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ABSTRACT

Fate, Transport & Implications of Engineered Nanomaterials in the Terrestrial Environment

by

Jon R. Conway

The majority of the current production, use, and disposal of engineered nanomaterials
(ENMs) occur in terrestrial environments, and consequently terrestrial ecosystems are and
will increasingly be some of the largest receptors of ENMs at all stages of their life cycles.
In particular, soil is predicted to be one of the major receptors of ENMs due to ENM-
contaminated biosolid fertilizer and nanopesticide application to agricultural fields, runoff
from landfills or ENM-bearing paints, or atmospheric deposition. Both agricultural and
natural systems are at risk to ENM contamination via these release scenarios, which makes it
necessary to understand the interactions between ENMs, soils, and soil organisms such as
plants in order to predict their impacts in real-world scenarios.

Gravity-driven vertical transport of TiO,, CeO,, and Cu(OH), engineered
nanomaterials (ENMs) and their effects on soil pH and nutrient release were measured in
three unsaturated soils. ENM transport was found to be highly limited in natural soils
collected from farmland and grasslands, with the majority of particles being retained in the

upper 0-3 cm of the soil profile, while greater transport depth was seen in a commercial
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potting soil. Physical straining appeared to be the primary mechanism of retention in natural
soils as ENMs immediately formed micron-scale aggregates, which was exacerbated by
coating particles with Suwannee River natural organic matter (NOM).

Changes in soil pH were observed in natural soils contaminated with ENMs that
were largely independent of ENM type and concentration. These changes may have been
due to enhanced release of naturally present pH-altering ions (Mg?*, H") in the soil, likely
via substitution processes. This suggests ENMs will likely be highly retained near source
zones in soil and may impact local communities sensitive to changes in pH or nutrient
availability.

Few studies have investigated the influence of environmental conditions on ENM
uptake and toxicity, particularly throughout the entire plant life cycle. Here, soil-grown
plants (Clarkia unguiculata, Raphanus sativus, and Triticum aestivum) were exposed until
maturity to TiO,, CeO,, or Cu(OH), ENMs under different illumination intensities, in
different soils, and with different nutrient levels. Fluorescence and gas exchange
measurements were recorded throughout growth and tissue samples from mature plants were
analyzed for metal content. ENM uptake was observed in all plant species, but was seen to
vary significantly with ENM type, light intensity, nutrient levels, and soil type. Light
intensity in particular was found to be important in controlling uptake, likely as a result of
plants increasing or decreasing transpiration in response to light.

Significant impacts on plant transpiration, photosynthetic rate, CO, assimilation
efficiency, water use efficiency, and other parameters related to physiological fitness were
seen. The impacts were highly dependent on environmental conditions as well as ENM and

soil type. Notably, many of these effects were found to be mitigated in soils with limited
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ENM mobility due to decreased uptake. These results show that abiotic conditions play an
important role in mediating the uptake and physiological impacts of ENMs in terrestrial

plants.
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1. Introduction

1.1. Background

Nanotechnology has the potential to enhance or revolutionize many fields of study,
including medicine, transportation, energy storage, personal care, construction,
environmental remediation, military applications, manufacturing, and scientific research.
Reflecting this broad applicability, nanotechnology has become a multi-billion dollar
industry in spite of being in its infancy, and is expected to reach a global market value of
over half a trillion U.S. dollars by the end of the decade.* With this in mind, and with
nanomaterials currently used in nearly 2000 consumer products® and many industrial
applications, concerns have naturally arisen about the health and environmental impacts of
the manufacture, use, and disposal of this new and extremely varied class of materials.

A nanomaterial is defined as a material with at least one dimension in the size range of
approximately 1 to 100 nm.® Here, the term “engineered nanomaterial” (ENM) is used to
differentiate intentionally designed and manufactured nanomaterials from those produced
incidentally by natural or anthropogenic processes. The extreme size of ENMs, and the high
surface area to volume (SA/V) ratio that comes along with it, typically results in unique
properties not found in larger scale or dissolved materials of the same composition. For
example, qguantum dots, nanoscale particles composed of semiconducting materials (CdS,
InAs, PbSe, etc.), can utilize quantum band gap phenomena to fluoresce in a narrow range of

wavelengths, which are highly dependent on their diameter.* Additionally, ENMs can be



extremely reactive due to their high surface area relative to their volume (a spherical particle
1 nm in diameter has a SA/V 1000 times greater than a particle 1 pum in diameter).

These novel properties are simultaneously the source of global interest in ENMs and the
main issue of concern in terms of the impacts to human health and environmental safety, as
regulations for a bulk or dissolved material may not be appropriate for ENMs of the same
composition. Additionally, since ENMs can have radically different behavior depending on
their composition, size, shape, doping agents, coatings, and/or the characteristics of the
media they are present in, a predictive framework for the fate, transport, and toxicity of
ENMs in a variety of environments and organisms is needed to effectively regulate ENMs
throughout their life cycles.

The majority of the current production, use, and disposal of engineered nanomaterials
(ENMs) occur in terrestrial environments, and consequently terrestrial ecosystems are and
will increasingly be some of the largest receptors of ENMs at all stages of their life cycles.”®
In particular, soil is predicted to be one of the major receptors of ENMs due to ENM-
contaminated biosolid fertilizer and nanopesticide application to agricultural fields, runoff
from landfills or ENM-bearing paints, or atmospheric deposition.> *** Both agricultural and
natural systems are at risk to ENM contamination via these release scenarios, which makes it
necessary to understand the interactions between ENMs, soils, and soil organisms such as

plants in order to predict their impacts in real-world scenarios.



1.2. Research Objectives and Methods

The goal of the research presented in this thesis was to uncover some of the underlying
mechanisms controlling the following processes under environmentally relevant conditions:
how ENMs move through unsaturated soils, the effects ENMs have on key soil properties,
the uptake and distribution of ENMs in plants, and how ENMs influence plant growth and
physiology. These topics were addressed using methods approximating real-world scenarios
as closely as possible while maintaining reproducibility and analytical power. The holistic
approach utilized here differs fundamentally from that of many studies currently published
on these subjects, which use reductionist experimental design to attempt to break down the
complex ENM-soil-plant system into simplified components. Reductionist methods can be
powerful in providing detailed information about well-understood systems, but when
addressing systems as complex and poorly-understood as these designing experiments to
closely mimic real-world scenarios can give insight into key controlling mechanisms that
can then be targeted for further study. An example of this can be found in Chapter 2, which
shows that the main mechanism impeding ENM transport through unsaturated natural soils
is physical straining of large ENM aggregates formed via interaction with ions in the soil
solution, not through electrostatic attraction or repulsion as was predicted by several studies
using well-dispersed ENMs in typical saturated columns of washed quartz sand.****

As mentioned, Chapter 2 discusses tracking the movement and characteristics of three
metal oxide ENMs through three soils, with ENMs being either coated with natural organic
matter (NOM) or uncoated. In contrast to studies such as those cited above, which use active

pumping to push ENMs through water-saturated media, ENM transport in this study was in



unsaturated soils and was driven solely by gravity. This was done in order to more closely
simulate conditions likely to occur in the real world, as some of the major predicted
exposure scenarios (discussed above) involve ENMs entering from the top layers of soil,
which are typically unsaturated.

Chapter 3 looks at the effects ENM contamination has on several soil properties, which
is a subject that is poorly represented in the literature. Metal oxide ENMs like those used in
this study have characteristics that make them likely to influence soil properties in some
way, such as being similar in composition to naturally-occurring clay minerals that are
important in controlling nutrient retention, soil porosity, and organic content.*® *°
Additionally, they are amphoteric, that is, capable of producing both H" and OH ions
depending on their crystal structure and the composition of the media they are in and thus
potentially altering soil pH. Soil pH and nutrient availability are both critically important to
plants and other soil organisms and were therefore targeted in this chapter.

Chapters 4 and 5 explore two aspects of the same system: how plants grown to maturity
in ENM-contaminated soils uptake and distribute ENMs throughout their tissues, and how
their growth and physiological processes are affected by the presence of ENMs. Keeping
with the theme of designing experiments to predict ENM behavior in real-world scenarios,
aspects of the environmental conditions the plants were grown under, specifically
illumination intensity and soil nutrient levels, were varied in order to mimic some of the
range of conditions plants growing under real conditions would experience. This was done
in a series of three experiments.

First, the model plant Clarkia unguiculata was grown to maturity under two illumination

intensities in a potting soil with and without receiving additional fertilizer in order to



determine the effects of nutrient and light stress. Second, C. unguiculata was again grown to
maturity under two illumination intensities, but this time in two natural soils, a grassland soil
and an agricultural soil. This was done to see how these plants respond to ENM exposure in
soils with different properties beyond nutrient levels. Finally, two crop plants, wheat and
radishes, were grown to maturity under two illumination intensities in the grassland and
agricultural soils, respectively. This was done in order to see the effects of ENM exposure
on plants from different taxonomic groups that are also economically important. By varying
one condition (soil or plant type) throughout this set of experiments, information can be

passed from one to the next that could provide additional insight into the key factors at play.

1.3. Nanomaterials Studied

Three engineered nanomaterials were used in these experiments: TiO,, CeO,, and
Cu(OH),. TiO, and CeO, ENMs used in this experiment are fully characterized in Keller, et
al. (2010)'" and Cu(OH), is characterized in Adeleye, et al. (2014)*%. A summary of relevant
properties can be found in Table 1.1. TiO, and CeO, ENMs were provided by Evonik
Degussa Corp. (U.S.) and Meliorum Technologies (U.S.), respectively. Cu(OH), particles
were purchased from DuPont as the commercially available agricultural biocide Kocide
3000. TiO,, particles were semispherical with a primary particle size of 27 £ 4 nm with a
crystalline structure of 82% anatase and 18% rutile. Particle size after 30 minutes of
sonication in deionized water (DI) was 194 = 7 nm. CeO, particles were primarily rods with

dimensions of 67 £ 8 x 8 £ 1 nm with <10% as polyhedra of diameter 8 = 1 nm. Crystal



structure was ceria cubic and particle size in DI after sonication for 30 minutes was 231 + 16
nm. Kocide 3000 is composed of spherical composites on the order of 50 um made up of
irregular nano- to micro-scale Cu(OH), embedded in a carbon-based matrix that rapidly
dissolves in water to release polydisperse Cu(OH), particles approximately 1500 + 600 nm

in diameter.



Table 1.1. ENM Properties.

Property TiO, CeO, Cu(OH),
rods: (67+ 8) x
Primary particle ohe
diameter® (nm) 274 (£10% 100 - 1000
polyhedra:
8+ 1nm)
Hydrodynamic 19447 23116 15324580
diameter- (nm)
Target metal content
(Wt %)° 98.3 95.14 26.5+0.9
Other eleméents N.M. N.M. C, O, Na, Al, Si, S,
present Zn
82% anatase, : . Orthorhombic
Phase/structure 18% rutile Cubic ceria Cu(OH),
. . Rods (<10% .
Morphology Semispherical polyhedra) Spherical/polyhedra
Moisture content
(Wt%6) 1.97 4.01 10.84
BET surface area 515 93.8 15.7140.16
(m‘/g)
Isoelectric point 6.2 7.5 <3.0
Zeta potential® (mV) | +30.0+2.2 +32.8+1.0 -47.6+4.3
pH® 452 451 5.09

*Dry powder measured with SEM/TEM

®Measured at 10 mg L™ in Nanopure water
“TiO, and CeO; purity measured with thermogravimetric analysis (TGA),
Cu(OH); purity was determined via ICP-AES

dAnalysis was done via XRD and EDS




These ENMs were chosen because they are widely used in nanoparticulate form in a
number of commercial and industrial products and have release patterns that make them

: : 11,19
relevant for studies of terrestrial ecosystems.

For example, TiO, ENMs are currently one
of the most common nanomaterial in production” and are used in a wide variety of
industrial and consumer applications that will likely result in their introduction into the
terrestrial environment.” #% CeO, ENMs are used in several common industrial processes
and as a catalyst in diesel fuel, where they are expelled in exhaust and deposited from the
atmosphere onto the land surface.** % #® Kocide 3000 is a nano-Cu(OH), based pesticide
manufactured by DuPont®® that is specifically developed to be applied to produce and
consequently will be directly or incidentally introduced into soils.

Exposure levels were chosen to cover a range of ENM concentrations that we predicted to
be environmentally relevant based on previous reports of exposure modeling and detection
for CeO; and Ti0,. CeO; has been predicted to be present at levels up to about 1 mg/kg in
roadside soils due to atmospheric deposition,'' and while there are no direct measurements
of anthropogenic TiO; in soil that we are aware of, Kiser, et al. (2009)*’ found TiO, in
wastewater treatment plant (WWTP) solids at concentrations ranging from 1-6 mg kg™,

which are spread on agricultural fields for fertilizer. The Cu(OH), ENM used here is

recommended by the manufacturer for use at application rates of up to 18 g m™ per season.*



1.4. Soils Studied

Three soils were used in this study: a commercial potting soil, a grassland soil, and a
farmland soil. These soils were chosen as representatives of a high organic content soil, a
soil from an undisturbed wilderness area, and an agricultural soil, respectively. Sunshine®
Mix #4 potting soil was purchased from Sun Gro (USA), and was composed of peat moss,
perlite, and dolomitic limestone. Grassland soil was collected from a flat, well drained
grassy area at the Sedgwick Reserve in Santa Ynez, CA (N 34° 40' 33.9", W 120° 02' 07.6"),
and farmland soil was collected from a fallow field at an organic farm in Carpinteria, CA (N

34° 23'34.5", W 119° 28' 46.9"). Soil properties can be found in Table 1.2.



Table 1.2. Soil Properties.

Property Potting Soil Grass Soil Farm Soil
pH 5.90 + 0.03 5.90 + 0.04 6.86 + 0.02
Electrical conductivity 4743+ 27.9 18.9+ 0.6 1421+ 5.4
(MS cm™)
CERITIET B TGS EEIely 69.2+ 1.2 25.8+0.1 8.7+0.1
(meq 100g™)
L.oss-on-ignition organic 52.83 + 0.91 3.11+0.07 1.44 % 0.04
matter (%0)
Bulk density (g cm™) 0.086 + 0.001 0.981 + 0.017 1.101 £ 0.003
Sand / Silt / Clay (%) N.A. 54.0/29.0/17.0 | 66.0/22.0/12.0
Saturation percent (%) 5145+ 48.4 43.0+0.7 28.0
Water contentof air-dry soil | 56914958 | 1054+0.02 6.23 + 0.04
(wt. %0)
Exchangeable PO4-P (ug g™) 3255+2.1 15.3+0.6 51.3+3.0
Exchangeable NH4-N (ug g*) 10.3+0.0 1.28 £ 0.04 1.69+0.10
Exchangeable NOs-N (g g™) 372.3+94 115+ 05 51.9+£0.7
Exchangeable K (ug g™) 1398 + 6 206 + 1 278+ 1
Total Ce (ug g™) 7.0+0.7 30.3+0.8 66.6 + 0.4
Total Cu (ug g™) 1.2+0.1 25.4+0.3 30.5+0.4
Total Ti (ug g?) 16+0 1864 + 10 1726 +9

10




Soils were air dried, sieved through a 2 mm mesh, and stored at 4°C until use. Samples
of sieved soil were characterized for pH, texture, saturation percent, soluble salts, cation
exchange capacity, conductivity, organic content, and exchangeable NH;, NO3, K, and PO,

by the University of California, Davis Analytical Laboratory (http://anlab.ucdavis.edu/).

