Whatman) was placed in a 150 mm plastic Petri dish. Then 5 mL of test solution was added to the ﬁlter paper. Test solutions were Nanopure water, 10 ppm ionic silver (Ag+, from silver nitrate), 10 ppm AgNP, 10 ppm AgNC, and 10 ppm AgNW. On the ﬁlter paper, 25 seeds were placed, evenly spaced, at least 1 cm apart. The Petri dish was covered and sealed. Seeds were grown for 6 days. Fresh roots and shoots of germinated seeds were measured using digital calipers. Root and shoot lengths were analyzed using JMP Pro 11 software (SAS Institute, Inc., Cary, NC, USA) using ANOVA analysis followed by Tukey’s honest signiﬁcant diﬀerence (HSD) if p < 0.05. Physical Separation of AgNM Plant Culture. The dialysis membrane growth method has not been previously used in seed germination assays to our knowledge. Brieﬂy, the AgNM solution is placed in a Petri dish and covered with a rinsed and hydrated dialysis membrane, and seeds are placed on top. The dialysis membrane allows Ag+ and water to come into contact with the seed; however, AgNMs cannot physically contact the seeds. Plant culture followed modiﬁed OECD guidelines for seed germination and L. multif lorum was used. For each test solution ﬁve replicates of 25 seeds were planted. In a 150 mm plastic Petri dish, 5 mL of test solution was placed on the bottom. Test solutions were Nanopure water, 10 ppm Ag+ (from silver nitrate), 10 ppm AgNP, 10 ppm AgNC, and 10 ppm AgNW. A rinsed and hydrated dialysis membrane (Spectra/Por 3, 3.5 kDaA molecular weight cutoﬀ (MWCO), Rancho Dominguez, CA, USA) was placed over the test solution while ensuring the membrane was always above the liquid. The 3.5 kDa MWCO used here corresponds to an approximately 0.5 nm pore size (private communication with Spectrum Laboratories), which is more than 1 order of magnitude smaller than our AgNMs, ensuring that the majority of AgNMs cannot pass through the membrane or come into contact with the seeds, which allows toxicity to be from the dissolution of the AgNMs alone. On top of the dialysis membrane, 25 seeds were placed, evenly spaced, at least 1 cm apart. The Petri dish was covered and sealed. Seeds were grown for 6 days. Fresh roots and shoots of germinated seeds were measured using digital calipers. Root and shoot lengths were analyzed using JMP Pro 11 software using ANOVA analysis followed by Tukey’s HSD if p < 0.05. Surface Reactivity Assay. The surface reactivity of the three AgNMs was determined following the procedure outlined 10371
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 Environmental Science & Technology in Corredor et al.26 Brieﬂy, the reduction of methylene blue was monitored optically using UV−vis (Varian Cary Conc50, Agilent, Santa Clara, CA, USA) at 665 nm, the peak absorbance for methylene blue. The reaction, with a working volume of 2.5 mL, was measured in a capped quartz cuvette with a 1 cm optical path length. The ﬁnal solution in the cuvette was 10 mM HEPES (99.5%, Sigma), 10 mM sodium borohydride (98%, Aldrich), 5 ppm AgNM, and 40 μM methylene blue (Sigma Diagnostics), in Picopure water (18 MΩ, Hydro Picopure UV Plus, Durham, NC, USA). The absorbance of the dye was monitored continuously for 5 min. The absorbance of the reaction solution without AgNMs was measured for 5 min; no decrease in absorbance occurred suggesting that any decrease in absorbance was due to the catalytic reduction by the AgNM. All solutions were used within 2 h of preparation. The absorbance was ﬁt as a function of time to the exponential equation OD = OD0 exp(− (t /τ )) + β
 
