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ABSTRACT: This research identified and characterized factors that
influenced nanomaterial bioavailability to three aquatic plants: Azolla
caroliniana Willd, Egeria densa Planch., and Myriophyllum simulans
Orch. Plants were exposed to 4-, 18-, and 30-nm gold nanoparticles.
Uptake was influenced by nanoparticle size, the presence of roots on
the plant, and dissolved organic carbon in the media. Statistical
analysis of the data also revealed that particle uptake was influenced
by a 4-way (plant species, plant roots, particle size, and dissolved
organic carbon) interaction suggesting nanoparticle bioavailability was
a complex result of multiple parameters. Size and species dependent
absorption was observed that was dependent on the presence of roots
and nanoparticle size. The presence of dissolved organic carbon was
found to associate with 4- and 18-nm gold nanoparticles in suspension
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and form a nanoparticle/organic matter complex that resulted in (1) minimized particle aggregation and (2) a decrease of
nanoparticle absorption by the aquatic plants. The same effect was not observed with the 30-nm nanoparticle treatment. These
results indicate that multiple factors, both biotic and abiotic, must be taken into account when predicting bioavailability of

nanomaterials to aquatic plants.

B INTRODUCTION

The consequences of environmental release of nanomaterials
(NMs) are uncertain. The uncertainty regarding the fate and
effects of NMs in the environment has been identified in several
recent papers as critical knowledge gaps that prevent the
quantitative assessment of environmental risk and limit the
nanomaterials management in aquatic ecosystems.l_9 Studies
focused on the release of NMs in the environment range from
modeling exposure through life cycle assessment to predict
surface water concentrations'”'" to characterizing the effects of
NMs on crop plants and terrestrial plant health such as wheat,
squash, pumpkin, tobacco, and rice.”>™7 At this time, detailed
studies of the interactions of NMs with aquatic plants are
limited."®'® Since plants represent a large interface that
interacts closely between the environment and biosphere in
both terrestrial and aquatic systems, this interface is in need of
further investigation with regards to NMs and their
distribution, fate, and potential effects.

Recent review papers by Rico et al.*® and Miralles et al.*'
have inventoried the interactions that NMs have with terrestrial
plants. The common end points for measuring plant—
nanoparticle interactions include germination and root/shoot
elongation. While these measurements provide valuable data
sets, additional studies that address more in-depth modes of
action are needed. From Rico et al,*® it is clear that a paucity of
information exists about NM interactions with plants and
factors that influence their bioavailability. These factors include
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NM size and shape, route of uptake, bulk NM composition, and
surface chemistry. Miralles et al.>* advances the need for more
information and understanding on how NMs are taken up and
transported within plants, including bioavailability.

Terrestrial plants may come in contact with NMs through
atmospheric deposition, improper disposal of NM containing
compounds, and from land applied sewage sludge, a known
sink for NMs. 162223 Through storm events, runoff, erosion, and
improper or the lack of best management practices, the aquatic
environment will then serve as sinks for NMs. Although much
literature is focused on the impact of NMs on terrestrial crop
species, some of the results obtained to date are relevant to
aquatic plants. Many similarities exist between aquatic and
terrestrial plant physiology, such as vascular systems, photo-
synthesis structures, and plant organ systems (roots, leaves). A
difference however is that aquatic macrophytes can absorb
nutrients from both roots and leaves.”* This difference in
nutrient acquisition warrants further investigation into
parameters that influence absorption of NM in aquatic vascular
plants, as roots may not be the only site of NM absorption.
Studies have shown NMs are capable of penetrating into the
roots of many different species of plants, typically limited to
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pores present in the microfibril network structure of the cell
wall. These pores (gaps in microfibril layers) limit the diameter
of structures that are capable of penetrating through to the cell
membrane. Typical pore structures of higher plants have been
reported to range from 3-nm up to reported values of near 20-
nm, showing differences among plant species.'®>%"?%2¢
Contradicting this exclusion mechanism, however, studies
have published absorption of larger NMs including carbon
nanotubes and AuNPs that are larger than the pore structures
present.’”*® This evidence suggests another route of
absorption, through wounding of tissue, creation of new pore
structures, stomata absorption, or even active transport across
cell membranes.”>*"*” As progress is made in understanding
NM interactions with terrestrial plants, additional studies are
needed with respect to aquatic plants. Probable mechanisms of
uptake, translocation, and toxicity are scarce to nonexistent.
Further, research into biotic and abiotic factors that influence
NM bioavailability to aquatic plants is also needed.