Total Ce, Cu, and Ti concentrations of each soil were measured after digesting ~0.3 g soil
samples in 10 mL 1:3 HNO3:HCI at 200°C for 1.5 hours in a microwave digestion system
(Multiwave Eco, Anton Paar) followed by analysis via inductively coupled plasma atomic
emission spectroscopy (ICP-AES, iCAP 6300 Thermo Scientific, Waltham, MA). Detection
limits for all elements tested were approximately 5 ug L™. Standard solutions and blanks
were measured every 15-20 samples for quality assurance. This technique was sufficient to
dissolve the soil and >90% of TiO,, CeO,, and Cu(OH),. Soil bulk density was measured
following McKenzie, et al. (2004)* and the water content of air-dried soil was measured

also following Rhoades (1982)%.

11
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2. Gravity-Driven Transport of Engineered Nanomaterials in

Unsaturated Soils

2.1. Introduction

ENM mobility in the subsurface is governed by several processes of varying influence,
including dissolved ion and pH-induced aggregation, coating by organic and inorganic
molecules, sorption to organisms and other media components, and physical straining
through soil pore spaces. In particular, chemical and electrostatic interactions with soil clay
particles have been implicated as key factors in the subsurface movement of raw or coated
ENMs. This has been demonstrated for TiO,* and uncoated, citrate-coated, and phosphate-
coated CeO, ENMSs? in soil and implied as the method of retention in other studies.®*
Sorption can occur via electrostatic attraction between charged clay surfaces and oppositely
charged ENMs® or chemically (for metal oxides or metals with an outer oxide layer) through
a dehydration reaction similar to the binding of phosphate or iron oxides to clays.® ’
Sorption to organic matter® and organisms® in soil may also take place through similar
mechanisms.

The specific organic compounds present in subsurface waters will also differ over
geographic area with soil and vegetation type due to the presence of plant root exudates™**2
and bacterial communities,® which will result in different coatings being available to ENMs
in different areas. There is also the possibility of physical straining and collection at air-
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water-soil interfaces when flowing through porous media like soil.” Physical straining of

high aspect ratio ENMs in soil has been demonstrated with single-walled carbon nanotubes™
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and implicated as a primary retention mechanism for nanoscale Fe° (nZVI) in a sandy loam
soil.™> As aggregation caused by high ionic strength, pHs near the PZC, or coatings
increases, physical straining becomes more likely, particularly in soils like Vertisols or
Ultisols that are characterized by small pore sizes.

Two hypotheses were addressed in these series of experiments. The first hypothesis was
that ENM transport would be limited to the upper layers of soil, but particles coated with
NOM would penetrate further into the soil due to increased electrostatic repulsive forces as a
result of their more negative surface charge.*®*” The second hypothesis was that particles
would be transported further through potting soil than agricultural or grassland soils due to
the greater density and clay contents of the two natural soils causing increased physical

straining and electrostatic/chemical sorption.

2.2. Methods

2.2.1. ENM Preparation

Stock suspensions of CeO,, Cu(OH),, and TiO, ENMs (properties shown in Table 1.1)
were prepared by suspending dry ENM powders in 18.2 MQ ¢cm Nanopure water
(Barnstead) and sonicating for 30 min in a bath sonicator (Branson 2510, Danbury, CT).
Stock suspensions were sonicated for 10 min after dilution to the desired concentration and
used within 24 hr. Suwannee River NOM stock solutions were prepared as described in
Zhou and Keller (2010)*®. Hydrodynamic diameter and {-potential of TiO,, CeO,, and

Cu(OH),; ENMs with and without NOM were measured via dynamic light scattering (DLS,
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Zetasizer Nano ZS-90, Malvern Instruments) at 20°C by preparing 10 mg L™ ENM
suspensions with and without the addition of 1 mg L™* NOM in Nanopure water and in soil
solution extracts (described below) through dilution of a 100 mg L™ stock, probe sonicating
for 2 sec at 20% amplitude (sufficient to disperse aggregates) with a Misonix Sonicator S-

4000 (QSonica LLC, Newtown, CT).

2.2.2. ENM Transport through Unsaturated Soils

ENM transport through the three soils was tested by loosely packing 2.5 cm diameter x
16.34 cm long cylindrical plastic columns (Ray Leach Cone-tainers; Stuewe and Sons,
Tangent, Oregon) with air-dried soil. Due to their different densities, 17.5 £ 0.1 g potting
soil, 136 + 1 g grass soil, or 167 £ 1 g farm soil were needed to completely fill the columns.
To simulate gravity-driven transport of ENMs in suspension, 50 mL of 100 mg L™ TiO,,
CeO,, or Cu(OH), ENM suspensions with or without the addition of 10 mg L™* NOM were
slowly applied to the top of the column. The resulting soil ENM concentrations were on the

1,° but were well within the

high end of those currently predicted for metal oxides in soi
concentrations predicted for biosolids.™® ?° Hence, the soil ENM concentrations used in this
experiment may be indicative of those found in soils repeatedly amended with biosolids.
After ENM application, columns were allowed to drain overnight, oven dried at 60°C for
72 hours, and split into 3 cm segments, ~0.3 g subsamples of which were weighed, digested,
in 10 mL 1:3 HNO3:HCI at 200°C for 1.5 hours in a microwave digestion system
(Multiwave Eco, Anton Paar) followed by analysis via inductively coupled plasma atomic

emission spectroscopy (ICP-AES, iCAP 6300 Thermo Scientific, Waltham, MA). This

technique was sufficient to dissolve the soil and >90% of TiO,, CeO,, and Cu(OH)..
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Detection limits for all elements tested were approximately 5 pg L. Standard solutions and
blanks were measured every 15-20 samples for quality assurance. Five replicate columns
were prepared and analyzed for each treatment. Metal concentrations for all three ENMs are
reported as ionic, although neither CeO, nor TiO, were expected to dissolve to a significant
degree under the conditions used in this experiment. TiO; is known to be highly insoluble in
water and CeOs is similarly insoluble at pHs similar to those found in the soils used here.?
However, Cu(OH); has been shown to undergo partial dissolution under acidic to neutral
conditions, although at acidic pHs less dissolution occurs in media with high concentrations
of dissolved organic matter.”* % Based on this, dissolution of Cu(OH), is not expected to
occur to a significant degree under the conditions and time scales used in this experiment.
To measure size distribution of particles throughout the column, air-dried samples of
contaminated soils were collected from the top and bottom 3 cm of columns and analyzed
using environmental scanning electron microscopy (ESEM) with backscattering electron
detection (BSE) and energy-dispersive X-ray spectroscopy (EDS) to confirm identification
of CeO,, Cu(OH),, or TiO, ENMs. Beam voltage was set at 12 kV, spot size at 6.0, water
vapor pressure was kept at 2.7 Torr, and working distance averaged around 10.5 cm. These
settings were chosen in order to minimize X-ray subsurface penetration for EDS analysis.
Elemental hypermap data was collected over a period of 6 min per image. ImageJ image
analysis software (National Institute of Health, Bethesda, Maryland, USA; available at

http://rsbweb.nih.gov/ij) was used to determine particle or aggregate size.

Soil solution extracts of potting, grassland, and farm soils were prepared following
Rhoades (1982)%, although no NasPO, was added in order to avoid influencing ENM

physicochemical behavior. Soil solution extracts were stored at 4°C until use.
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2.2.3. Statistical Analyses

To determine the influence of the presence of NOM coating, ENM type, and soil
solution extract type on ENM hydrodynamic diameter and -potential 3-way ANOVA with
interactions and post-hoc Tukey’s tests were used. Levene’s test was used to ensure
homogeneity of variance. Statistical analyses were performed using the statistical software R

(v. 2.11.1).

2.3. Results and Discussion

2.3.1. ENM Transport through Unsaturated Soils

Gravity-driven vertical transport of ENMs through unsaturated soil was found in general
to follow the hypothesis that the majority of ENMs would be retained in the upper portion of
the column, but as predicted was found to be highly dependent on soil type with increased
retention occurring in the denser, less porous natural soils (Figure 2.1). However, ENMs
coated with natural organic matter (NOM) did not have increased vertical transport, and in
fact were retained more in potting soil. TiO, and CeO, aggregate sizes (Figure 2.2) were
seen to decrease with column depth, suggesting physical straining to be the primary
impediment to transport. Aggregate hydrodynamic diameters tended to be larger in soil
solution extracts than Nanopure H,O and were also generally larger with NOM-coated

particles, with several exceptions (Figure 2.3).
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Figure 2.1. Gravity-driven transport of suspended uncoated and NOM-coated TiO,, CeO,,
and Cu(OH), ENMs through potting, grass, and farm soil columns. Each point represents the
average concentration of a 3 cm vertical segment of a column (i.e., 0-3 cm, 3-6 cm, etc.).
For reference, grey lines show the range of background concentrations of target metals
present naturally in soils (mean + 1 SD) and green lines represent hypothetical
concentrations that would be found if the ENMs were mixed homogeneously throughout the
entire column. Error bars are + 1 SE. Note variable x-axis.
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Figure 2.2. Tukey box plots of aggregate size distributions of uncoated (U) or NOM-coated
(N) TiO; and CeO, ENM s in potting soil, grass soil, and farm soil measured by electron
micrograph analysis. Aggregate areas (in pm?) were estimated from micrographs and
aggregate diameter (in nm) was calculated by considering aggregates as spheres in order to
provide comparison to Figure 2.3. Samples taken from the upper 0-3 cm of the column are
shown in orange (Top) and samples taken from the lower 12-15 cm of the column are shown
in green (Bottom). Means are represented as dashed lines and outliers are shown as dots.
Stars indicate samples in which large continuous surface deposits of TiO, were seen, which
are not included in the aggregate size distributions shown here. Cu(OH), aggregates could
not be positively identified with BSE/EDS due to the low Cu content of the Cu(OH);
particles as well as the relatively low atomic mass. Note variable y-axis.
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Figure 2.3. Hydrodynamic diameter (A & B) and -potential (C & D) of TiO,, CeO,, and
Cu(OH); ENMs at a concentration of 10 mg L™ with and without 1 mg L™* NOM in
Nanopure water or soil solution extracts from potting, grass, and farm soil. Asterisks
represent significance differences between ENMs in soil solution extracts to ENMs in
Nanopure water from ANOVA with post-hoc Tukey’s tests. *p < 0.05, **p < 0.01, ***p <
0.005. Error bars are + SE.

All three ENMs largely passed through the entire length of potting soil columns, being
present in lower concentrations than the hypothetical homogeneous concentrations at all
points, although there was some retention in the upper 0-6 cm that was increased with
NOM-coated particles (Figs 2.1A-C). These trends can likely be explained by the primarily
organic composition of the potting soil, which gave it very low density, high porosity, and
high reactivity (as shown by the high CEC in Table 1.2). The low density and high porosity

prevented aggregates from being physically strained, which is shown for TiO, and CeO, by
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the similar aggregate sizes in the tops and bottoms of columns for both uncoated and NOM -
coated particles (Figure 2.2). If physical straining was strongly influencing particle transport
in potting soil it is unlikely similar aggregate sizes would be observed throughout the length
of the column, but rather would result in smaller aggregates or particles penetrating through
the column while larger aggregates would be retained at the surface — as was seen in the two
natural soils. All three ENMs had similar hydrodynamic diameters in potting soil solution
(Figs 2.3A-B), although NOM-coated aggregates were significantly smaller than uncoated
aggregates (3-way ANOVA, p <0.0001). {-potentials for all three ENMs in soil solutions
from all three soils were also similar (Figs 2.3C-D), although again the presence of NOM
coatings, as well as the ENM and soil types, had significant impacts on {-potentials (3-way
ANOVA, p <0.05).

Coating particles with NOM appears to increase their affinity for the organic
components of the potting soil. This resulted in the increased overall retention of NOM-
coated CeO; (Fig. 2.1B) as well as the decreased vertical transport of NOM-coated TiO, and
Cu(OH); (Figs. 2.1A & C). Evidence for this can be found in Figures 2.3A-B, which show
that both NOM-coated and uncoated aggregates have nearly identical hydrodynamic
diameters in potting soil solution extract, so the additional retention of NOM-coated
aggregates is unlikely to be due to increased physical straining. This was visually confirmed
in micrographs of NOM-coated TiO, in potting soil including Figure 2.4D, which revealed
the formation of TiO, encrustations occurring primarily on the organic components of
potting soil over the Al/Si/Na/K perlite minerals. These encrustations may have been caused
in part or whole to interactions between the NOM coating and the organic matter in the

potting soil. This finding is counter to several previous transport studies using TiO,,
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Ce0,,'" and ZnO® in quartz sand that found organic coatings decreased ENM retention by
increasing electrostatic repulsion between coated aggregates and the sand grains, which
further suggests interactions between the organic coating and organic soil components.