 for all three shapes were within 1 order of magnitude (between 0.44 and 1.61 cm2/mL). Due to the similar sizes, particle concentrations, and surface areas at a concentration of 10 ppm Ag, the AgNPs and AgNCs can be compared directly and toxicity diﬀerences can be attributed to the shape. While AgNWs are larger in size and lower in particle concentration, they have similar a surface area and will be compared here to AgNPs and AgNCs. The ζ-potential was measured for each AgNM and can be found in Table 1. The ζ-potential for each AgNM was approximately −10 mV, which falls in the instable range for nanomaterials. However, ζ-potential is not an accurate measurement of NM stability as the AgNMs used in this study were PVP coated, and thus sterically stabilized rather than electrostatically stabilized. While the AgNMs had an instable ζ-potential, they remained stably suspended throughout the experiments. Nanomaterial Dissolution. The toxicity of AgNMs has been generally attributed to the ionic fraction of Ag in earlier studies.16,17 To determine if toxicity diﬀerences observed in our earlier study15 with diﬀerently shaped AgNMs could be attributed to AgNM dissolution, we studied the dissolution of each AgNM over 35 days. Figure 2 shows the percentage of
 
 (1)
 
 using the program R (R Development Core Team, Vienna, Austria) and R Studio (R Studio Inc., Boston, MA, USA). In eq 1 OD is the optical density of the NM solution with time (t), OD0 is the initial optical density of the NM solution at time 0, t is the time since the addition of the NMs, τ is the exponential decay rate constant, and β is the constant that represents the asymptotic optical density value. The values τ and β are ﬁt such that τ represents the decay time at which the OD is reduced to 1/e of OD0 and β is the steady state OD reached over a long time period. The β value can be calculated and used to express the surface reactivity of NMs. Data is shown as mean of ﬁve trials ± standard error.
 
 ■
 
 RESULTS AND DISCUSSION Characterization. A representative image of each AgNM can be found in Figure 1, and the size of each can be found in
 
 Figure 2. Ionic fraction each silver nanomaterial over time. Each solution of 10 ppm AgNM in Nanopure water was measured using an ion selective electrode over 35 days. Silver nanoparticles (AgNPs) underwent more dissolution than silver nanocubes (AgNCs) and silver nanowires (AgNWs). Error bars represent standard error. In some samples, error bars are very small and are not visible.
 
 ionic Ag in solution over time. During the time period of the experiments, the AgNMs did not undergo a large amount of dissolution. Over the entire time period studied (35 days) there was an approximately 9% AgNP, 6% AgNC, and 2%AgNW dissolution (Figure 2), which corresponded to 900, 600, and 200 ppb Ag+, respectively. However, the plant germination studies took place within the ﬁrst 7 days after solution preparation. Thus, data collected in the ﬁrst 7 days is more relevant to the time scale of the phytotoxicity studies used in this work. As shown in Figure 2, at the 7-day mark, less than 6% of AgNPs, 5% of AgNCs, and 1% of AgNWs underwent dissolution, which correlated to approximately 500, 400, and
 
 Figure 1. Transmission electron microscopy images of silver nanoparticles (A), silver nanocubes (B), and silver nanowires (C).
 
 Table 1. AgNPs and AgNCs were most similar in size (35 vs 44 nm), while AgNWs were larger (122 nm diagonal, 11.9 μm length). AgNPs and AgNCs had similar particle concentrations (on the order of 1010 particles/mL), though they were approximately 4 orders of magnitude higher than AgNWs (on the order of 106 particles/mL). However, the surface areas Table 1. Characterization of Silver Nanomaterialsa sample
 
 size (nm)
 
 particle concn (particles/mL)
 
 surf. area (cm2/mL)
 
 ζ-potential (mV)
 
 β value
 
 AgNP AgNC AgNW
 
 35.4 ± 7.4 44.2 ± 7.5 W: 122.1 ± 34.6; L: 11908.3 ± 6703.2
 
 4.1 × 10 1.1 × 1010 8.2 × 106
 
 1.61 1.29 0.44
 
 −10.8 ± 0.5 −12.0 ± 0.7 −10.9 ± 2.0
 
 0.078 ± 0.002 0.139 ± 0.001 N.D.
 