Because aquatic plants are often fully submerged, water
quality parameters become critical in understanding bioavail-
ability of NMs to aquatic macrophytes. Water hardness plays a
well-known role in aggregation of NMs. Also, pH can dictate
speciation of NMs and aggregation state. The presence of a
chelator such as natural organic matter (NOM) can also
influence bioavailability. Natural organic matter may vary in
concentrations and chemical composition but is considered
ubiquitous in water bodies."”” Natural organic matter can
influence the stability, charge, and surface chemistry of
NMs.>* 73 Stankus et al.*® found very similar surface properties
between AuNPs with different surface chemistries, indicating
that AuNP surface chemistry no longer is the driving force of
the particles stability when in the presence of NOM. Diegoli et
al.”® proposed NOM replaces the citrate surface chemistry of
the AuNPs, stabilizing the AuNPs from aggregation. This
replacement of surface chemistry resulted in more stable
suspensions of particles, which did not aggregate even in
extreme pH ranges. Nanoparticle and NOM interactions do
vary however between NOM isolates, and the higher molecular
weight humic acids were found to give the citrate coated
AuNPs the greatest ability to avoid destabilization.*® Natural
organic matter consists of humic and fulvic acids, both known
to have the ability to chelate metal ions and organic
pesticides® > and stabilize AuNPs.***° This interaction of
NOM with AuNPs is hypothesized to reduce the absorption of
AuNPs by aquatic plants due to the AuNPs binding with the
NOM and forming a larger, more stable complex.

In order to better address NM bioavailability to aquatic
plants, biotic and abiotic factors were investigated. The effect of
plant species, root presence, natural organic matter, and
nanoparticle size were studied using a factorial experimental
design to capture each effect and interactions between effects.
Gold nanoparticles (AuNPs) served as a model NM for
tracking within the aquatic plant. Due to their ease of synthesis
in various sizes, stability in suspension, and ability to be
visualized, AuNPs represent a good model NM for tracking
studies.>*>” Further, AuNPs are useful in bioconcentration
studies with plants due to the minimal chance of toxicity.'®*®
The interactions NMs have with aquatic plants is important in
understanding potential for NM fate, transfer, and possible
escape from the aquatic ecosystem.

B EXPERIMENTAL SECTION

Nanoparticle Synthesis and Characterization. Four, 18,
and 30 nanometer (nm) gold nanoparticle spheres (AuNPs)
were synthesized following the Turkevich and related Frens
method®”*** at the Clemson University Institute of Environ-
mental Toxicology (CU-ENTOX). The 4-nm AuNPs were
synthesized by combining 0.5 mL of 0.01M chloroauric acid
with 19 mL of Milli-Q water, and 0.5 mL of 0.01M sodium
citrate tribasic dihydrate. After, 0.6 mL of 0.1M sodium
borohydride was added to reduce the chloroauric acid
completing the process. The 18-nm AuNPs were synthesized
by combining 2.5 mL of 0.01M chloroauric acid with 97.5 mL
of Milli-Q water. The solution was brought to a boil, and 3 mL
of 1% by weight sodium citrate reduced the chloroauric acid,
forming the AuNPs. Lastly, for the 30-nm AuNPs, 2.5 mL of
0.01 M-chloroauric acid was combined with 100 mL of Milli-Q_
water. The solution was then boiled, and 10 mL of 1% by
weight sodium citrate solution was added to reduce the
chloroauric acid.

Gold nanoparticle size and morphology characterization was
performed with transmission electron microscopy (Hitachi H-
7600) in both stock and exposure media at the Clemson
Microscope Facility. Electrophoretic mobility measurements
were measured on a Malvern Zetasizer Nano of stock and
treatment suspensions.