In the grassland and agricultural soils CeO, and Cu(OH), shared similar transport
profiles (Figure 2.1), forming large aggregates in the soil solutions (Figure 2.3) that were
retained almost entirely in the upper 0-3 cm of the soil columns. However, the widely
variable background concentrations of Ti in these natural soils prevented precise
measurement of TiO, ENM distribution throughout the soil columns by ICP-AES (Figs.
2.1D & 2.1G), the majority of TiO, aggregates were confirmed to be retained immediately at
the surface through both visual identification of white buildup on the column surfaces and
through BSE/EDS analysis. As shown in Figure 2.4, both uncoated and NOM-coated TiO;
ENMs formed large encrustations on the surfaces of all three soils with the exception of
uncoated TiO; in potting soil. Despite having nearly identical surface charges in soil
solution extracts (Fig. 2.3A), CeO, formed large porous sponge-like aggregates instead of
the more solid encrustations seen with TiO,. These differences in aggregate morphology
may be due to differences between the primary particle shapes of these two ENMs, with
TiO, being nanospheres and CeO, being nanorods. Afrooz, et al. (2013)?® found that
spherical Au ENMs had higher attachment efficiencies and deposition rates than rod-like Au
ENMs identical in composition, which they attributed to differences in electrosteric and
physical packing characteristics. Similarly, Zhou, et al. (2013)?’ found the critical
coagulation concentration (CCC) of TiO, nanospheres was directly related to particle
diameter while the CCC of TiO, nanrods was better explained by particle surface area,

which they postulated was a consequence of differences in exposed crystal faces. It has also
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been shown that metal oxide nanospheres and nanorods interact differently with NOM, " %

which may also be a factor in explaining the differences in aggregate morphology seen here.
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Figure 2.4. Surface encrustations (lighter areas) of uncoated (top row) and NOM-coated
(bottom row) TiO; in potting soil (A & D), grass soil (B & E), and farm soil (C & F).
Micrographs were taken of partially hydrated samples (2.7 torr) from the upper 0-3 cm of
columns using ESEM with BSE. Large continuous deposits were not found with uncoated
TiO, in potting soil (A) or grass soil (B). Scale varies between images. EDS element maps of
Ti for these images can be found in Figure 2.5.
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Figure 2.5. EDS element maps of Ti from micrographs shown in Figure 2.4.
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Figure 2.6. Aggregates of uncoated (top row) and NOM-coated (bottom row) CeO; in
potting soil (A & D), grass soil (B & E), and farm soil (C & F). Micrographs were taken of
partially hydrated samples (2.7 torr) from the upper 0-3 cm of columns using ESEM with
BSE. Scale varies between images. EDS element maps of Ce for these images can be found
in Figure 2.7.
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Figure 2.7. EDS element maps of Ce from micrographs shown in Figure 2.6.
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Although no Cu(OH), aggregates or particles could be identified by ESEM-BSE/EDS
due to the low atomic weight of Cu and low Cu content of the Cu(OH), particles, it is likely
size exclusion and physical straining were also the primary mechanisms of retention as
Cu(OH), ENMs displayed similar transport profiles to CeO,. This hypothesis is supported
by Figure 2.3, which shows that Cu(OH), aggregate sizes in soil solutions are equal to or
larger than TiO, or CeO,. Despite the low to moderate solubility of Cu(OH), ENMs, %% it
is not likely significant dissolution occurred in these transport experiments given that both
uncoated and NOM-coated Cu(OH), had nearly identical transport profiles to the relatively

insoluble CeO, %

2.4. Conclusions

These results suggest that these and other ENMs similar in size and/or aggregation
tendencies will primarily be retained in the immediate area of contamination and may
potentially accumulate to high concentrations that may adversely affect local organisms.
Additionally, since these ENMs appear to be able to pass relatively unimpeded through
potting soil, which approximates the organic (O) horizon present in some soils, there may be
accumulation of ENMs at the boundary between the O horizon and the underlying mineral
horizon.

Metal oxide ENMs such as those used in this study are well known to be toxic to a
variety of terrestrial organisms,?**! but real-world metal oxide ENM soil concentrations are

currently predicted to be fairly low, from <10 to <0.001 mg kg™.** However, the results of
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this study suggest that localized hotspots of highly contaminated soil may be more common
than large areas of more diffuse concentrations. While this limits the range of areas that may
be affected by ENM release, the impact to local communities of organisms may be more
severe. These results also justify for some scenarios the use of ENM concentrations higher

than those currently predicted in toxicity tests for soil organisms.
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3. Effects of Engineered Nanomaterials on Soil pH and Nutrient

Release

3.1. Introduction

Little research has been done on the effects of ENM exposure on soil properties. In one
of the only available studies available on this subject, Ben-Moshe, et al. (2013)" observed
that CuO and Fe304 ENMs did not change the total organic content or macroscopic
properties of two types of soil but altered the humic substances in the soils. The authors also
observed an effect on the soil microbial community, which has been reported in other
studies (e.g., >*), but did not attempt to link changes in important soil properties with these
effects. VandeVoort, et al. (2014)° found that silver ENMs could limit denitrification
processes in soil, but that the effects were dependent on ENM concentration and coating.
While previous studies in this area suggest that the effects of ENMSs on soil properties are
somewhat limited, there may be additional impacts not considered in these studies.

For example, metal oxide surfaces are amphoteric, capable of producing both protons
(H") and hydroxide ions (OH"), but tend to be predominantly acidic in nature.® Due to this
metal oxide ENMs may be able to alter the pH of soil pore water and consequently the
overall pH of the soil. pH has been called one of the “master variables™ for soil systems’
because it controls a number of critical physical and chemical properties, and if ENMs are

able to alter soil pH when present above certain concentrations they may pose a hazard to
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organisms that rely on the soil for habitat or sustenance. However, soils are typically well-
buffered, and may be able to withstand ENM accumulation without changing pH.

Additionally, ENMs will likely aggregate as a result of the high ion content of soil
solutions, thus decreasing total surface area and, potentially, proton/hydroxide production.
Additionally, metal oxide ENMSs bear many similarities to naturally occurring nano-scale
poorly crystalline metal oxide minerals known as short-range order (SRO) minerals. SRO
minerals have been shown to influence nutrient availability in natural soils via sorptive
processes,” and metal oxide ENMs may also demonstrate this effect. In particular, metal
oxides are well known for their ability to covalently adsorb phosphate ions (PO,*)® ? and,
depending on the strength of this interaction, may prevent organisms from accessing this
important nutrient.

Two hypotheses were addressed in these series of experiments. First, | hypothesized that
none of the soils would experience a significant change in pH after spiking with ENMs due
to the presence of buffering compounds (such as dolomitic lime) in the soils. Second, I
hypothesized that these ENMs would sorb soil nutrients, including phosphate, and reduce

their mobility in the soil.
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3.2. Methods

3.2.1 ENM Preparation

Ce0,, Cu(OH),, and TiO, ENM stock suspensions were prepared by suspending dry
ENM powders in 18.2 MQ c¢cm Nanopure water (Barnstead) and sonicating for 30 min in a
bath sonicator (Branson 2510, Danbury, CT). Stock suspensions were sonicated for 10 min
after dilution to the desired concentration and used within 24 hr. Suwannee River NOM

stock solutions were prepared as described in Zhou and Keller (2010).

3.2.2. ENM Impacts on Soil Properties

The effect of ENM contamination on soil pH were tested over a range of ENM
concentrations by adding potting, grass, or farm soil with 0, 0.1, 1, 10, and 100 pg g™ TiO,,
Ce0,, or Cu(OH), ENMs with and without the addition of 10% NOM. Soil aliquots were
then air dried and mixed with Nanopure water to make a 20% (by mass) soil paste from
which the pH was measured. All treatments were performed in triplicate.

Changes in soil ion release due to the presence of ENMs was tested by mixing aliquots
of potting, grass, or farm soil with 100 pg g™ TiO,, CeO,, or Cu(OH), ENMs as
suspensions, centrifuging at 8000 x g for 10 min, and analyzing the supernatant for ion
concentrations. NO3 was measured via colorimetric methods (Hach) and Al, Ca, Fe, K, Mg,
Na, P, and S were measured via ICP-AES after acidification to 10% HNO3. The influence of
the three ENMs on the bioavailability and mobility of P was investigated further by
contaminating agricultural, grassland, or potting soil samples with 100 pg g™ ENMs and

testing P content in three fractions: water extractable P, bioavailable P, and immobile (soil
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bound) P. Soil aliquots were first mixed with water for 1 min, centrifuged at 8000 x g for 10
min, then the supernatant was removed and acidified to 10% HNO3. The same soil aliquots
were then mixed with Bray extract** for 1 min, centrifuged at 8000 x g for 10 min, then the
supernatant was removed and acidified to 10% HNOs3. The soil aliquots were then acid
digested in 1:3 HNO3:HCI at 200°C for 1.5 hours in a microwave digestion system, and all
samples were analyzed for P content via ICP-AES.

Soil solution extracts of potting, grassland, and farm soils were prepared following
Rhoades (1982)*, although no NasPO, was added in order to avoid influencing ENM

physicochemical behavior. Soil solution extracts were stored at 4°C until use.

3.2.3. Statistical Analyses

To determine the effects of ENM contamination on the release of ions from soils,
separate Dunnett’s tests were used for each ion type using Nanopure-only groups as
controls. Levene’s test was used to ensure homogeneity of variance. Statistical analyses

were performed using Microsoft Excel 2007 and the statistical software R (v. 2.11.1).

3.3. Results and Discussion

3.3.1. ENM Impacts on Soil Properties
Despite varying ENM concentrations over four orders of magnitude, changes in soil pH
due to ENM contamination were largely independent of both ENM type and concentration

(Figure 3.1). Contrary to the first hypothesis, changes in soil pH due to ENM contamination
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did occur, but they were found to be highly dependent on soil type. All three ENMs
increased grass soil pH (Fig. 3.1C), decreased farm soil pH (Fig. 3.1E), and had no effect on
potting soil pH (Fig. 3.1A). Additionally, the presence of NOM had no effect on the
influence of ENMs on soil pH except in the case of farm soil, where a slight buffering effect
was seen (Fig. 3.1F). As nearly all changes in soil pH were independent of ENM
concentration it is unlikely these ENMs directly influenced soil pH through the production
of H'/OH" due to their amphoteric properties. One possible alternate explanation is that the
ENMs increased the release of ions that act as buffering or pH-altering agents, such as AI**,
Ca®”, H*, K*, Mg*, Na*, and OH", by replacing them on the mineral surfaces of the soil
matrix. Since there is a limited pool of ions available for desorption in a unit of soil, changes

in ion release due to ENM sorption would be relatively independent of ENM concentration

beyond the point at which total sorption/desorption occurs.

36



7.0

Potting Soil
pH

7.0

6.8 1
6.6 1
6.4 1
6.2 1
6.0 1
5.8 1

Grass Soil
pH

7.0

6.4

Farm Soil
pH

5.8

ENMs. Error bars are + SE.

6.8 1
6.6 1
6.4 1
6.2 1
6.0 1
5.8 1

6.8 1
6.6 1

6.2 1
6.0 -

m e Water
Cu(OH),
CeO,
e TiO,
0.1 | 10 100
C
e - = 0=
I =
0.1 1 10 100
‘L - E 3 X
= z =
xz
E
0.1 | 10 100

ENM Concentration (pg g')
Figure 3.1. Changes in pH of potting, grass, and farm soil spiked with increasing
concentrations of uncoated (A, C, E) and NOM-coated (B, D, F) TiO,, CeO,, and Cu(OH),

37

7.0
6.8

6.6 1
6.4 1
6.2 1
6.0 1
5.8 1

7.0

6.8 1
6.6 1
6.4 1
6.2 1
6.0 1
5.8 1

7.0 1
6.8 1
6.6 1
6.4 1
6.2 1
6.0 1
5.8 1

1 E e NOM
NOM/Cu(OH),
e NOM/Ce0,
e NOM/TIO,
!=i=i=—.‘f
0.1 1 10 100

X I
0.1 1 10 100
F
0.1 1 10 100

ENM Concentration (ug g')




Evidence for this can be found in Figure 3.2, which reveals that, contrary to the second
hypothesis, these ENMs in fact increase ion release from contaminated soils. However, the
identity and amounts of ions released was dependent on soil type, with the total change in
ion release for a given soil being roughly proportional to its CEC (Table 2.1). Fig. 3.2B
shows that all three ENMs increase release of Mg?* in grass soil, which may be the cause of
the pH increases seen in grass soil (Fig. 3.1C) since Mg?" is a basic cation. While no
consistent corresponding changes in ion concentration were seen in farm soil, the decreases
in pH may have been due to the release of H" stored in the soil. The farm soil used here had
relatively low amounts of basic Mg** and K* and low cation exchange capacity (8.7 + 0.1
meq 100 g™) and so has the lowest buffering capacity of the soils in this study. Potting soil
had the highest concentrations of basic ions and CEC (69.2 + 1.2 meq 100 g™*) and
correspondingly showed no changes in pH due to the presence of ENMs. Cu(OH),
consistently increased Na and S levels in the soil because both of these elements are major
components of the soluble composite matrix the Cu(OH), ENMs are embedded in and are
released as the composite dissolves in water.

Similarly, it was found that these ENMs either had no effect or slightly increased the
amount of water extractable or bioavailable P (Figure 3.3). This is likely due to the same
mechanism described above, namely the replacement of PO,> ions on soil surfaces by
ENMs. Additionally, since these ENMs already possess or rapidly develop negative surface
charges in soil solution (Fig. 2.3C) they will not attract negatively charged phosphate ions as

readily and thus would not inhibit their mobility or bioavailability.
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3.4. Conclusions

Here, | show that ENM contamination even at parts per billion concentrations could
influence soil pH by enhancing ion release from the soil, although the effect was relatively
minor and highly dependent on soil properties. However, this may have implications as both
soil pH and nutrient availability are critical for many soil organisms. Soil pH is known to
influence a wide range of soil properties, from mineral structure™® to enzyme activity™ to
rhizobial bacterial communities,*® and so ENM contamination may have any number of
consequences for a given soil community. In addition to the implications for soil pH,
enhancing the release of ions may have the effect of improving accessibility to these
nutrients by organisms in the short term but may also increase the rate at which they are
washed from the soil by rainfall or irrigation, resulting in increased nutrient loss and
decreased productivity over time. This could eventually result in nutrient limitation, which
in agricultural settings may have undesired economic impacts due to decreased crop yields

or increased fertilizer demand.
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4. Uptake and Translocation of Engineered Nanomaterials in Soil-

Grown Plants

4.1. Introduction

Given the range of sizes, morphologies, and chemical properties they encompass, ENMs
may be taken up into plant root tissues and transported through the vascular system in
several ways. It has been known for some time that metal ions can be transported both
apoplastically' and symplastically? in plants, but it has only been fairly recently that more
definite mechanisms of ENM transport between different plant tissues have been put forth
and tested (e.g., Larue, et al. (2012)%). One of the key barriers in plant roots that play a role
in uptake is the Casparian strip (CS), a hydrophilic thickening of the primary cell wall and
middle lamella of root cells in the endodermis that is composed primarily of lignin. The CS
blocks apoplastic flow into the cortex and vascular bundle and so water and ions must either
penetrate the cellular membranes of these endodermal cells or flow symplastically through
plasmodesmata in order to reach the xylem and phloem and so be transported throughout the
plant.* Another possible pathway for ENMs to penetrate into the vascular bundle is to enter
through the root tip, which does not have a CS.

This has implications for the uptake of ENMs by plant roots, for if ENMs are bound in
aggregates or complexes, or if their primary particle size is above a certain threshold, they
will not be able to pass through endodermal cell pores (averaging 5-20 nm in diameter)® ° or

plasmodesmata (averaging 30-60 nm).* Reports of ENM uptake in both soil and hydroponic
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systems vary”*! and likely depend on the interaction of several factors, including ENM
composition, crystal structure, primary particle size, and coating, as well as plant type, soil
composition, and solution chemistry. Under most conditions, ENMs in any solution rapidly
aggregate to tens, hundreds, or even thousands times their primary particle size.’* *®
However, there are three possible mechanisms by which ENMs could reach sizes small
enough to pass through the barriers listed above.