 10
 
 Sizes are deﬁned as diameter (AgNP), edge length (AgNC), and length and width (AgNW). Note: error indicates standard deviation (size and ζpotential) and standard error (β values). N.D.: could not be determined.
 
 a
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 Environmental Science & Technology 100 ppb Ag+, respectively. These concentrations are used in the following experiments to see if Ag+ is the reason for the observed toxicity. Plant Culture. In this study, L. multif lorum seeds were grown using one of two diﬀerent methods and diﬀerences between these two methods are shown in Figure 3. The eﬀect
 
 speciﬁed amount of Ag+ that corresponded to the ionic fraction from each AgNM. For a 7-day growth at a 10 ppm AgNM mass-based dosing, this was equivalent to 100 (AgNW), 400 (AgNC), and 500 ppb (AgNP). With one exception, all Ag+ exposed plants showed signiﬁcantly increased root and shoot growth shoot compared to their corresponding AgNMs. The exception was increased shoot growth of 100 ppb Ag compared to AgNWs, though this is not signiﬁcant (p = 0.8324). The diﬀerence between the Ag+ fraction and the AgNMs suggests that ionic silver alone cannot account for all toxicity shown. When plants were grown by the traditional ﬁlter paper germination method, as shown in Figure 4B,D, symptoms of toxicity were shown both in roots and in shoots; however, shoot growth (Figure 4D) showed more eﬀects than root growth (Figure 4B). AgNP and AgNC exposed roots showed decreased growth compared to the control; however, it was not signiﬁcant (p = 0.1295 and 0.1956, respectively). AgNW exposed roots were slightly longer than the control. All Ag+ fractions showed a signiﬁcant increase in growth compared to the control. However, when shoots were examined, the silverexposed samples showed more toxicity. All AgNMs showed decreased shoot growth compared to the control, with a signiﬁcant decrease in growth in AgNP and AgNC exposed roots. Interestingly, the Ag+ showed little change in shoot growth when compared to the control. Plants grown on dialysis membranes, shown in Figure 3C,D, showed very little diﬀerences in root and shoot growth regardless of diﬀerences in Ag exposure (Figure 4A,C). However, shoot growth (Figure 4C) showed greater diﬀerences between test solutions than root growth (Figure 4A). The shoot growth of each AgNM was slightly less than its
 
 Figure 3. Diﬀerent methods of growth. L. multif lorum were grown using the ﬁlter paper method (A, B) or the 3 kDa MWCO membrane method (C, D). The ﬁlter paper methods allows for direct contact between plant seed and AgNM, while the 3 kDa MWCO membrane methods physically separate the AgNM from the plant seed.
 
 of ionic silver was ﬁrst examined using the ﬁlter paper growth method (Figure 3A,B) to determine if toxicity was caused by Ag+ (Figure 4). L. multif lorum seeds were grown with a
 