Nanoparticle Suspensions. Nanoparticle suspensions
were made in 045 pm filtered well water (PALL type A/E
Glass fiber filters). For the DOC treatments, Suwannee River
aquatic reference NOM (1R101N) was purchased from the
International Humic Substances Society, IHSS. NOM was
added to filtered well water (0.45-ym) at the nominal
concentration of 5 mg/L, stirred overnight, and then filtered
with a 0.45-um, glass fiber filter (PALL type A/E) to capture
the dissolved organic carbon (DOC) fraction. After filtration,
organic carbon content (mg C/L) was analyzed using a
Shimadzu total organic carbon analyzer.

Plant Species. Aquatic macrophytes used were cultured in a
double-layer, polyethylene-covered greenhouse in Pendleton,
SC (25 + 2 °C, 14:10 h light/dark). All plants selected for this
study appeared healthy and had no visible periphyton growth.
Plant cultures were not axenic. Plants were rinsed vigorously
with distilled water before experimental use. Experiments were
conducted in the greenhouse during July and August 2012.

Microscopy. Gold nanoparticle suspension samples were
captured on 200-mesh, carbon Formvar copper grids (type
FCF200-Cu). The Hitachi 7600 (120kv) and Hitachi 9500
(300 kV) transmission electron microscopes (TEM) were used
to image nanomaterials in bright field micrographs. The Hitachi
HD-2000 scanning transmission electron microscope (STEM)
was used to image dark field micrographs (Electron Microscope
Facility, Clemson University).

Experimental Design. The experimental setup was a 24-h
static exposure with a 2 X 2 X 3 X 3 randomized complete
factorial design. Factors included plant species (M. simulans, E.
densa, and A. caroliniana), plant roots (R+, present or R—,
absent), particle size (4-, 18- or 30-nm AuNPs) and SR-NOM
(DOC+, present, or DOC—, absent) for a total of 36
treatments. All roots were removed at the plant base via
razor blade prior to exposure in the R— treatment. Each
treatment combination was performed in triplicate. Gold
nanoparticle suspensions were made at a nominal concen-
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Figure 1. Characterization graphs of citrate gold nanoparticles. (A) Box graphs of gold nanoparticle core diameter in nanometers overlaid with water
treatment and sampling time. n = 250—1200 particles per treatment. Core diameter measured with transmission electron microscopy (Hitachi H-
7600). B) Electrophoretic mobility measurements of gold nanoparticle treatments overlaid with water treatments and sampling time. n = 3. DOC =
contains dissolved organic carbon, WW = well water, stock = undiluted nanoparticle stock suspension, initial = time O suspension, and 24 h =24 h

post suspension. Statistics defined in Data Analysis section.

tration of 250 g Au/L and then subdivided for each treatment
replicate.

Myriophyllum simulans and Egeria densa were exposed in 70
mL glass test tubes. Azolla caroliniana was exposed in 30 mL
glass beakers. Before exposure, glassware was acetone and acid
washed (10% nitric). After harvest, plants were vigorously
rinsed in distilled water by submerging 10 times. The final dry
tissue weight (g) was recorded after 24 h of drying at 60 °C in a
drying oven.

Gold Analysis. Tissue digestion was performed on the basis
of a modified method from Anderson et al.*' Dried tissue was
transferred to 20 mL cleaned ceramic crucibles and was heated
to 530 °C for 14 h in a muflle furnace to ash and facilitate
breakdown of plant cellulose and lignin components. Crucibles
were cleaned with aqua regia. Once cooled, tissue was digested
with aqua regia (1:3 nitric to hydrochloric trace grade acids)
and then diluted to achieve 5% volume acid for analysis using
ICP-MS (ThermoScientific Xseries2). Water samples were
acidified to achieve 5% volume acid using aqua regia.

Data Analysis. Analysis of variance indicated a significant
difference in main effects for gold nanoparticle size distribution
and electrophoretic mobility. Due to large sample size (n =
250—1200) in the particle size analysis, Tukey’s HSD was used
to separate main effects revealing significant differences
between treatments. Students-t test was used to separate
main effects for gold nanoparticle electrophoretic mobility

measurements, n = 3. A full factorial, standard least-squares
analysis of main effects (plant species, plant roots, particle size,
and SR-NOM) was conducted using JMP v10.0 (SAS Institute
Inc., Cary, NC). Interactions of main effects were significant (p
< 0.001) and were separated using students-t test (@ = 0.05).
The interaction profiler was used to characterize interactions of
main effects.