Plant roots are known to release protons to free Ca?* and Mg?* ions from clays* and so
may locally decrease the pH of the soil solution. This could potentially cause the release of
primary particles from ENM aggregates by a similar mechanism. Alternately, free ENM
primary particles likely exist in equilibrium with ENMs in aggregates'* and so there may be
a small fraction of particles that will be bioavailable at all times. A third possible mechanism
is that ENMs will be coated and dispersed by natural organic matter (NOM) such as humic
or fulvic acids™ or inorganic substances like phosphate'® and so be more bioavailable.
However, Schwabe, et al. (2013)*" found that coating CeO, ENMs with fulvic acid
decreased their uptake into pumpkin shoots grown hydroponically, which may be due to
increased aggregate size of NOM-coated particles (see Chapter 2).

Research on plant uptake of ENMs dates back less than a decade,'® so as of yet these
mechanisms are largely hypothetical. However, Sabo-Attwood, et al. (2012)*° found Au
ENMs above a size limit (18 nm) were excluded from vascular tissue in tobacco plants,
which lends support to the hypothesis that particles must be small enough to pass through
cell pores or plasmodesmata to enter the cortex. Similarly, Larue, et al. (2012)* found that
TiO, ENMs above 140 nm did not accumulate in root tissues, those above 36 nm did not

enter the cortex, but that ENMs 14 nm in diameter were able to pass through the CS, enter
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the vascular tissue, and be translocated throughout the plant. Judy, et al. (2012)? found that
uptake can be species-dependent, as citrate and tannate coated Au ENMs were taken up in
tobacco but not wheat.

One aspect of plant/ENM interactions that has as yet received little attention is the
influence of abiotic environmental conditions on plant uptake and translocation of ENMs.
These include factors such as water and nutrient availability, temperature, soil salinity and
pH, and light intensity. Plant performance depends heavily on environmental conditions, as
physiological processes adapt to conditions that may be more or less favorable to growth.
This has been shown for several non-nano pollutants. For example, high light intensities
resulted in higher concentrations of As?* and Cd®® in sunflower and duckweed due to
increased transpiration. Additionally, it was found in pea seedlings that nutrient stress (Fe
depletion) increased the expression of transporter proteins that, in turn, increase cellular
uptake of metals such as Cd.%

In these experiments | investigated the uptake and translocation of three metal oxide
ENMs, CeO,, TiO,, and Cu(OH),, in soil-grown Clarkia unguiculata (Onagraceae), radish
(Raphanus sativus), and wheat (Triticum aestivum) in different soils, illumination, and/or
nutrient levels. In the first part of this study, C. unguiculata were grown in potting soil under
different light and nutrient levels and exposed to a range of ENM concentrations in order to
discern how uptake trends depend on soil ENM content. In the second part of this study C.
unguiculata was again used as a model organism, but was grown in two natural soils under
different light levels to gain insight into how soil properties influence ENM uptake. Finally,
two crop plants were grown in natural soils to see how the trends seen in C. unguiculata

vary with plant species.
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Radishes and wheat were selected as model crop plants representing the two major
groups of angiosperms, Dicots and Monocots. Additionally, they have edible parts arising
from different tissue types, which may influence ENM accumulation; namely, the radish
hypocotyl is derived from the stem while wheat grains arise from reproductive tissue. C.
unguiculata is an annual wildflower often used in ecological and genetic studies, and was
selected here for its ease of growth, distinct tissues, and moderate lifespan (10-12 weeks)
that would allow for subchronic effects to be detected. | used C. unguiculata individuals
from wild populations with greater genetic variability?® than crop plants typically used in

nanotoxicological studies,***°

which may mean results seen in this model organism are
conservative with respect to detecting the effects of ENM exposure on plant uptake and
performance.

Here, I hypothesized that ENM uptake and distribution would vary between plant and
soil type due to differences in plant physiology and ENM behavior, but that ENMs would in
general be found in highest concentrations in the roots as the point of uptake, followed by
leaves as the endpoint of transpiration, then stems as an intermediary between the two.
Second, | predicted that plants grown in high light would uptake and accumulate higher
concentrations of ENMs in leaves due to higher rates of transpiration.* Third, |
hypothesized that P would be positively correlated with ENM concentration in tissues due to
sorption of phosphate from the soil. Natural metal oxides such as clays are known to
strongly and preferentially sorb phosphate over other organic and inorganic ligands,? and

research has shown that metal oxide ENMs can also sorb phosphorous and thereby

potentially affect its bioavailability in soils and other environmental media.?
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4.2. Methods

4.2.1. ENM Preparation
Stock suspensions of TiO,, CeO,, and Cu(OH), ENMs (Table 1.1) were prepared for
each application as 1 g L™ and bath sonicated for 30 minutes. Stocks were then diluted to 1,

10, and 100 mg L. Dilutions were not re-sonicated.

4.2.2. Plant Exposure and Growth Conditions

Clarkia unguiculata is an annual hermaphroditic flowering shrub native to oak/pine
woodlands and disturbed slopes in central California. Additional details can be found in
Dudley, et al. (2007)*" and Vasek (1965)*. Seeds were collected from a field site in Kern
County, CA (35°41.453° N, 118°43.911° W, elev. 2830 ft) in July 2008 and stored with
desiccant in darkness at 4°C until use. Seeds were randomly sampled from ten maternal
families, plated on agar in covered Petri dishes (8 g L™), vernalized in darkness for 5 days at
4°C, and then germinated under ambient light at room temperature for an additional 5 days.
Seedlings were then transplanted into 2.5 cm diameter x 16.34 cm long cylindrical plastic
growing tubes (Ray Leach Cone-tainers; Stuewe and Sons, Tangent, Oregon) (one seedling
per tube) containing 17 £ 0.1 g of a 1:20 mixture of worm castings to a peat
moss/perlite/dolomitic limestone potting soil (Sunshine Mix #4, Sun Gro Horticulture), 136
+ 1 g grass soil, or 167 + 1 g farm soil. Soil properties other than Ce, Ti, and Cu content

were measured at the UC Davis Analytical Lab (http://anlab.ucdavis.edu/) and are shown in

Table 1.2. After transplantation, seedlings were kept moist and allowed to grow for 2.5

weeks before ENM exposure to allow them to become established, after which they were
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grown for an additional 8 weeks until they had completed their life cycle. C. unguiculata
plants were grown in growth chambers with a 14:10 hr 21:13°C day:night cycle under two
light levels, 500 (high, H) or 50 (low, L) pmolpnoton m2s™. These light conditions are
roughly analogous to those on a partly cloudy day or a shaded understory.

In addition to being exposed to two light intensities, C. unguiculata grown in potting soil
were also exposed to two different nutrient levels for a total of four distinct growth
conditions: high light and excess nutrients (HE), high light and limited nutrients (HL), low
light and excess nutrients (LE), and low light and limited nutrients (LL). Excess nutrient
conditions were achieved through the addition of 140 + 3 mg fertilizer pellets (19-6-12
Osmocote Smart Release Indoor & Outdoor Plant Food) prior to seedling transplantation,
corresponding to 70.7 + 1.5 mg NHs per L soil, 63.6 + 1.5 mg L™ NO3, 42.4 + 1.0 mg L™
P,Os, and 84.8 + 2.0 mg L™ K,O released over the course of the experiment. Plants grown
with limited nutrient conditions did not receive fertilizer.

Starting in the second week of growth, 50 mL of 0, 1, 10, or 100 mg L™ TiO,, CeO,, or
Cu(OH), suspensions were slowly poured onto the soil surface of each individual container
to allow for absorption into the soil. This was repeated weekly for a total of 8 weeks to result
in a soil contamination rate of 0, 0.25, 2.5, or 25 mg ENM per L soil per week, or 0, 2.9, 29,
or 290 mg kg™ wk™. Volumetric units are used here to describe soil ENM concentrations in
order to provide comparable results for all three soils despite the large difference in density
between potting soil and the two natural soils. C. unguiculata grown in natural (grass and
farm) soils only received 50 mL of 0 or 100 mg L™ TiO,, CeO,, or Cu(OH), suspensions per

week for soil contamination rates of 0 or 25 mg ENM L™ wk™.
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Cherry radish (Raphanus sativum) and Hard Red Spring wheat (Triticum aestivum) seeds
were purchased from Seeds of Change (Rancho Dominuguez, CA, USA) and Salt Spring
Seeds (Salt Spring Island, BC, Canada), respectively, and stored in darkness at 4°C until use.
Radish seeds were planted in square, 4 inch Tech-Square pots (McConkey & Company)
filled with 600 £ 1 g farm soil and wheat seeds were planted in cylindrical plastic growing
tubes filled with 136 £ 1 g grass soil. Radish and wheat seeds were germinated under
ambient light at room temperature for 3 days before being moved to growth chambers under
500 (high, H) or 50 (low, L) umolghoton M s™. After 1 week of growth radish and wheat
individuals received 0 or 25 mg ENM L™ wk™ as suspensions for the duration of their life
cycles.

Four replicates were grown per plant species, ENM, light condition, soil type (for C.
unguiculata), and concentration and nutrient level (for C. unguiculata in potting soil), and
five control replicates were grown per species, light condition, nutrient level, or soil type

that were not exposed to ENMs for a total of 300 individuals.

4.2.3. Elemental Analysis

C. unguiculata, wheat, and radish plants were sacrificed and tissue samples were
collected after 10, 8, or 5 weeks of growth, respectively. For C. unguiculata and wheat,
several leaves were collected at different heights and 5-6 cm segments of stem were taken
from the middle of each plant and analyzed separately. All wheat grains were collected from
each plant and analyzed together. For radishes, the largest leaf from each plant was collected
and analyzed, along with a 1 cm thick cross-section of the hypocotyl. Roots from all three

plants were thoroughly cleaned of any visible soil particles and were serially rinsed in clean

49



baths of deionized water and 2% HNO3 before analysis to facilitate removal of adsorbed
ENMs on the root surfaces. Plant and soil metal characterization samples were vacuum
dried at 60°C for 3 days, weighed, and digested in aqua regia (1:3 HNO3:HCI) in a
microwave digestion system (Multiwave Eco, Anton Paar) at 200°C for 1.5 hours. Samples
were then analyzed for Ti, Ce, Cu, and P via inductively coupled plasma atomic emission
spectroscopy (ICP-AES, iCAP 6300 Thermo Scientific, Waltham, MA). Detection limits for
all elements tested were approximately 5 pg L. Standard solutions and blanks were
measured every 15-20 samples for quality assurance.

Tissue metal concentrations for all three ENMs are reported as ionic, although neither
CeO;, nor TiO, were expected to dissolve to a significant degree under the conditions used in
this experiment. TiO; is known to be highly insoluble in water and CeO; is similarly
insoluble at pHs similar to those found in the soils used here.*® Additionally, both ENMs
have been found to be taken up into a variety of plant species in nanoparticulate form.% %
However, the Cu(OH), ENM used here is known to undergo partial dissolution under acidic

13, 32

conditions (up to 25-35% over 90 days) and will likely be at least partially present either

as ionic Cu™*/Cu®" or as part of a complex with ions from the surrounding media.

4.2.4. Statistical Analysis

For C. unguiculata grown in potting soil, multiple regressions were used to model the
effects of Soil ENM Concentration, Light Level, Nutrient Level, Tissue Type, and the
interactions between these variables on Tissue Metal Concentrations for each ENM. For C.
unguiculata grown in natural soils, 3-way ANOVA with interactions and post-hoc Tukey’s

tests were used to determine the effects of Soil Type, Light Level, and Soil ENM

50



Concentration on Tissue Metal Concentrations for each tissue and ENM. Two-way ANOVA
with interactions and post-hoc Tukey’s tests were used for radishes and wheat to determine
the effects of Light Level and Soil ENM Concentration on Tissue Metal Concentration for
each species, tissue, and ENM. Exceptions were made in the case of radish hypocotyls and
wheat grains, where 1-way ANOVA were used because these tissues had not developed in
the low light condition. Linear regressions were used to determine relationships between
Tissue Metal Concentration and Tissue P Concentration for a given treatment. Levene’s test
was used to ensure homogeneity of variance. Statistical analyses were performed using

Microsoft Excel 2007 and the statistical software R (v. 2.11.1).

4.3. Results and Discussion

4.3.1. ENM Uptake and Translocation in Clarkia unguiculata

4.3.1.1. C. unguiculata in Potting Soil

Metals from ENMSs were taken up into all tissues in all treatments, although the amounts
depended on ENM type, soil ENM concentrations, growth condition (high light and excess
nutrient (HE), high light and limited nutrient (HL), low light and excess nutrient (LE), and
low light and limited nutrient (LL)), and tissue type. Mean tissue metal concentrations of C.
unguiculata grown in potting soil can be seen in Figure 4.1 and results from multiple
regressions can be seen in Figures 4.2-4.4 and Table 4.1. In general, Ce and Ti were found

in highest concentration in roots (Fig. 4.1C & 4.1F) while Cu was primarily found in leaves
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(Fig. 4.1G), although relatively high concentrations of Ti were also seen in stems (Fig.
4.1E). Background concentrations of Ti and Cu were found in all three tissues, while
background Ce was only found in roots. Among individuals in the Control group (those
exposed to no supplemental nanoparticles), it is likely that Ce was not found in stems or
leaves because it was not present in the soil at concentrations as high as Ti (Table 1.2), nor

is it an essential micronutrient as is Cu.

52



Leaves Stems Roots
40

.1)

g 200 B 1000
= 30 W HE
= 150 o HL I 100
@ 100 20 LE
t e LL
) 10
QO 50 10
Q I
O o! 0! = 1
0 2 20 200 0 2 20 200 0 2 20 200
:‘ D
0 1000
= 150
= 100
g 100 10
10
QO 50
(&)
=0 e = - = 1
0 2 20 200 0 2 20 200
,I:- 40
o 1000 H 200 | |
o
= % 150 {
= 100
) 20 100 |
c
o 10
o 10 50 |
=
(] 1 0 0!

0 2 20 200 0 2 20 200 0 2 20 200
Soil ENM Concentration (mg L)  Soil ENM Concentration (mg L) Soil ENM Concentration (mg L")

Figure 4.1. Tissue metal concentration of C. unguiculata grown in potting soil under high
light excess nutrient (HE), high light limited nutrient (HL), low light excess nutrient (LE),
and low light limited nutrient (LL) conditions. A-C show Ce content of leaves, stems, and
roots from CeO,—exposed plants; D-F show Ti content of leaves, stems, and roots from
TiO, —exposed plants; G-1 show Cu content of leaves, stems, and roots from Cu(OH),—
exposed plants. Error bars are £SE.