 Figure 4. (A) Normalized root growth of L. multif lorum grown using the 3 kDa MWCO membrane. (B) Normalized root growth using the ﬁlter paper method. (C) Normalized shoot growth using the 3 kDa MWCO membrane. (D) Normalized shoot growth using the ﬁlter paper method. Letters above the bars indicate signiﬁcant diﬀerences in growth, with diﬀerent letters indicating signiﬁcant diﬀerences at p < 0.05. For samples with two letters there are diﬀerences; however, they are not signiﬁcant. Error bars represent standard error. 10373
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 for AgNPs was 0.078 while the β value was 0.139 for AgNCs, suggesting that the AgNPs caused faster reduction of methylene blue than AgNCs due to a higher surface reactivity. A β value could not be calculated for AgNWs due to low catalytic activity, though this could be caused by decreased surface area and particle concentration compared to AgNPs and AgNCs. As lower β values correlate to a greater surface reactivity, this suggests that AgNPs have a greater surface reactivity than AgNCs, which are both greater than AgNWs. Interestingly, the greater surface reactivity (and decreased β value) corresponded to increased phytotoxicity, allowing for the possibility that surface reactivity measurements may be used as predictive tools for nanomaterial toxicity. While there is a correlation between the increased surface reactivity and NM toxicity, to date, the causation of diﬀerences in surface reactivity has been less understood. To better understand the role of surface reactivity in NM toxicity, more work needs to be performed in this ﬁeld. While diﬀerences in NM surface reactivity are not well understood, some possible causes will be discussed in more detail here. The greater surface reactivity of the AgNPs compared to the AgNCs may be related to the crystal planes on the surface of the nanomaterial. The AgNCs are primarily bound by (100) crystal facets, whereas the AgNPs are likely a mixture of both (111) and (100) crystal facets.1 Studies have shown that the diﬀerent crystal planes of silver have catalytic properties, with the (111) crystal plane being the most toxic to bacteria, possibly due to increased atoms present on the surface of that crystal plane.31 In contrast, other studies have shown that defects in the nanomaterial may increase catalytic reactivity.32 The increased activity of AgNPs compared to AgNCs could be due to the increased surface defects present in the multiply twinned AgNPs compared to the single crystalline AgNCs. If surface defects are the cause of increased surface reactivity, polycrystalline (or multiply twinned) NMs, such as AgNPs, should show more toxicity than NMs with fewer defects, such as AgNCs (single crystalline) and AgNWs (pentagonally twinned). A third possibility is that increased surface reactivity correlates to increased reactive oxygen species (ROS) generation. Recent work by Gilbertson et al. suggests that CuO materials with increased surface reactivity also showed increased capabilities to produce ROS and resulted in more bacterial toxicity.19 However, to this author’s knowledge there has not been work published relating surface reactivity to ROS generation, and thus more work needs to be performed to understand the relation of surface reactivity to toxicity. While the exact cause of increased reactivity is not known among the AgNMs, it is clear that increased surface reactivity leads to increased phytotoxicity. Implications. This work has shown that physical contact between the AgNM and plant is necessary for shape-speciﬁc phytotoxicity. The use of a silver ion selective electrode showed that dissolution alone does not account for shape-based phytotoxicity diﬀerences among AgNPs, AgNCs, and AgNWs. The application of a novel growing methodology using a dialysis membrane found that direct physical contact of the AgNM with the plant seed and root is a necessity for shapebased phytotoxicity. Surface reactivity measurements help elucidate diﬀerences among the diﬀerent shapes and possibly help explain diﬀerences observed in phytotoxicity studies. This work increases the ﬁeld of knowledge that will allow for more eﬀective shape control and synthesis while reducing unintended environmental side eﬀects. While shape is but one property of a nanomaterial, the understanding of shape and corresponding
 