B RESULTS AND DISCUSSION

Gold Nanoparticle Characterization. Each size of the
gold nanoparticles in stock and treatment suspensions (initial
and 24 h time points) was characterized for size by transmission
electron microscopy (TEM) and stability with zeta potential.
The same samples were used in each characterization analysis.
Gold concentration remained consistent throughout the
exposures, at 248.9 + 11.0 ug Au/L. Dissolved organic carbon
for each treatment was normalized to carbon, C content. Well
water only treatments (DOC—) had 0.1 + 0.02 mg C/L, and
well water with DOC (DOC+) had 2.0 + 0.4 mg C/L. The well
water used in this study had a pH of 6.8, hardness of 100 mg/L
CaCOj, and alkalinity of 80 mg/L CaCOj;. The nominal AuNP
sizes of 4-, 18-, and 30-nm were determined from the stock
suspensions (5.2 + 2.0-nm, 18.1 + 5.6-nm, and 27.0 + 8.0-nm,
respectively (n = 250—1200 particles)). Figure 1 shows all of
the data points gathered for AuNP characterization, and Table
1 summarizes these characterization results. For all AuNPs, a

dx.doi.org/10.1021/es4020508 | Environ. Sci. Technol. 2013, 47, 10223-10230



Environmental Science & Technology

Table 1. Characterization Averages for Gold Nanoparticles
in Each Exposure Treatment

sample ID ¢, suspension” (mV) TEM diameter” (nm)
initial /(24 h) initial /(24 h)
Stock
4-nm —24.4 + 82/(n/a) 52 + 2.0/(n/a)
18-nm —352 + 44/(n/a) 18.1 + 5.6/(n/a)
30-nm —372 + 1.6/(n/a) 27.0 + 8.0/(n/a)
Well Water
4-nm —16.7 + 1.8/(—25.8 + 0.9) 8.0 + 6.0/(10.0 + S.0)
18-nm —17.8 +2.9/(—26.8 + 4.1) 17.5 + 2.4/(23.3 + 12.5)
30-nm —237 + 42/(—249 + 34) 250 + 7.0/(39.1 + 8.0)
Well Water/DOC

4-nm —19.4 + 2.1/(-25.7 + 1.1) 6.6 +3.6/(5.6 + 1.8)
18-nm —18.5 + 3.5/(-19.2 + 4.7) 202 + 6.6/(184 + 8.4)
30-nm 284 + 3.6/(—29.0 + 7.0) 34.1 + 7.8/(423 + 8.3)

“Zeta n =3 (mV =+ std dev), pH 7.1. by = 250-1200 particles.

loss in stability was observed in treatment suspensions. The 4-
nm AuNPs stock suspension had an electrophoretic mobility of
—244 + 82 mV, suggesting these particles are moderately
unstable. The measurement is likely due to the high ionic
strength, as these particles were not purified to remove excess
sodium that results from the addition of sodium borohydride.
In the 4-nm AuNP well water treatment, the zeta potential
decreases to —16.7 + 1.8 mV, which can be explained by the
increase in water hardness of 100 mg/L as CaCO;. After 24 h
however, the zeta potential indicates a gain of stability to —25.8
+ 0.9 mV. The increase in the 4-nm AuNP treatment occurs
simultaneously with a gain in particle size mean from initial 8.0
+ 6.0-nm to 24 h size of 10.0 & 5.0-nm. This size increase is
mitigated with the addition of DOC. In the well water with
DOC treatment, the initial zeta potential is —19.4 + 2.1 mV
shifting to —25.7 + 1.1 mV after 24 h. Particle size in the DOC
+ treatment showed reduced particle aggregation with initial
size being 6.6 + 3.6-nm to 52 + 1.8-nm after 24 h in
suspension. Compared to the 24 h values for the well water,

DOC- treatment (10.0 + 5.0-nm) and well water DOC+
treatment (5.2 + 1.8-nm) indicates a potential effect DOC has
in reducing particle aggregation.