Of the three ENMs to which plants were exposed, those exposed to CeO; and TiO,
followed the pattern of distribution described in my first hypothesis, with concentrations
being consistently highest in the roots followed by leaves then stems (Fig. 4.1A-4.1F). In
Cu(OH),-exposed plants, however, Cu concentrations were roughly an order of magnitude
higher in leaves than in roots (Fig. 4.1G-4.11). Plants from all groups showed statistically

significant positive correlations between exposure concentration and metal concentration in

roots (multiple regressions in Table 4.1, p < 0.05) and, with a few exceptions, tended to have
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the highest metal concentrations at the highest exposure level in all tissues. The most notable
exceptions to this trend are the variable Ce and Ti content of leaves from plants grown under
high light, excess nutrient (HE) and high light, limited nutrient conditions (HL) (Fig. 4.1A &
4.1D). This reflects the high inter-leaf metal content variability for Ce and Ti and may be
due to a randomized or patchy accumulation of these nanoparticles between leaves. There
were no significant associations between leaf metal content and leaf node number, which is
indicative of order of production (linear regressions, p > 0.05; data not shown). Since C.
unguiculata leaves are produced in a temporal sequence along the height of the plant and are
also larger lower on the plant, this indicates that ENM uptake into leaves was independent of

both stage of growth and leaf size.
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Table 4.1. Results of multiple regression for three models using Soil ENM Concentration
(0, 2, 20, and 200 mg L), Light Level (50 and 500 pmolynoon m™ s, Nutrient Level
(Excess and Limited), Tissue Type (Leaf, Stem, and Root), and the interactions between
these variable to predict Ce, Ti, or Cu concentrations in plants exposed to CeO, TiO,, or
Cu(OH),, respectively. Soil ENM Concentration and Light Level were modeled as
continuous variable and Nutrient Level and Tissue Type were modeled as categorical
variables. Values in parentheses indicate standard errors (SE) for regression correlation
coefficients. Coefficient significance levels are indicated by asterisks: *p < 0.05, **p < 0.01,
and ***p < 0.001. Interactions that did not significantly predict plant metal concentration in
one or more models are omitted here.

Ce (ug g7 Ti(ugg™) Cu (ug g7
Regression Parameter Coefficient (SE) [Coefficient (SE) [Coefficient (SE)
Intercept -0.8601  (6.286) 3.681 (4.888) 28.22  (36.54)
Soil ENM Concentration (mg L™) |0.2538*** (0.0695) | 0.01092 (0.04880)| 4.579** (0.416)
Light Level (umolyy;,, m?s™?) (x10?) 3.839* (1.96) 0.842 (1.573) -0.92  (12.09)
Nutrient Level (Limited) -0.9946  (8.89) 2.854 (6.644) 12.84 (51.41)
Tissue Type (Root) 8.292 (10.33) 14.54 (7.88) -18.03  (60.34)
Tissue Type (Stem) 5.021 (10.43) 0.030 (7.885) | -18.09 (60.97)
Conc. : Light (x10?) -0.3822  (0.2576) | 0.5153*** (0.1549) | -7.544*** (1.255)
Conc. : Nutrient (L) -0.01270 (0.09320)( -0.03375 (0.07231) -3.480*** (0.562)
Conc. : Tissue (R) 3.664***  (0.141) | 3.947*** (0.104) [ -4.087*** (0.829)
Conc. : Tissue (S) -0.1474  (0.1411) | 0.0291  (0.1156) | -4.489*** (0.830)
Conc. : Light : Nutrient (L) (x10®) | 0.0498  (0.3596) | 0.7436** (0.2414)| 7.861*** (1.939)
conc. : Light : Tissue (R) (x10%) [ -3.940*** (0.430) | -6.714*** (0.303) | 7.171** (2.376)
Conc. : Light : Tissue (S) (x107) 0.1879  (0.4500) | 0.2859  (0.3187)| 7.563** (2.380)
Conc. : Nutrient (L) : Tissue (R) [ -0.4631* (0.1965) | -0.3289* (0.1492)| 3.426** (1.159)
Conc. : Nutrient (L) : Tissue (S) | -0.02006 (0.1969)| 0.0627 (0.1573)| 3.415** (1.161)
Conc. : Light : Nutrient (L) : Tissue
(R) (x10) 0.5441  (0.6055) | 2.065*** (0.440) | -7.586* (3.451)
Conc. : Light : Nutrient (L) : Tissue
(S) (x109) 0.0813  (0.6201)| -1.421** (0.451) | -7.963* (3.540)
Model Parameters
p-value < 2.2E-16 <2.2E-16 < 2.2E-16
R? 0.85 0.9093 0.2386
Degrees of Freedom 483 483 483
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Growth conditions also played a role in ENM uptake, with plants grown under high light
accumulating more Ce and Ti in their leaves than those grown in low light (Fig. 4.2A, Fig.
4.3B, Table 4.1, multiple regressions, p < 0.001) and HL leaves accumulating more Ti than
HE (Fig. 4.3A, Table 4.1, multiple regressions, p < 0.01). Along with the increased
transpiration rates seen in plants grown under high light (discussed in Section 5), these
findings validate my second hypothesis that plants exposed to high light would exhibit
elevated uptake of ENMs to leaves due to increased transpiration. However, increased
uptake of Cu into leaves and roots was found under low light conditions (Figure 4.4). These
differences among ENM types in uptake and distribution are also likely to be due to
differences in particle characteristics, particularly morphology and surface charge. The CeO,
ENMs used here had a moderately high aspect ratio (Table 1.1) and thus had a smaller
minimum dimension, which may allow them to pass through narrow vascular tissues in the
stem more easily than the spherical TiO,. Due to this physical size limitation, TiO, may also
aggregate in the conductive tissues of the stems at higher concentrations, causing the

buildup seen in Figure 4.1.
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Figure 4.2. Predicted Ce concentrations (ug g™) in leaves, stems, and roots at 20 and 200
mg L™ Soil CeO, Concentrations based on multiple regression results presented in Table
4.1. The lowest exposure concentrations were omitted for clarity. Cooler colors signify
lower metal concentrations while warmer colors signify higher metal concentrations.
Transparent planes represent =1 SE. If Light Intensity (umolyhoon M s™) or Nutrient Level
(excess [E] or limited [L], defined in text) had a significant effect on tissue Ce

Concentration, the corresponding axis label is marked with an asterisk. *p < 0.05, **p <
0.01, ***p < 0.001.
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Figure 4.3. Predicted Ti concentrations (ug g™*) in leaves, stems, and roots at 20 and 200 mg
L* Soil TiO, Concentrations based on multiple regression results presented in Table 4.1.

The lowest exposure concentrations were omitted for clarity. Cooler colors signify lower
metal concentrations while warmer colors signify higher metal concentrations. Transparent

planes represent £1 SE. If Light Intensity (umolpnoton m2s™) or Nutrient Level (excess [E] or
limited [L], defined in text) had a significant effect on tissue Ti Concentration, the
corresponding axis label is marked with an asterisk. *p < 0.05, **p < 0.01, ***p < 0.001.

58



20 mgL" Cu(OH), 200 mgL' Cu(OH),

100 c
s g
® 4
= o
Leaves 93; 2
S 3
© =
3 )
O
C D
o S i e T e,
5 |
i
c [ =4
S 14 24
© 12* ® 30
£10 2
= 2
Stems 8§ 8 3
c 6| = g 1
o 4 8
O 2
3 0l =1
O 5 o
2]

c S 140
g =
© s
= c
o 8
Roots & e
: s 8
(@] ’ s /
3 / © 3
y *~ VAR
400 40 L€ 00 300 o0 /&
800 500 a5 E S 300 200 ;50 “ES
nght lntens,'t *k L‘th Intens,'ty <

Figure 4.4. Predicted Cu concentrations (ug g™*) in leaves, stems, and roots at 20 and 200
mg L™ Soil Cu(OH), Concentrations based on multiple regression results presented in Table
4.1. The lowest exposure concentrations were omitted for clarity. Cooler colors signify
lower metal concentrations while warmer colors signify higher metal concentrations.
Transparent planes represent +1 SE. If Light Intensity (umolgnoton m? s or Nutrient Level
(excess [E] or limited [L], defined in text) had a significant effect on tissue Cu

Concentration, the corresponding axis label is marked with an asterisk. *p < 0.05, **p <
0.01.
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Particle charge likely plays a large role in determining distribution as well. Figures 2.3C-
D shows that all three ENMs used here had a weak negative charge in potting soil pore
solution, although this was likely due to the high ionic strength and organic content of this
soil shielding the particle surfaces and not a result of a direct alteration of the ENM crystal
surface. Wang, et al. (2014)* and zhu, et al. (2012)* found that under hydroponic
conditions, well-dispersed particles coated with positively charged polymers ({-pot. = +20
mV) are more readily taken up into plant roots compared to those coated with negatively
charged polymers ({-pot. = -20 mV), which had higher accumulation in leaves. The results
seen here provide confirmation of the importance of surface charge in ENM uptake and
distribution in plants under more environmentally relevant conditions, i.e., in soil and with
polydisperse ENMs.

In addition to its surface charge, the tendency of Cu(OH), to dissolve at low pH,* *2
such as is found in the soil used in this study (Table 1.2), likely also contributes to its uptake
behavior. Rhizosphere pH tends to be more acidic than the surrounding soil due to the
release of protons by roots to stimulate and counterbalance the uptake of ions from the

;% one effect of this acidity may be to dissolve a portion of the Cu(OH),. Dissolved Cu

soi
would, in turn, encounter less size exclusion than ENMs and be retained less in the roots and
stems in addition to being actively transported to the leaves. Although Cu is an essential
component of several enzymes and other compounds in chloroplasts and mitochondria,” it
can be toxic at higher concentrations.*

Lastly, although | predicted that P would be correlated with metal content in tissues due

to physicochemical sorption of phosphate to the ENMs, it was only in root tissue of HL

plants exposed to CeO, ENMs that a relationship was found. At root Ce concentrations
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below 100 ug g™, P was positively associated with Ce (linear regression, R? = 0.870, p <
0.005), but this trend plateaued at higher concentrations. One possible explanation for this is
that CeO, ENMs adsorbed P from the soil and were then sorbed into/onto the plant roots, but
at higher exposure concentrations the soil was depleted of readily available P for the ENMs
to adsorb. Previous studies using hydroponic systems have shown increased P uptake in

maize exposed to ZnO ENMs*’ and in spinach exposed to nzV1,%*

although these results
were due to the uptake of dissolved metal/phosphate complexes rather than ENM-sorbed P.
Rui, et al. (2015)* observed the partial transformation of CeO, ENMs into particulate
CePO, that were then taken up into hydroponically-grown cucumber seedlings, although the

general lack of correlation between tissue Ce and P concentrations suggests this process was

not occurring to a significant extent in this study.

4.3.1.2. C. unguiculata in Natural Soils

Tissue metal concentrations of C. unguiculata grown in farm and grass soil were found
to vary with ENM, soil, light level, concentration, and tissue type (Figure 4.5 and Table 4.2).
While some of the general trends seen in potting soil were also seen in natural soils (e.g.,
increased accumulation of CeO, and TiO; in roots), there was less total uptake in natural
soils than in potting soil. In particular, ENMs in leaves were either present at very low
concentrations or completely absent (Figs. 4.5A, 4.5D, & 4.5G), which resulted in fewer
impacts on plant physiology (Chapter 5). All three ENMs used here have been shown to
have greatly reduced mobility in farm and grass soil compared to potting soil (Chapter 2),
which, in conjunction with an increase in aggregate size, is likely the cause of the decreased

uptake seen here.
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Ce0O, uptake was found to be limited almost exclusively to root tissue under all
conditions, suggesting that only a very small fraction of CeO, aggregates were transported
through the roots to the vascular tissue and upwards to the stems and leaves. Despite their
compositional similarities TiO, was taken up in both roots and stems at much higher
concentrations than CeO,, possibly as a result of their different behaviors in grass and farm
soil, or because background Ti concentrations in the soil were two orders of magnitude
higher than background Ce concentrations. As discussed in Chapter 2, CeO, mean aggregate
diameters in grass and farm soils (Fig. 2.2) and soil solutions (Fig. 2.3A) were larger than
those of TiO, aggregates. Size exclusion has been implicated as one of the primary factors

controlling plant uptake of ENMs® *°

and may be at least partially responsible for the results
seen here.

Both farm soil and grass soil have roughly an order of magnitude less available
phosphate than potting soil (even without fertilizer), which appears to have allowed for
ENMs to influence P uptake by C. unguiculata grown in natural soils. In grass soil, root P
concentrations were positively correlated with both Ce (linear regression, R> = 0.88, p <
0.05) and Cu (linear regression, R = 0.92, p < 0.05) concentrations for individuals exposed
to those ENMs, although this effect was only seen under low light conditions. Since neither
of these ENMs increase P mobility or bioavailability in grass soil (Figure 3.3), this
correlation may be due to sorption of phosphate from the soil by the ENMs, which are then
taken up into the roots. This is similar to what was seen in unfertilized potting soil, and

provides further evidence that that under nutrient limited conditions metal oxide ENMs,

particularly CeO,, are able to influence P bioavailability.
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Figure 4.5. Tissue metal concentration of C. unguiculata grown in farm or grass soil under
high light or low light conditions. FH: farm soil, high light; FL: farm soil, low light; GH:
grass soil, high light; GL: grass soil, low light. A-C show Ce content of leaves, stems, and
roots from CeO,—exposed plants; D-F show Ti content of leaves, stems, and roots from
TiO,—exposed plants; G-1 show Cu content of leaves, stems, and roots from Cu(OH),—
exposed plants. Error bars are £SE. Note variable y-axes. Statistical analyses are displayed

in Table 4.2.
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Table 4.2. Results of 3-way ANOVA to determine the effects of Soil Type, Light Level, and
Soil ENM Concentration on Tissue Metal Concentrations of C. unguiculata grown in farm

soil or grass soil. Significance levels are indicated as follows: *p < 0.05, **p < 0.01, and

***n < 0.001. Df for all tests = 1.

CeO, CU(OH)2 T|02
Tissue | Parameter f p f p f p
Soil 1.27 |0.26 0.56 | 0.45 0.20 | 0.66
Light 0.17 | 0.68 3.76 |0.05 * 1.32 | 0.25
4= Concentration 397 005 * 1.19 |0.28 0.66 | 0.42
o | Soil : Light 0.57 | 0.45 - - 0.00 | 0.96
— | Soil : Conc 7.62 |0.01 ** 416 |0.04 * 0.34 | 0.56
Light : Conc 198 |0.16 - - 0.00 | 0.97
Soil : Light : Conc | 2.88 | 0.09 - - - -

Soil 154 |0.22 1537 | 0.00 ***| 654 | 0.0 ***

Light 3.59 | 0.06 0.03 | 0.86 343 | 0.0 ***

= Concentration 2194 1 0.00 ***[135.01|0.00 ***]130.0 0.0 ***

& | Soil : Light 3.09 |0.09 1.84 |0.18 433 | 0.0 ***

[ Soil : Conc 1394 | 0.00 ***| 221 |0.14 923 | 0.0 ***

Light : Conc 1.36 | 0.25 39.31 | 0.00 *** (1448 | 0.0 ***

Soil : Light : Conc | 10.43 | 0.00 ** | 14.88 | 0.00 *** [ 1135 | 0.0 ***
Soil 7.21 |0.01 ** 1.88 |0.18 1.06 | 0.31
Light 6.82 |0.01 * 0.27 | 0.60 0.74 | 0.39

+ | Concentration 265.61 | 0.00 ***| 81.77 | 0.00 ***|2544 |0.00 ***
S | soil : Light 0.20 | 0.66 0.39 | 0.54 2.10 | 0.15

@® | soil: Conc 7.98 |0.01 ** 3.88 | 0.05 6.30 | 0.02 *
Light : Conc 246 | 0.12 399 |0.05 * 0.32 | 0.58
Soil : Light : Conc | 3.82 | 0.06 1.01 |0.32 502 | 0.03 *
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4.3.2. ENM Uptake and Translocation in Crop Plants

ENM uptake and translocation in crop plants was found to vary with both species and
illumination intensity (Figures 4.6 and 4.7). In contrast to C. unguiculata, however,
increased ENM accumulation was seen at low rather than high light intensities. This is
especially evident in wheat, and is most likely due to decreases in transpiration rates of both
wheat and radishes grown in high light later in their life cycle (Chapter 5). Additionally,
some ENM accumulation was found in the edible radish hypocotyls and wheat grains,
particularly Ti in radish hypocotyls.