 corresponding ionic fraction; however, the decreased growth was not signiﬁcant. The roots of plants grown with all Ag solutions were signiﬁcantly longer than control roots, except for AgNP exposed roots, which were insigniﬁcantly longer (p = 0.1136). The slight increase in root growth of Ag-exposed plants is likely attributed to a hormetic eﬀect.27 Previous work has shown increased growth of plants when exposed to subtoxic levels of AgNMs,28 and thus the increased growth here was not surprising. For L. multif lorum grown by the 3 kDa MWCO membrane method (Figure 4A,C), similar toxicities between each AgNM and its corresponding ionic fraction alone cannot rule out dissolution as one of the causes of toxicity. However, the ﬁlter paper method (Figure 4B,D) shows insigniﬁcant toxicity and increased growth of L. multif lorum exposed to the Ag+ fraction and general decreased growth of AgNM-exposed plants. When combined, the diﬀerences in L. multif lorum growth between the ﬁlter paper method and the membrane method make it apparent that the ionic fraction alone is not the primary cause of phytotoxicity. The physical separation of the AgNM from the L. multif lorum causes amelioration in toxicity, showing that direct contact is necessary for shape-based toxicity. Direct contact between the AgNM and the plant root may cause increased AgNM dissolution due to the release of exudates from the plant root or the rhizosphere. The presence of root and rhizosphere exudates may increase the localized dissolution or transformation of the AgNMs, which could result in modiﬁed uptake and increased or decreased phytotoxicity.6,29 Recent work by Stegemeier et al. found AgNMs smaller than those used in dosing, accumulated in cell walls, and hypothesized that root exudates may have caused partial dissolution and uptake.30 However, more work in this ﬁeld needs to be performed to better understand the eﬀect of root and rhizosphere exudates on AgNM dissolution. It is possible that the results here could help explain diﬀerences in phytotoxicity studies performed in soil versus liquid media,12 but as there are major diﬀerences between growth methods this area needs to be studied in greater detail to further elucidate the eﬀect of direct contact on phytotoxicy. To further understand how physical contact between the NM and seeds and roots impacts phytotoxicity, the surface reactivity of each AgNM was studied. Surface Activity Assay. Recent work has suggested that the surface reactivity of nanomaterials may be related to their toxicity in environmentally relevant organisms.19 The surface reactivity of the NMs can be determined with an assay that utilizes the reduction of methylene blue from blue to colorless by sodium borohydride in the presence of a catalytic amount of nanomaterial.26 The β value, the ﬁnal steady state absorbance of the solution after reaction, can be determined experimentally and corresponds to a NM’s surface reactivity. Higher β values occur when a NM does not have a high surface reactivity and thus the steady state optical density is similar to that of the optical density at the initial time due to little or no reduction of the methylene blue dye. A lower β value occurs when a NM has a high surface reactivity and the steady state optical density is closer to 0 due to complete or almost complete reduction of the methylene blue dye. Initial work by Corredor et al. has shown that β values vary from 0 to the highest absorbance of dye used,26 which in this study is approximately 1.5. Here, the experimentally calculated β value for AgNPs was lower than that for AgNCs and AgNWs (Table 1). The β value 10374