The 18-nm AuNPs stock suspension was moderately stable
(=352 + 4.4 mV) whereas the well water treatment
suspensions showed a reduction in initial AuNP stability
(—17.8 £+ 2.9 mV) that shifted to to —26.8 + 4.1 mV after 24 h.
This shift in stability correlated with an increase average particle
size, initial 17.5 + 2.4-nm to 24h 23.3 + 12.5-nm, indicating the
onset of aggregation in the well water treatment. The addition
of DOC did not have an effect on particle stability (initial
—18.5 + 3.5 mV to 24 h —19.2 + 4.7 mV); however, when
comparing the mean core diameter of the 18-nm AuNPs in
both the well water treatment (23.3 + 12.5-nm) and DOC well
water treatment (18.4 + 8.4-nm), the core diameter becomes
more similar to that of the stock suspension (18.1 &+ 5.6-nm).
When comparing these results to the 18-nm well water only
treatment, it indicates DOC had an effect mitigating particle
aggregation and polydispersity.

The 30-nm AuNP stock suspension had the highest stability
of all particles (—37.2 + 1.6 mV). When well water treatment
suspensions were made, the zeta potential showed an initial
decline to —23.7 + 4.2 mV and then after 24 h remained the
same at —24.9 + 3.4 mV. With the addition of DOC, no change
was observed in particle stability. Comparing particle size for
the well water treatment, the onset of aggregation was observed
(initial 25.0 + 7.0-nm to 24 h of 39.1 + 8.0-nm). With the
addition of DOC, similar results were observed, where the
onset of particle aggregation was still observed in the well water
DOC treatment (initial 34.1 + 7.8-nm to 24 h 42.3 + 8.3-nm).
In this treatment, the addition of DOC did not reduce the
average particle core diameter.

Gold Nanoparticles and Aquatic Macrophytes. It has
been documented that the absorption of AuNPs by aquatic
plants is AuNP size and plant species dependent.'® This is
supported by several studies that found that NMs absorption by
terrestrial plants are specific to NM characteristics, as well as
the plant species.'®****~** However, the current mechanisms
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Figure 2. Tissue concentration graphs of complete factorial design aquatic plant study. Species are indicated by graph heading, and DOC— (top
row) indicates exposure suspension in only well water. The DOC+ (bottom row) indicates the addition of Suwannee river dissolved organic carbon.
X-axis shows the gold nanoparticle sizes in nanometers for each treatment. Gray bars indicate the presence of roots, while white bars indicate roots
removed in each treatment. Error bars indicate standard deviation of the mean (n = 3). Statistical analysis letters are only comparable between same

plant species graphs.
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of NMs absorption and translocation in plants are ultimately
unknown.'®"*7"* In order to better address factors that
influence the absorption of AuNPs from suspension to aquatic
plants, 2 biotic and 2 abiotic factors were investigated. These
factors included three plant species, roots (R+, present, or R—,
absent), DOC (DOCH+, presence, or DOC—, absence), and
AuNPs in three sizes (4-, 18-, and 30-nms).

The three specific plant species utilized each had unique
characteristics. Azolla caroliniana is a free-floating aquatic fern
with scale like leaves. It has many slender roots that protrude
from the floating leaf bottoms and reside in the water column
with an average length of 4—6 cm. These roots contain root
hair structures that increase the surface area of the roots in
contact with the water column. Stomata are also present on the
leaf surface.*® Because A. caroliniana is free floating, it has a
transpiration stream present. Myriophyllum simulans is fully
submerged and can be rooted in the sediment or free floating in
the water column. It may or may not have roots present. The
leaf structure is needle-like, and leaves grow in whorls around
each node. Egeria densa is also fully submerged. This species has
broad whorls of 4 leaves around each node. Egeria densa is
either rooted into the sediment or free floating. The root
structure of E. densa may or may not be present. Roots
propagate from a root crown node, typically one or two roots at
a time.*® These roots are adventitious, which develop to anchor
the plant into the sediment.