Similar to C. unguiculata grown in farm soil, radishes accumulated very little to no
metals in their leaves. However, radishes also had relatively low levels of ENMs in
hypocotyl and root tissue although more root uptake occurred with CeO; and TiO, than
Cu(OH); under low light conditions, possibly as a consequence of ENM surface charge.
Zhu, et al. (2012)* found increased uptake of positively charged Au ENMs over neutral or
negatively charged particles in radish seedling root tissue grown hydroponically, so similar
phenomena may be occurring here with the positively charged CeO, and TiO, and
negatively charged Cu(OH),. The low overall uptake of ENMs may also be related to the
short lifespan of radishes, which is roughly half of the other species tested here.

High concentrations of all three ENMs were found in wheat, particularly in individuals
grown under low light conditions. On average, wheat had the highest concentrations of all
three ENMs in all comparable tissues for all plant species, including C. unguiculata grown
in potting soil. This last point is noteworthy for two reasons, namely, that all three ENMs
have greatly decreased mobility in grass soil compared to potting soil and so the fraction of

ENMs available for uptake is much smaller in grass soil, and that ENM uptake in wheat is
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known to be subject to strict size limitations. Larue, et al. (2012)° found that TiO, ENMs
above 140 nm did not accumulate in root tissues, those above 36 nm did not enter the cortex,
but that ENMs 14 nm in diameter were able to pass through the CS, enter the vascular tissue,
and be translocated throughout the plant. This aligns well with the distribution trends seen
here (i.e., roughly ten times more CeO, and TiO, were found in roots than stems or leaves
since larger aggregates are taken up into roots but do not pass into vascular tissue) and also
shows that wheat plants are adept at taking up ENMs, even from soils where ENM mobility
is highly limited.

The presence of Cu in all tissues at concentrations significantly higher than the
background (Tables 4.3 and 4.4) provides further evidence that Cu(OH), undergoes at least
partial dissolution in soil, especially when its uptake and translocation patterns in these
plants are compared to those of the relatively insoluble TiO, or CeO,. Given that the
Cu(OH), ENM used in these studies is a commercial biocide designed to release Cu ions, it
is not surprising that this is the case. However, Chapter 5 shows that this ENM has harmful
effects on the plants it is meant to protect, as Cu ions can be toxic to many plants at high
concentrations. Since Cu(OH); is highly retained immediately at its point of entry to soil
(Chapter 2) it may reach toxic concentrations in the soil even following application methods
recommended by the manufacturer.

However, while no significant correlations between Ce, Cu, or Ti content and P content
were found in radishes, P and Cu concentrations had a significant positive relationship in the
leaves (linear regression, R? = 0.89, p < 0.05) and stems (linear regression, R = 0.98, p <
0.01) of wheat grown under low light conditions. This suggests relatively high soil

concentrations of Cu(OH), may be able to enhance P uptake by certain plants.
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Figure 4.6. Tissue metal concentration of radishes grown in farm soil under high light (H)
or low light (L) conditions. A-C show Ce content of leaves, hypocotyls, and roots from
CeO,—exposed plants; D-F show Ti content of leaves, hypocotyls, and roots from TiO,—
exposed plants; G-I show Cu content of leaves, hypocotyls, and roots from Cu(OH), —
exposed plants. Samples of all tissue types were tested from each growth conditions,
although hypocotyls did not develop under low light conditions (marked with Xs) and so
could not be tested. Error bars are +SE. Note variable y-axes. Statistical analyses are

displayed in Table 4.3.
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Figure 4.6. Tissue metal concentration of wheat grown in grass soil under high light (H) or
low light (L) conditions. A-D show Ce content of grains, leaves, stems, and roots from CeO,
—exposed plants; E-H show Ti content of grains, leaves, stems, and roots from TiO,—
exposed plants; I-L show Cu content of grains, leaves, stems, and roots from Cu(OH),—
exposed plants. Samples of all tissue types were tested from each growth conditions,
although grains did not develop under low light conditions (marked with Xs) and so could
not be tested. Error bars are £SE. Note variable y-axes. Statistical analyses are displayed in
Table 4.4.
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Table 4.3. Results of 1- and 2-way ANOVA to determine the effects of Light Level and Soil
ENM Concentration on Tissue Metal Concentrations of radishes grown in farm soil. Hypo =
hypocotyl. Significance levels are indicated as follows: *p < 0.05, **p < 0.01, and ***p <
0.001. Df for all tests = 1.

CeO, CU(OH)Z TIOZ

Tissue | Parameter f p f p f p

— Light 0.92 | 0.35 51.98 | 0.00 *** 1.18 0.29

§ Concentration | 0.26 | 0.61 13.22 | 0.00 ** 3.82 0.06

Light : Conc 0.33 | 0.57 6.06 0.02 * 3.82 0.06

o Light - - - - - -
S | Concentration | 48.69 | 0.00 *** | 0.17 0.68 115 | 0.00 **

L | Light : Conc - - - - - -
- Light 4.00 | 0.06 1151 | 0.00 =** 28.49 | 0.00 ***

08: Concentration | 10.80 | 0.00 ** 23.84 | 0.00 *** 2.50 0.12
Light: Conc | 11.33 | 0.00 ** 18.11 | 0.00 *** 7.39 0.01 *

Table 4.4. Results of 1- and 2-way ANOVA to determine the effects of Light Level and Soil
ENM Concentration on Tissue Metal Concentrations of wheat grown in grass soil.
Significance levels are indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. Df for
all tests = 1.

CeO, CU(OH)2 TIOZ
Tissue | Parameter f p f p f p
< Light - - - - - -
S Concentration 0.32 | 0.58 36.30 | 0.00 *** - -
O | Light : Conc - - - - - -
— Light 1.08 | 0.31 476 | 0.04 * 211 |0.16
§ Concentration | 3.53 | 0.07 947 |000 ** | 9.01 |001 **
Light : Conc 3.53 | 0.07 10.79 | 0.00 ** 6.13 | 002 *
= Light 14.28 | 0.00 *** | 2.65 |0.12 14.4 | 0.00 ***
o Concentration | 35.45 | 0.00 *** | 525 |0.03 * 43.1 | 0.00 ***
@ Light : Conc 3181 | 000 ***| 512 |0.03 * 55.0 | 0.00 ***
- Light 3.01 | 0.09 21.82 | 0.00 *** | 0.00 | 0.95
r:g; Concentration | 163.17 | 0.00 *** | 397.29 | 0.00 *** | 152.58 | 0.00 ***
Light : Conc 453 | 0.04 * 37.71 | 000 ***| 596 |0.02 *
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4.4. Conclusions

Although uptake of ENMs by soil grown plants has been reported before,® 3" 442 here it
is demonstrated that environmental conditions can influence the uptake and bioaccumulation
of metals due to ENM exposure across a range of ENM types, plant species, and soils. Since
plants are typically at the base of food webs, this trend has important implications for the
possibility of cascading effects through trophic transfer. A limited number of studies have
measured trophic transfer in terrestrial systems, but Hawthorne, et al. (2014)* recently
observed transfer of CeO, ENM s in a terrestrial food chain from primary producer
(zucchini) to primary consumer (cricket) to secondary consumer (spider), finding that ENMs
were accumulated and transferred at higher concentrations than either bulk CeO, or ionic
Ce. Judy, et al. (2011)* also found significant biomagnification of Au ENMs in hornworms
that were fed tobacco leaves.

However, here it was found that TiO, and CeO, were highly concentrated in root tissue,
which may result in high dietary exposure concentrations for root herbivores. This
accumulation of ENMs in root tissue may also mean that decomposing plant roots could act
as a hotspot for ENM release into the soil, impacting local fungal, microbial and animal
communities. On the other hand, this provides insight into possible future phytoremediation
of sites contaminated with specific types of ENMs. Little to no metal accumulation was seen
in the edible tissues of radishes or wheat, which suggests there may be little transfer of
ENMs to humans or livestock fed these crops. One exception was the relatively high

concentrations of Ti found in radish hypocotyls, although because TiO; is approved for use
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in a variety of personal care products and even foods* this may not present much risk to

human or animal consumers.
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5. Physiological Impacts of Engineered Nanomaterials on Soil-Grown

Plants

5.1. Introduction

Despite possible differences in the specific action of toxicity, plants exposed to
engineered nanomaterials (ENMSs), metal ions, and other pollutants often show several
similar growth and physiological responses. These include decreased germination success,
decreased shoot and/or root development, chlorosis, and oxidative stress, even for pollutants
that are not redox-active.* These are generic toxic responses for plants that can be caused by
several mechanisms, including the production of reactive oxygen species (ROS),
genotoxicity through binding to DNA,? disturbance of the plant water balance," altering
membrane permeability and integrity, binding and inactivating key nutrients, disruption of
antioxidant and other enzymatic activity, and displacing functional metal ions from
biomolecules.’

Despite the short time in which their effects on plants have been studied,* ENMs have
been shown to have all these effects. However, the effects reported thus far appear to depend
on the type of ENM, any possible coatings the ENM may have, the medium of growth, and
the model plant used. Consequently, there is a general lack of consensus in the literature
regarding the action and extent of toxicity for most ENMs. For example, chlorophyll content
was seen to diminish with exposure to CuO ENMs (but not ionic Cu) in duckweed’ and corn

seedlings® but TiO, had no effect in wheat seedlings’ and had a positive effect on both
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photosynthetic rates® and chloroplast viability® in spinach, although it is unclear how much
of this variability is due to the model species tested, the properties of the specific
nanomaterials used, and the method of exposure (root vs. foliar). ZnO ENMs have been

10-15 and

shown to reduce germination and growth in a variety of plants in both hydroponic
planted™® systems, but much of their toxicity has been shown to be mostly from the release
of Zn** ions.** Ag ENMs have similar effects and also dissolve at an environmentally-
relevant rate, but their toxicity has been shown to be due to both the nanoparticles and
released ions,"” although in general soluble ENMs have been implicated in plant toxicity.
Additionally, particle size has been shown to have large impacts on ENM uptake and
distribution patterns in plants, with smaller particles typically being taken up in higher
amounts and distributed throughout the plant.” **?° Smaller aggregate sizes achieved
through surface coatings may be expected to show similar trends, but often the changes in
surface charge and functionalization caused by these coatings are more important predictors
of behavior than size alone.** %

Fewer studies have looked at effects of ENM toxicity not related to germination success
or growth. Direct genotoxic effects were found with Ag ENMs in onions? and ZnO and
CeO, in soybeans.™ TiO, has been shown to be photoactive and produce ROS in the
presence of light” and also to increase superoxide dismutase, catalase, and peroxidase
activities in spinach.? However, it was shown to have no effect on wheat seedlings.” ZnO
ENMs are also photoactive,”® but had no effect on catalase or peroxidase activity (which
typically provide evidence of ROS effects) in corn unless coated with alginate, a naturally

produced polysaccharide.'® Very few studies have looked at the effects of ENMs on any

physiological traits relating to water use, but Priester, et al. (2012)* reported decreased
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water content of roots and stems in soil-grown soybeans exposed to CeO, and ZnO.
However, a study looking at ionic Cd, Zn, and Pb found that exposure in cardoon plants
decreased stomatal conductance, water content, transpiration rate, and evapotranspiration,?
which may be similar to the effects of some ENMs based on other shared toxicological
effects.

Owing to the increased complexity associated with increasing the quantity of variables
in a system, few studies have looked at the effects of ENMs on post-seedling plants®® and
fewer still have used soil-grown post-seedling plants.?* 2’ Results from these systems can be
difficult to interpret compared to the well-controlled conditions of hydroponic or agar
systems, but they are potentially more applicable to real systems. In addition, novel
pathways may be uncovered that perhaps would not have been found otherwise. For
example, Priester, et al. (2012)** found that soybeans grown in agricultural soil had
decreased nitrogen fixation and consequent growth effects when exposed to CeO, ENM
concentrations in the soil as low as 0.5 g kg™, which is similar to what has been found for
soybeans grown in cadmium-contaminated soils.”®

Plant physiology is heavily influenced by environmental conditions and may be more or
less vulnerable to potential toxic effects under different growth scenarios. In one of the few
previous studies specifically investigating the interactions between abiotic growth conditions
and ENM phytotoxicity, Josko and Oleszczuk (2013)* found that the toxicity of metal oxide
ENMs to cress (L. sativum) was enhanced under high light conditions and reduced at higher
temperature. Building further understanding of how these factors affect the uptake and
toxicity of ENMs in plants is key to accurate predictions of the overall impact of ENMs

outside of the growth chamber or greenhouse and across both crop and wild species.
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Similarly to the previous section, here | investigated the effects of three metal oxide
ENMs, CeO,, TiO,, and Cu(OH),, on the growth and physiology of Clarkia unguiculata
(Onagraceae), radish (Raphanus sativus), and wheat (Triticum aestivum) grown in different
soils, illumination, and/or nutrient levels. In the first part of this study, C. unguiculata were
grown in potting soil under different light and nutrient levels and exposed to a range of
ENM concentrations in order to discern how ENM toxicity varies with increasing ENM
concentration under these conditions. In the second part of this study C. unguiculata was
again used as a model organism, but was grown in two natural soils under different light
levels to gain insight into how soil properties influence ENM toxicity. Finally, two crop
plants were grown in natural soils to see how the trends found in C. unguiculata vary across
plant species.

| hypothesized that higher light and lower nutrient conditions, whether from lack of
fertilizer or infertile soil, would be more physiologically stressful for plants and that highly
stressed plants would be most vulnerable to ENM toxicity. Additionally, since TiO, and
CeO, are photoactive and produce reactive oxygen species (ROS) when exposed to light? %

| predicted that they would have the greatest effect in plants grown under high illumination

by interfering with photosynthesis in leaves.
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5.2. Methods

5.2.1. ENM Preparation
Stock suspensions of TiO,, CeO,, and Cu(OH), ENMs (Table 1.1) were prepared for
each application as 1 g L™ and bath sonicated for 30 minutes. Stocks were then diluted to 1,

10, and 100 mg L. Dilutions were not re-sonicated.