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 accumulation and transport of silver nanoparticles by Arabidopsis thaliana. Nanotoxicology 2012, 7 (3), 323−337. (10) Gubbins, E. J.; Batty, L. C.; Lead, J. R. Phytotoxicity of silver nanoparticles to Lemna minor L. Environ. Pollut. 2011, 159 (6), 1551− 1559. (11) Yin, L.; Cheng, Y.; Espinasse, B.; Colman, B. P.; Auffan, M.; Wiesner, M.; Rose, J.; Liu, J.; Bernhardt, E. S. More than the ions: the effects of silver nanoparticles on Lolium multiflorum. Environ. Sci. Technol. 2011, 45 (6), 2360−2367. (12) Yin, L.; Colman, B. P.; McGill, B. M.; Wright, J. P.; Bernhardt, E. S. Effects of silver nanoparticle exposure on germination and early growth of eleven wetland plants. PLoS One 2012, 7 (10), e47674. (13) Musante, C.; White, J. C. Toxicity of silver and copper to Cucurbita pepo: differential effects of nano and bulk-size particles. Environ. Toxicol. 2012, 27 (9), 510−517. (14) Syu, Y. Y.; Hung, J. H.; Chen, J. C.; Chuang, H. W. Impacts of size and shape of silver nanoparticles on Arabidopsis plant growth and gene expression. Plant Physiol. Biochem. 2014, 83, 57−64. (15) Gorka, D. E.; Osterberg, J. S.; Gwin, C. A.; Colman, B. P.; Meyer, J. N.; Bernhardt, E. S.; Gunsch, C. K.; DiGulio, R. T.; Liu, J. Reducing Environmental Toxicity of Silver Nanoparticles through Shape Control. Environ. Sci. Technol. 2015, 49 (16), 10093−10098. (16) Kittler, S.; Greulich, C.; Diendorf, J.; Köller, M.; Epple, M. Toxicity of Silver Nanoparticles Increases during Storage Because of Slow Dissolution under Release of Silver Ions. Chem. Mater. 2010, 22 (16), 4548−4554. (17) Visnapuu, M.; Joost, U.; Juganson, K.; Kunnis-Beres, K.; Kahru, A.; Kisand, V.; Ivask, A. Dissolution of silver nanowires and nanospheres dictates their toxicity to Escherichia coli. BioMed Res. Int. 2013, 2013, 819252. (18) Bondarenko, O.; Ivask, A.; Kakinen, A.; Kurvet, I.; Kahru, A. Particle-cell contact enhances antibacterial activity of silver nanoparticles. PLoS One 2013, 8 (5), e64060. (19) Gilbertson, L. M.; Albalghiti, E. M.; Fishman, Z. S.; Perreault, F.; Corredor, C.; Posner, J. D.; Elimelech, M.; Pfefferle, L. D.; Zimmerman, J. B. Shape-Dependent Surface Reactivity and Antimicrobial Activity of Nano-Cupric Oxide. Environ. Sci. Technol. 2016, 50 (7), 3975−3984. (20) Silvert, P.-Y.; Herrera-Urbina, R.; Duvauchelle, N.; Vijayakrishnan, V.; Tekaia-Elhsissen, K. Preparation of colloidal silver dispersions by the polyol process. Part 1synthesis and characterization. J. Mater. Chem. 1996, 6 (4), 573−577. (21) Silvert, P.-Y.; Herrera-Urbina, R.; Tekaia-Elhsissen, K. Preparation of colloidal silver dispersions by the polyol process Part 2 - mechanism of particle formation. J. Mater. Chem. 1997, 7 (2), 293− 299. (22) Wiley, B.; Sun, Y.; Xia, Y. Polyol synthesis of silver nanostructures: control of product morphology with Fe (II) or Fe (III) species. Langmuir 2005, 21 (18), 8077−8080. (23) Levard, C.; Reinsch, B. C.; Michel, F. M.; Oumahi, C.; Lowry, G. V.; Brown, G. E. Sulfidation processes of PVP-coated silver nanoparticles in aqueous solution: impact on dissolution rate. Environ. Sci. Technol. 2011, 45 (12), 5260−5266. (24) Cheng, Y.; Yin, L.; Lin, S.; Wiesner, M.; Bernhardt, E.; Liu, J. Toxicity Reduction of Polymer-Stabilized Silver Nanoparticles by Sunlight. J. Phys. Chem. C 2011, 115 (11), 4425−4432. (25) OECD. Test No. 208: Terrestrial Plant Test: Seedling Emergence and Seedling Growth Test. Guidelines for Testing of Chemicals; Organisation for Economic Co-operation and Development: Paris, 2003. (26) Corredor, C.; Borysiak, M. D.; Wolfer, J.; Westerhoff, P.; Posner, J. D. Colorimetric detection of catalytic reactivity of nanoparticles in complex matrices. Environ. Sci. Technol. 2015, 49 (6), 3611−3618. (27) Calabrese, E. J.; Baldwin, L. A. Hormesis: U-shaped dose responses and their centrality in toxicology. Trends Pharmacol. Sci. 2001, 22 (6), 285−291. (28) Levard, C.; Hotze, E. M.; Colman, B. P.; Dale, A. L.; Truong, L.; Yang, X. Y.; Bone, A. J.; Brown, G. E., Jr.; Tanguay, R. L.; Di Giulio, R.
 