Factors That Affect Bioavailability of AuNPs. Figure 2
shows each species broken down into the individual treatment
factors of root presence (R+ or R—), DOC (DOC— or DOC
+), AuNP size (4-, 18-, and 30-nms), and species (A.
caroliniana, M. simulans, and E. densa). Four way interactions
among factors were found significant (p > 0.0026) indicating
that treatment combinations had an effect on tissue gold
concentrations. Overall, interpreting data by species indicates
that Azolla caroliniana was most sensitive to tissue gold
concentration change by treatment factors, which will be
discussed later. The results further support that AuNPs
absorption by aquatic plants is species dependent, as shown
by previous research.

These results suggest that tissue concentrations observed in
E. densa were due to surface adsorption only. They are
supported by previous research indicating that E. densa does
not absorb 4- or 18-nm AuNPs from suspension.'® Breaking E.
densa results down by treatment, the DOC— and R+ treatments
for 4-, 18-, and 30-nm AuNPs resulted in statistically similar
tissue concentrations of 6.3 &+ 1.4, 11.3 + 2.4, and 6.3 + 4.2 mg
Au/kg, respectively. The DOC— and R+ treatment also
indicates that root or shoot absorption is not a driver of
AuNP uptake, since statistically similar results were seen in the
DOC- and R— treatment, with the 4-, 18-, and 30-nm AuNPs
tissue concentrations being 10.0 + 7.2, 21.1 + 7.0, and 15.1 +
54 mg Au/kg, respectively. Also, there is no AuNP size
dependence observed in treatment tissue concentrations,
supporting only the surface adsorption of AuNPs. This was
also observed in the DOC+ treatment whereas no significant
effect of roots was found to correlate with tissue concentrations.

For the DOC+ and R+ treatment, tissue gold concentrations
observed were 8.6 + 1.9, 5.3 + 1.7, and 5.1 + 2.8 mg Au/kg for
4-, 18-, and 30-nm, respectively, and the R— resulted in
statistically similar tissue gold concentrations of 10.2 + 1.5, 7.0
+ 2.3, and 6.6 + 2.5 mg Au/kg for 4-, 18-, and 30-nm,
respectively. Comparing the DOC+ and DOC— treatment for
E. densa, a general trend indicates a decline of tissue gold

concentration with the addition of DOC, although it is not
significant for all AuNP sizes.

Results for Myriophyllum simulans indicate higher gold tissue
concentrations than E. densa for each AuNP size range. For M.
simulans, no significant differences in tissue gold concentrations
were observed across AuNP sizes. Breaking down tissue gold
concentration results by treatment, the DOC— and R+
treatment observed tissue concentrations for 4-, 18-, and 30-
nm AuNPs of 23.9 + 16.8, 27.8 + 5.0, and 30.3 + 12.2 mg Au/
kg compared to the DOC— and R— treatment for the same
sizes with tissue concentrations of 14.5 + 2.9, 33.4 + 11.0, and
28.3 + 13.0 mg Au/kg, respectively. Comparing the tissue gold
concentrations for the R+ and R— treatments for the DOC—
treatment above also indicated that shoots are not a significant
driver of AuNP absorption.

Tissue concentrations for the DOC+ and R+ treatment
observed for the 4-, 18-, and 30-nm AuNPs were 16.8 + 2.3,
12.9 + 3.8, and 14.0 & 4.5 mg Au/kg, respectively, compared to
the tissue gold concentrations for DOC+ and R— treatment of
14.8 + 4.6, 15.6 + 8.3, and 8.7 &+ 7.0 mg Au/kg for the same
size AuNPs. Although not significant for all AuNP sizes, the
addition of DOC to the treatments indicates a general decline
in gold tissue concentration.

Azolla caroliniana results indicate DOC and roots play an
important role in gold tissue concentrations. For the 4-nm
AuNP and DOC- treatment, the removal of roots (R—)
resulted in the largest decrease in tissue concentration from the
R+ treatment, 145.5 + 45.5 mg Au/kg to 9.0 & 1.5 mg Au/kg,
indicating roots are the primary absorption mechanism of 4-nm
AuNPs. When only A. caroliniana shoots were exposed to each
size AuNP in the DOC— treatment, tissue concentrations do
not significantly change, representing non-AuNP size specific
adsorption to the leaf surfaces (9.0 + 1.5, 15.8 + 4.7, and 13.8
+ 1.0 mg Au/kg for 4-, 18-, and 30-nm AuNPs). For both the
18- and 30-nm AuNPs in the DOC— treatment, a decrease in
tissue concentration can be observed with the absence of roots.
The R+ treatment resulted in concentrations of 47.1 + 5.3 and
36.4 + 5.3 mg Au/kg that were significantly higher than the R—
treatment (15.8 + 4.7 and 13.8 + 1.0 mg Au/kg) for 18- and
30-nm AuNPs, respectively.