5.2.2. Plant Exposure and Growth Conditions

Clarkia unguiculata is an annual hermaphroditic flowering shrub native to oak/pine
woodlands and disturbed slopes in central California. Additional details can be found in
Dudley, et al. (2007)% and Vasek (1965)*. Seeds were collected from a field site in Kern
County, CA (35°41.453° N, 118°43.911° W, elev. 2830 ft) in July 2008 and stored with
desiccant in darkness at 4°C until use. Seeds were randomly sampled from ten maternal
families, plated on agar in covered Petri dishes (8 g L™), vernalized in darkness for 5 days at
4°C, and then germinated under ambient light at room temperature for an additional 5 days.
Seedlings were then transplanted into 2.5 cm diameter x 16.34 cm long cylindrical plastic
growing tubes (Ray Leach Cone-tainers; Stuewe and Sons, Tangent, Oregon) (one seedling
per tube) containing 17 £ 0.1 g of a 1:20 mixture of worm castings to a peat
moss/perlite/dolomitic limestone potting soil (Sunshine Mix #4, Sun Gro Horticulture), 136
+ 1 g grass soil, or 167 = 1 g farm soil. Soil properties other than Ce, Ti, and Cu content

were measured at the UC Davis Analytical Lab (http://anlab.ucdavis.edu/) and are shown in

Table 1.2. After transplantation, seedlings were kept moist and allowed to grow for 2.5

weeks before ENM exposure to allow them to become established, after which they were
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grown for an additional 8 weeks until they had completed their life cycle. C. unguiculata
plants were grown in growth chambers with a 14:10 hr 21:13°C day:night cycle under two
light levels, 500 (high, H) or 50 (low, L) pmolpnoton m2s™. These light conditions are
roughly analogous to those on a partly cloudy day or a shaded understory.

In addition to being exposed to two light intensities, C. unguiculata grown in potting soil
were also exposed to two different nutrient levels for a total of four distinct growth
conditions: high light + excess nutrients (HE), high light + limited nutrients (HL), low light
+ excess nutrients (LE), and low light + limited nutrients (LL). Excess nutrient conditions
were achieved through the addition of 140 + 3 mg fertilizer pellets (19-6-12 Osmocote
Smart Release Indoor & Outdoor Plant Food) prior to seedling transplantation,
corresponding to 70.7 + 1.5 mg NHs per L soil, 63.6 + 1.5 mg L™ NO3, 42.4 + 1.0 mg L™
P,Os, and 84.8 + 2.0 mg L™ K,O released over the course of the experiment. Plants grown
with limited nutrients did not receive fertilizer.

Starting in the second week of growth, 50 mL of 0, 1, 10, or 100 mg L™ TiO,, CeO,, or
Cu(OH), suspensions were slowly poured onto the soil surface of each individual container
to allow for absorption into the soil. This was repeated weekly for a total of 8 weeks to result
in a soil contamination rate of 0, 0.25, 2.5, or 25 mg ENM per L soil per week, or 0, 2.9, 29,
or 290 mg kg™ wk™. Volumetric units are used here to describe soil ENM concentrations in
order to provide comparable results for all three soils despite the large difference in density
between potting soil and the two natural soils. C. unguiculata grown in natural (grass and
farm) soils only received 50 mL of 0 or 100 mg L™ TiO,, CeO,, or Cu(OH), suspensions per

week for soil contamination rates of 0 or 25 mg ENM L™ wk™.
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Cherry radish (Raphanus sativum) and Hard Red Spring wheat (Triticum aestivum) seeds
were purchased from Seeds of Change (Rancho Dominuguez, CA, USA) and Salt Spring
Seeds (Salt Spring Island, BC, Canada), respectively, and stored in darkness at 4°C until use.
Radish seeds were planted in square, 4 inch Tech-Square pots (McConkey & Company)
filled with 600 £ 1 g farm soil and wheat seeds were planted in cylindrical plastic growing
tubes filled with 136 £ 1 g grass soil. Radish and wheat seeds were germinated under
ambient light at room temperature for 3 days before being moved to growth chambers under
500 (high, H) or 50 (low, L) umolyhoron M ™. After 1 week of growth radish and wheat
individuals received 0 or 25 mg ENM L™ wk™ as suspensions for the duration of their life
cycles.

Four replicates were grown per plant species, ENM, light condition, soil type (for C.
unguiculata), and concentration and nutrient level (for C. unguiculata in potting soil), and
five control replicates were grown per species, light condition, nutrient level, or soil type

that were not exposed to ENMs for a total of 300 individuals.

5.2.3. Physiological and Growth Measurements

Physiological measurements follow methods outlined in Dudley, et al. (2012)*.
Photosynthetic assimilation rate (UmMolco, Meafarea S, A), transpiration rate (Molpzo M Zeas
aeaS, E), photosystem II quantum yield efficiency (®PSII), quantum yield of CO,
assimilation (umolco; Hmorlphoton, ®CO,), photochemical quenching (gP), electron transport
rate (MOl photon M leatarea S ETR), intercellular CO, concentration (umolco, mol™, Cy),
and various fluorescence parameters (F,” and Fs) were measured from light-adapted leaves

using a portable IR gas exchange analyzer (IRGA, LiCor 6400; Licor, Lincoln, Nebraska,
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USA) with a LiCor 6400-40 fluorometer light source. The fraction of oxidized PSII reaction

centers (gL) were calculated from Equation 1.3

F

qr. = qp FS Eq.1

Leaves were measured on plants sampled in random order between 0800 and 1200 hours
using the following settings: PARi = 1500 + 2, stomatal ratio = 0.5, flow = 500 pmol mol™,
and reference CO, chamber concentration = 400 pmolco, mol™. Parameters were measured
when photosynthetic, conductance, and fluorescence rates were stable (photo: slope < 1 for
10 s; conductance: slope < 0.05 for 10 s; fluorescence: dn/dt slope < 50 for 10 s). For C.
unguiculata leaf node position on the stem relative to the cotyledons was recorded for each
measurement. If sampled leaves were not large enough to fill the 2 cm? IRGA chamber, the
surface of the gasket that seals the chamber (when closed) was covered with ink, thereby
stamping an image of the chamber’s boundary on the leaf surface. A photograph of the leaf

was taken and analyzed using ImageJ (National Institute of Health, Bethesda, Maryland,

USA, available at http://rsbweb.nih.gov/ij) to determine the leaf area that was exposed

within the chamber, which was then used to recompute physiological parameters.

For C. unguiculata, plant heights and total leaf counts were recorded each week starting
at the second week after seedling transplantation and physiological measurements were
made every other week from the second week following the initiation of ENM exposure. For
radishes, fluorescence and gas exchange measurements were taken every week starting with
the second week of ENM exposure and leaf and hypocotyl biomass weights were recorded
after five weeks of growth. For wheat, plant heights were measured each week, fluorescence
and gas exchange measurements were taken every other week starting with the second week
of ENM exposure, and grain mass was measured after eight weeks of growth.
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5.2.4. Statistical Analysis

For C. unguiculata grown in potting soil, one-way linear regressions were used to
determine the effects of Soil ENM Concentration or ENM Addition Rate on physiological
(A, Cj, ®CO,, ®PSII, and gL) and physical growth parameters (linear growth rates [cm wk”
11, maximum height, leaf production rate, leaf loss rate [as leaves desiccate and senesce],
maximum number of leaves, and week of maximum leaf production). Separate regressions
were performed for each growth condition, and for analyses of physiological and growth
parameters Soil ENM Concentrations or ENM Addition Rates were log(x+1) transformed to
improve. To determine the dependence of plant physiological rates on environmental
conditions in the absence of ENM exposure, one-way ANOV A with posthoc Tukey’s HSD
tests or Kruskal-Wallis tests with multiple comparisons were used to detect the effects of
growing conditions on photosynthetic rate (A), intracellular CO, (C;), quantum yield of CO,
assimilation (®CQO;), and transpiration rate (E) among plants that were not exposed to
ENMs.

For plants grown in natural soils, Dunnett’s tests were used to verify differences between
individuals not exposed to ENMs and those that were. Separate tests were performed for
each growth or physiological parameter and growth condition. Levene’s test was used to
ensure homogeneity of variance and if data were not homogenously distributed
nonparametric tests were used. Statistical analyses were performed using Microsoft Excel

2007 and the statistical software R (v. 2.11.1).
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5.3. Results and Discussion

5.3.1. Physiological and Growth Impacts on Clarkia unguiculata in Potting Soil

| found that the physiological effects of ENM exposure on C. unguiculata grown in
potting soil were strongly dependent on the environmental conditions under which plants
were grown, namely, high light excess nutrient (HE), high light limited nutrient (HL), low
light excess nutrient (LE), and low light limited nutrient (LL). By comparing photosynthetic
rates (A) and other physiological parameters of the zero concentration groups across growth
conditions baseline levels of stress® can be established for each condition, which can be
used to explain the trends seen in ENM-exposed plants.

Figure 5.1 shows that photosynthesis (A) and quantum yield of CO, assimilation (®CO,)
decline rapidly in C. unguiculata grown under high light conditions, resulting in the high
intracellular CO; content (C;) shown in Fig. 5.1B. These effects are likely due to negative
correlation between light intensity and photosynthetic efficiency plants typically display.
Transpiration rate (E, Fig. 5.1D) was also elevated in plants grown under high light
conditions due to increased leaf temperatures (data not shown) from the increased light
intensity. Exposure to higher light conditions also caused plants to reach maturity faster than
those grown under low light conditions. Based on these results, the relative rankings from
most to least stressful growth condition appear to be HL > HE > LL = LE. This ranking
aligns with the hypothesis that higher light and lower nutrient conditions are the most

stressful conditions imposed in this experiment.
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Figure 5.1. Physiological parameters of C. unguiculata not exposed to ENMs (zero
concentration groups) grown under high light excess nutrient (HE), high light limited
nutrient (HL), low light excess nutrient (LE), and low light limited nutrient (LL) conditions.
Panel A shows photosynthetic rate (A), B shows intracellular CO, content (C;), C shows
quantum yield of CO, assimilation (®CO,), and D shows transpiration rate (E). Error bars
are £SE. HE = high light + excess nutrients, HL = high light + limited nutrients, LE = low
light + excess nutrients, and LL = low light + limited nutrients. Within each week, mean
values represented by distinct letters indicate significant differences detected by one-way
ANOVA followed by posthoc Tukey’s test or Kruskal-Wallis tests with multiple
comparisons.

For plants exposed to these ENMs, few significant correlations between the
physiological parameters measured and ENM exposure concentration were seen at the
second or sixth week of exposure, and by the eighth week all high light plants, including the
control plants, had reached the end of their life cycle and ceased photosynthesizing.
However, at the fourth week of exposure A and ®CO, decreased significantly with
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increasing exposure concentrations and C; increased significantly with increasing exposure
concentration (linear regressions, p < 0.05, Figure 5.2, Table 5.1) for HE plants exposed to
Ce0; and TiO,. This supports my final hypothesis and indicates that these two photoactive
ENMs reduce photosynthetic rate by interfering with the assimilation of CO, required for
photosynthesis, which results in a build-up of CO, within leaf cells. Additionally, there were
no changes in ®PSII in these plants, and this lack of correlation between ®PSII and ®CO;
could indicate that energy transfer from photosystem Il (PSII) or photosystem I (PSI) to the
Calvin cycle is being disrupted by the ENMs since the conversion of photons to electrons by
PSII (OPSII) was unaffected while the conversion of energy from PSII/PSI to carbohydrates

using CO, (®CO,) decreased.®
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Figure 5.2. Physiological parameters of ENM-exposed groups during the fourth week of
exposure. A-B show photosynthetic rate (A) of HE (A) and HL plants (B), C-D show
intracellular CO, content (C;) of HE (C) and HL plants (D), and E-F shows quantum yield
of CO, assimilation (®CO,) of HE (E) and HL plants (F). Error bars are +SE. Treatments
marked with asterisks at the highest concentrations are those that exhibit statistically
significant correlation coefficients between soil ENM concentration and A, C;, or ®CO,
based on linear regressions among individual plant values, as reported in Table 3. *p < 0.05,
**p <0.01.
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Table 5.1. Slopes (+ SE), R? values, and significance levels from linear regressions among
individual plants of physiological parameters (A, C;, ®CO, , ®PSII, and gL) on Soil ENM

Concentrations during the fourth week of exposure. N = 17 for each treatment.

Abbreviations are defined in text. *p < 0.05, **p <0.01. Bivariate relationships in low light

conditions are not shown because none were statistically significant.

HE HL
CeO, TIOZ CU(OH)Z CeO, T|02 CU(OH)2

A -1.7+0.8*  -1.6+0.6* = -0.8+0.8 0.10.2 0.2+0.4 -1.0+0.3*

R? 0.24 0.32 0.07 0.01 0.01 0.35

Ci 62+17** 55+22% 3.4+20 -2.845.6 = 1.0+5.1 1145

R? 0.47 0.30 0.00 0.02 0.00 0.20

®CO, -1.440.7*  -1.8+0.7* = 0.7x0.6 -0.240.3 = 0.2+0.4 -0.6+0.4

(x107%)

R? 0.24 0.29 0.09 0.01 0.02 0.13

®PSIT | -2.8+7.9 -4.07.6 -3.0+7.8 -1.743.8  -1.7+3.2 12+6

(x107%)

R? 0.01 0.02 0.01 0.01 0.02 0.21

qL 1.5+2.5 3.3+2.3 -1.1+1.2 0.9+1.4 -1.1+1.0  3.5+1.5*

(x10)

R? 0.02 0.12 0.05 0.026 0.08 0.25
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This effect appears to be light-driven since no changes in any physiological parameter
relative to control plants were seen in individuals grown under low light conditions. High
light conditions had the two-fold impact of increasing particle uptake to leaves (Fig. 4.1A &
4.1D), by increasing transpiration rates (Fig. 5.1D) and possibly stimulating greater
photoactivity of TiO, and CeO,. The disruption of energy transfer observed may be due to
the absorption of electrons from photosystem 11 (PSII) by the ENM upon the creation of an
e’/n™ pair after excitation by a photon, or alternately through reactions with ROS produced
by the ENM. Exposure to CeO; had slightly weaker effects on physiological parameters than
TiO,, and if the latter scenario is correct this could be due to the lower relative ROS
production rate of CeO, compared to TiO,.%* Barhoumi, et al. (2015)*" saw an inhibition of
PSII and a corresponding increase in ROS in L. gibba exposed to iron oxide ENMs, so
similar phenomena may be occurring here. ROS production by TiO, and CeO, ENMs may
also explain why no physiological effects were seen in HL plants, since plants upregulate
antioxidant production at higher stress levels® that may counteract ROS produced by these
ENMs.