 properties is necessary for safely increasing the utilization of nanomaterials.
 
 ■
 
 ASSOCIATED CONTENT
 
 S Supporting Information *
 
 The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.est.6b02434. Retention of Ag+ on 3 kDa MWCO dialysis membrane (PDF)
 
 ■
 
 AUTHOR INFORMATION
 
 Corresponding Author
 
 *E-mail: [email protected]. Tel.: (919) 660-1549. Fax: (919) 6601605. Notes
 
 The authors declare no competing ﬁnancial interest.
 
 ■
 
 ACKNOWLEDGMENTS The authors would like to thank Matthew R. Fuller for help using statistical programs. This material is based upon work supported by the National Science Foundation (NSF) and the Environmental Protection Agency (EPA) under NSF Cooperative Agreement EF-0830093 and DBI-1266252, Center for the Environmental Implications of NanoTechnology (CEINT). Any opinions, ﬁndings, conclusions, or recommendations expressed in this material are those of the author(s) and do not necessarily reﬂect the views of the NSF or the EPA. This work has not been subjected to EPA review and no oﬃcial endorsement should be inferred.
 
 ■
 
 REFERENCES
 
 (1) Wiley, B.; Sun, Y.; Mayers, B.; Xia, Y. Shape-controlled synthesis of metal nanostructures: the case of silver. Chem. - Eur. J. 2005, 11 (2), 454−463. (2) Boxall, A.; Chaudhry, Q.; Sinclair, C.; Jones, A.; Aitken, R.; Jeﬀerson, B.; Watts, C. Current and Future Predicted Environmental Exposure to Engineered Nanoparticles; Central Science Laboratory, Department of the Environment and Rural Aﬀairs: London, U.K., 2007. (3) Siekkinen, A. R.; McLellan, J. M.; Chen, J.; Xia, Y. Rapid synthesis of small silver nanocubes by mediating polyol reduction with a trace amount of sodium sulfide or sodium hydrosulfide. Chem. Phys. Lett. 2006, 432 (4), 491−496. (4) Wiesner, M. R.; Lowry, G. V.; Jones, K. L.; Hochella, M. F., Jr.; Di Giulio, R. T.; Casman, E.; Bernhardt, E. S. Decreasing Uncertainties in assessing environmental exposure, risk, and ecological implications of nanomaterials. Environ. Sci. Technol. 2009, 43 (17), 6458−6462. (5) Gottschalk, F.; Sonderer, T.; Scholz, R. W.; Nowack, B. Modeled environmental concentrations of engineered nanomaterials (TiO2, ZnO, Ag, CNT, fullerenes) for different regions. Environ. Sci. Technol. 2009, 43 (24), 9216−9222. (6) Schwab, F.; Zhai, G.; Kern, M.; Turner, A.; Schnoor, J. L.; Wiesner, M. R. Barriers, pathways and processes for uptake, translocation and accumulation of nanomaterials in plants - Critical review. Nanotoxicology 2016, 1−22. (7) Ma, X.; Geiser-Lee, J.; Deng, Y.; Kolmakov, A. Interactions between engineered nanoparticles (ENPs) and plants: phytotoxicity, uptake and accumulation. Sci. Total Environ. 2010, 408 (16), 3053− 3061. (8) Miralles, P.; Church, T. L.; Harris, A. T. Toxicity, Uptake, and Translocation of Engineered Nanomaterials in Vascular plants. Environ. Sci. Technol. 2012, 46 (17), 9224−9239. (9) Geisler-Lee, J.; Wang, Q.; Yao, Y.; Zhang, W.; Geisler, M.; Li, K.; Huang, Y.; Chen, Y.; Kolmakov, A.; Ma, X. Phytotoxicity, 10375
 
 DOI: 10.1021/acs.est.6b02434 Environ. Sci. Technol. 2016, 50, 10370−10376
 
 Article
 
 Environmental Science & Technology T.; Bernhardt, E. S.; Meyer, J. N.; Wiesner, M. R.; Lowry, G. V. Sulfidation of silver nanoparticles: natural antidote to their toxicity. Environ. Sci. Technol. 2013, 47 (23), 13440−13448. (29) Dimkpa, C. O.; McLean, J. E.; Martineau, N.; Britt, D. W.; Haverkamp, R.; Anderson, A. J. Silver nanoparticles disrupt wheat (Triticum aestivum L.) growth in a sand matrix. Environ. Sci. Technol. 2013, 47 (2), 1082−1090. (30) Stegemeier, J. P.; Schwab, F.; Colman, B. P.; Webb, S. M.; Newville, M.; Lanzirotti, A.; Winkler, C.; Wiesner, M. R.; Lowry, G. V. Speciation Matters: Bioavailability of Silver and Silver Sulfide Nanoparticles to Alfalfa (Medicago sativa). Environ. Sci. Technol. 2015, 49 (14), 8451−8460. (31) Morones, J. R.; Elechiguerra, J. L.; Camacho, A.; Holt, K.; Kouri, J. B.; Ramirez, J. T.; Yacaman, M. J. The bactericidal effect of silver nanoparticles. Nanotechnology 2005, 16 (10), 2346−2353. (32) George, S.; Lin, S.; Ji, Z.; Thomas, C. R.; Li, L.; Mecklenburg, M.; Meng, H.; Wang, X.; Zhang, H.; Xia, T.; et al. Surface defects on plate-shaped silver nanoparticles contribute to its hazard potential in a fish gill cell line and zebrafish embryos. ACS Nano 2012, 6 (5), 3745− 3759.
 
 10376
 
 DOI: 10.1021/acs.est.6b02434 Environ. Sci. Technol. 2016, 50, 10370−10376
 















Copyright © 2024 DATAPDF.COM. All rights reserved.

About Us |
Privacy Policy |
Terms of Service |
Copyright |
Contact Us










×
Sign In






Email




Password







 Remember me

Forgot password?




Sign In




 Login with Facebook
