Additionally, interference with photosynthetic mechanisms suggests that CeO, and TiO,
ENMs are able to penetrate or be actively transported not only into the leaf cells but into the
chloroplasts as well, and are able to intercalate themselves between thylakoid stacks to
intercept electrons from PSII. Given that inter-thylakoid gaps can be on the order of 50-250
nm,*® individual particles or small aggregates would not necessarily be excluded based on
size alone. Whiteside, et al. (2009)* found uptake of NH,-coated quantum dots < 15 nm in
diameter into bluegrass chloroplasts and Larue, et al. (2012) found 14 nm TiO, ENMs in

wheat chloroplasts, so it is plausible that at least primary particles of TiO, and CeO, were
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able to enter the chloroplasts of this model plant. Both of these ENMs have very limited
dissolution and have been shown to be taken up into plant tissues as nanoparticles,” % “°
making it unlikely that any effects on photosynthesis are due to ionic Ti or Ce.

A similar decrease in A was seen in HL plants after four weeks of exposure to Cu(OH),
but without a corresponding change in ®CO, or C; (Figure 5.2). By further decreasing the
already low photosynthetic rate of HL plants, Cu(OH), had a larger relative impact than in
HE, LE, or LL plants. This suggests that Cu(OH), may affect photosynthesis through a
different mechanism than TiO, and CeO,. Additionally, I found that the fraction of oxidized
PSII reaction centers (gL) increased significantly with increasing exposure concentration
(linear regression, p < 0.05, Table 5.1). In healthy plants gL is typically positively associated
with photosynthetic production,® but since a negative correlation between Cu(OH),
exposure and photosynthesis was found (Table 5.1), the increases in gL observed were likely
due to interference with the oxidation of the primary PSII quinine acceptor (Qa) by light

rather than increased photosynthetic efficiency. See Figure 5.3 for a diagram of the

mechanisms postulated here.
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Figure 5.3. Conceptual model of hypothesized mechanisms by which CeO,, TiO,, and
Cu(OH), ENMs affect photosynthesis.
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Others have found similar oxidation of PSII reaction centers in plants exposed to ionic

copper due to interference with the photon antennae of PSII,**

which may indicate
Cu(OH), toxicity seen in this study is due to Cu ions released from the Cu(OH), ENMs. In
this system, Cu(OH), could be dissolved either in the rhizosphere and taken up as ionic Cu
or be taken up into the plant in particle form and dissolved within the plant tissues.
However, since these Cu(OH), particles has been shown to have increased dissolution at
acidic pH and lower dissolution at basic pH,* the majority of dissolution probably occurs in
the soil (pH 5.7) rather than in the neutral or slightly basic conditions of cell or chloroplast
interiors.*> 4

Linear growth rates (cm wk™), maximum height, leaf production rate, leaf loss rate (as

leaves desiccate and senesce), maximum number of leaves, and week of maximum leaf

production were calculated from physical measurements and are shown in Figures 5.4-5.10.
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Few effects due to ENM exposure were seen under any growth condition, although LE
plants exposed to Cu(OH), had reduced growth rates, leaf production rates, and maximum
number of leaves with increasing exposure concentrations (linear regressions, p < 0.05). Cu
is an essential plant micronutrient but at high concentrations such as those observed in this
experiment, Cu can decrease the uptake of other nutrients from the soil*’*° and disrupt
nitrogen metabolism.** Nutrient limitation caused by the presence of Cu(OH), may have
been responsible for limiting the growth of LE plants. The lack of a growth response in HE
plants exposed to CeO, and TiO, may be because, under high light conditions, reductions in

CO; assimilation have been shown to have minimal impacts on C gain.*
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Figure 5.4. Vertical growth rate of plants exposed to (A) CeO,, (B) TiO,, and (C) Cu(OH),
ENMs and grown under high light excess nutrient (HE), high light limited nutrient (HL),
low light excess nutrient (LE), and low light limited nutrient (LL) conditions. Error bars are
+SE. Growth conditions marked with asterisks at the highest ENM Addition Rate exhibit
statistically significant correlation coefficients between ENM Addition Rate and Vertical
Growth Rate based on linear regressions among individual plant values (analyses not

shown). *p < 0.05.
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Figure 5.5. Maximum height of plants exposed to (A) CeO,, (B) TiO,, and (C) Cu(OH),
ENMs and grown under high light excess nutrient (HE), high light limited nutrient (HL),
low light excess nutrient (LE), and low light limited nutrient (LL) conditions. Error bars are
+SE.
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Figure 5.7. Leaf production rate of plants exposed to (A) CeO,, (B) TiO,, and (C) Cu(OH),
ENMs and grown under high light excess nutrient (HE), high light limited nutrient (HL),
low light excess nutrient (LE), and low light limited nutrient (LL) conditions. Error bars are
+SE. Growth conditions marked with asterisks have statistically significant correlations
between ENM Addition Rate and Leaf Production Rate based on linear regressions. *p <

0.05.
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Figure 5.8. Rate of leaf senescence of plants exposed to (A) CeO,, (B) TiO,, and (C)
Cu(OH), ENMs and grown under high light excess nutrient (HE), high light limited nutrient
(HL), low light excess nutrient (LE), and low light limited nutrient (LL) conditions. Error
bars are £SE.
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Figure 5.9. Peak number of leaves of plants exposed to (A) CeO,, (B) TiO,, and (C)
Cu(OH),; ENMs and grown under high light excess nutrient (HE), high light limited nutrient
(HL), low light excess nutrient (LE), and low light limited nutrient (LL) conditions. Error
bars are £SE. Growth conditions marked with asterisks have statistically significant
correlations between ENM Addition Rate and Maximum Leaf Count based on linear

regressions. *p < 0.05.
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Figure 5.10. Week of peak number of leaves of plants exposed to (A) CeO,, (B) TiO,, and
(C) Cu(OH), ENMs and grown under high light excess nutrient (HE), high light limited
nutrient (HL), low light excess nutrient (LE), and low light limited nutrient (LL) conditions.
Error bars are +SE.
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5.3.2. Physiological and Growth Impacts on Plants in Natural Soils

Clarkia unguiculata displayed markedly different trends in growth and physiology when
grown in natural soils than when grown in potting soil, likely as a result of the different
soil/ENM interactions between potting soil and natural soils (Chapters 2 & 3) as well as the
loss of measurable leaves in the high light treatments (Figure 5.11). No changes in
photosynthesis due to ENM exposure were seen in any condition during any week of
growth, nor were there any effects on CO, assimilation. However, individuals grown in
grass soil under high light conditions had significantly stunted vertical growth with exposure
to all three ENMs (Fig. 5.11E). Additionally, several physiological parameters were
impacted in individuals exposed to CeO, and Cu(OH), ENMs, but only in plants grown in
grass soil (Figures 5.12-5.13).

Specifically, in the second week of ENM exposure, C. unguiculata grown in grass soil
under low light conditions that were exposed to CeO, had significantly greater PSII
operating efficiency (qP, Dunnet’s test, p < 0.05) as well as significantly higher proportions
of oxidized PSII reaction centers (gL, Dunnet’s test, p < 0.05, Figure 5.12). Together, these
indicate that these plants were able to harvest light more efficiently, although the relatively
modest increases in gP and gL along with the absence of changes in photosynthetic rate or
growth show that this increased efficiency had negligible impacts on the overall health of
the plant. Additionally, in the eighth week of ENM exposure, these plants had a slight but
significant increase in water use efficiency (WUE, Dunnett’s test, p < 0.05, Figure 5.13).
Given that no CeO; was detected in the leaves of individuals grown in grass soil (Figure
4.5A) it is unlikely these minor effects on physiology were due to direct action of CeO,

ENMs within the plant, but may instead have been related to increased nutrient release from
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the soil. CeO, caused additional NO3" to be released in grass soil (Figure 3.2), which is a key
plant nutrient and has been implicated in influencing photosynthetic efficiency50 and
WUE.™

In contrast to the short-term increases in photosynthetic efficiency seen with CeO,, C.
unguiculata grown in grass soil under low light conditions that were exposed to Cu(OH),
showed an eventual decrease in several aspects of photosynthetic efficiency. As Figure 5.13
shows, in the eighth week of exposure significant decreases were seen in both qP and gL
(Dunnet’s tests, p < 0.001) as well as ®PSII (photosystem Il quantum yield efficiency,
Dunnett’s test, p < 0.01) and electron transport rate through PSII (ETR, Dunnett’s test, p <
0.01). While it is known that Cu ions can interfere with PSII, “* these findings also
contrast to the effects of Cu(OH), exposure seen in C. unguiculata grown in potting soil
(Table 5.1), which had decreased photosynthetic rate but increased gL during the period of
peak growth rates. It would therefore appear that soil type changes the interactions between
plants and Cu(OH),, although the exact mechanism(s) by which Cu(OH), influences
photosynthetic efficiency in individuals grown in grass soil is unclear. Finally, in the second
week of ENM exposure, C. unguiculata grown in grass soil under high light conditions that
were exposed to Cu(OH), had significantly increased transpiration rates (E, Dunnett’s test, p
< 0.05). This may have been due to a combination of the stress-inducing high light condition
along with exposure to high concentrations of copper. Exposure to high levels of metals has

been linked to increased transpiration rates, possibly as a result of loss of stomatal control.>?
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Figure 5.11. Leaf production rate (A), Week of maximum leaves (B), Leaf loss rate (C),

Maximum # of leaves (D), Vertical growth rate (E), and Maximum height (F) of C.

unguiculata exposed to 0 or 25 mg L™ wk™ CeQ,, Cu(OH),, or TiO; ENM and grown in
farm or grass soil under high light or low light conditions. FH: farm soil, high light; FL.:
farm soil, low light; GH: grass soil, high light; GL: grass soil, low light. Asterisks represent
significant differences from Control groups based on Dunnett’s tests. Error bars are +SE. *p

< 0.05, **p <0.01, ***p <0.001.
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Figure 5.12. Transpiration (E), fraction of oxidized PSII reaction centers (qL), and

photochemical quenching (gP) of C. unguiculata grown in grass soil under high (GH) or low

(GL) light conditions during the second week of exposure. Asterisks represent significant
differences from Control groups based on Dunnett’s tests. Error bars are £SE. *p < 0.05.
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Figure 5.13. Water use efficiency (WUE), photosystem Il quantum vyield efficiency (®PSII),
photochemical quenching (qP), electron transport rate (ETR), and fraction of oxidized PSII
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during the eighth week of exposure. Asterisks represent significant differences from Control
groups based on Dunnett’s tests. Error bars are £SE. *p < 0.05, **p < 0.01, ***p < 0.001.
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No significant changes in any physiological parameter due to ENM exposure were found
in either radishes or wheat. Despite this, significant effects on growth were seen in both
species under high light conditions, as shown in Figures 5.14 and 5.15. Specifically, radishes
exposed to all three ENMs were found to have significantly larger hypocotyls (up to nearly
twice the mass of control hypocotyls, Fig. 5.14B), while wheat exposed to Cu(OH), had
significantly decreased grain yield (Fig. 5.15C). That these impacts on growth were not
reflected in some way in the physiological parameters measured is somewhat surprising, and
may be related to physiological changes not detected here such as the plant changing the
duration of its daily active photosynthetic period.

Transpiration rates of control groups of C. unguiculata grown in grass and farm soil and
of radish and wheat can be seen in Figure 5.16. These results help explain many of the
trends seen in ENM uptake from the previous chapter, specifically the increased uptake of
radishes and particularly wheat grown under low light conditions as the transpiration rates of
these plants grown under high light conditions were found to drop below those grown under
low light conditions. This suggests that transpiration rates may be one of the major factors
determining plant ENM uptake from soils irrespective of plant species or environmental

condition, apart from how those variables influence transpiration.

105



6
5 A 12 * B
- 2101w g ¥
01) 2]
0 4] 2 * %
A g 87 -
g 3 26
qs o
0 2 8 4.
~ £
1 - I 2 X
0 0 .
L
18
*
16 - ¥ C
14 1 N B Control
215 ] CeO,
A
glg‘ W Cu(OH),
?g Z | B 10,
= 4
2.
0.

H L

Figure 5.14. Leaf mass (A), Hypocotyl mass (B), and Total mass of radishes exposed to 0 or
25 mg Lt wk™ CeO,, Cu(OH),, or TiO, ENM and grown in farm soil under high light (H) or
low light (L) conditions. Hypocotyls did not develop in the low light condition and are
marked with an X. Asterisks represent significant differences from Control groups based on
Dunnett’s tests. Error bars are =SE. *p < 0.05, **p <0.01, ***p <0.001.
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Figure 5.16. Vertical growth rate (A), Maximum height (B), and Grain yield per plant (C) of
wheat exposed to 0 or 25 mg L™ wk™ CeO,, Cu(OH),, or TiO, ENM and grown in grass soil
under high light (H) or low light (L) conditions. Grains did not develop in the low light
condition and are marked with an X. Asterisks represent significant differences from
control groups based on Dunnett’s tests. Error bars are £SE. *p < 0.05.
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Figure 5.16. Transpiration rates of C. unguiculata, radish, and wheat not exposed to ENMs
(control groups) grown in farm soil (F), grass soil (G) under high (H) or low (L) light
conditions. C. unguiculata in high light conditions lost all measurable leaves after the
second week of exposure so transpiration rates were not able to be collected. Note variable
y-axes. Error bars are £SE.
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5.4. Conclusions

The results presented here show the importance of two factors that have not received
much attention when predicting the characteristics of plant/ENM interactions in
environmentally relevant scenarios: illumination intensity and soil characteristics. Based on
the effects of these factors on plant transpiration rates, and consequently ENM accumulation
and toxicity, one can hypothesize plant populations that may be vulnerable to certain ENMs.
Due to the high light and nutrient conditions of agricultural fields, crop plants may be
vulnerable to decreases in photosynthesis (and potentially yield) by photoactive ENMs such
as TiO, and CeO,, while plants grown in nutrient limited soils may be more vulnerable to
nanoparticles with high dissolution rates such as Cu(OH)..

However, since the model plants used in these studies utilize the C3 photosynthetic
pathway (as do 85% of plant species),>® these results should not be used to make predictions
regarding how C, plants such as maize, sugarcane, or sorghum may be affected by ENM
exposure. Since the C4 pathway is more efficient in CO, assimilation and nutrient usage, Cy4
plants may be able to compensate for reductions in photosynthesis caused by ENMs.
Additionally, few effects of ENM exposure on plant performance were seen in the early or
late stages of growth, when growth and total carbon fixation were low. This suggests that
these plants are most vulnerable to photosynthesis disruption by ENMs during the period of

highest metabolic activity (i.e., at later growth stages).
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