Comparing the DOC— and DOC+ graphs for A. caroliniana,
the addition of DOC resulted in a decreased tissue
concentration, even with roots present. In the 4-nm AuNP,
DOC+, and R+ treatment for A. caroliniana, the addition of
DOC resulted in a decreased tissue concentration from the
DOC— treatment, 145.5 + 45.4 to 33.8 + 11.4 mg Au/kg,
respectively. In the DOC+ and R+ treatment, AuNP size effect
on tissue concentration is mitigated by the presence of DOC, as
tissue gold concentrations are not significantly different for the
DOC+ and R+ treatment (33.8 + 11.3, 52.4 + 7.5, 48.1 + 19.1
mg Au/kg) for the 4-, 18-, and 30-nm treatments, respectively.
In the DOC+ and R— treatment, a further decrease in tissue
concentration occurs with the removal of roots to 20.3 + 1.0,
20.3 + 6, and 14.8 + 2.0 mg Au/kg for the 4-, 18-, and 30-nm
treatments. This difference in tissue gold concentration is most
likely due to the decrease in adsorption sites for the AuNPs to
attach. Comparing only the 18- and 30-nm AuNPs in the
DOC—- to the DOC+ treatment, DOC does not have a
significant effect on reducing tissue gold concentrations. For
DOC-—, tissue gold concentrations are 47.5 + 5.3 and 364 +
5.3 mg Au/kg, and DOC+ tissue gold concentrations are 52.4
+ 7.5 and 48.1 + 19.0 mg Au/kg, for the 18- and 30-nm
AuNPs, respectively. This indicates that the presence of DOC
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Figure 3. Transmission electron micrographs of gold nanoparticles associated with Suwannee River dissolved organic carbon. (A) Represents 4-nm
gold nanoparticles. (B) Represents 18-nm gold nanoparticles. (C) Represents 30-nm gold nanoparticles. Scale bar represents 100-nm.

Figure 4. High-resolution transmission electron micrograph of 18-nm gold nanoparticles. (A) Shows 18-nm gold nanoparticles associated with
Suwannee River dissolved organic carbon. (B) Shows 18-nm gold nanoparticle stock suspension without any dissolved organic carbon present. Note
the white arrows indicate the close association of dissolved organic carbon with the particle core. Scale bar = S-nm.

and the presence of roots have the largest effect on the 4-nm
AuNPs, as the highest A. caroliniana tissue gold concentration
was found in the 4-nm AuNP, DOC—, and R+ treatment and
the lowest tissue gold concentrations were found in the DOC—
and DOC+ R— treatment.

Organic Matter Interactions. Further evaluating these
factors, it is important to note that aquatic plants are typically
found in shallow, high productivity, eutrophic water systems
high in natural organic matter. Investigating the interactions
between AuNP sizes and dissolved organic carbon, it was found
through TEM characterization that the 4-nm AuNPs associated
with DOC in the highest numbers followed by the 18-nm
AuNPs. Interestingly, it was found that the 30-nm AuNPs did
not associate closely with the DOC (Figure 3).

Comparing the size measurements of the 4-nm AuNPs in the
DOC—- (100 + 5.0-nm) and DOC+ (5.6 + 1.8-nm)
treatments, results indicate that the presence of DOC reduces
particle core aggregation after 24 h. Even though the particle
core aggregation is reduced, the DOC/AuNP complex becomes
much larger than individual AuNPs as seen in Figure 3. In the
18-nm AuNP treatment, comparing the size range in the
DOC- (233 + 12.5nm) and DOC+ (184 + 8.4-nm)
treatments, a reduction in particle polydispersity (Figure 1) and
average particle core size is observed. However, due to high
polydispersity in the DOC— treatments for both particle sizes,
results are not statistically different. In the 30-nm AuNP
treatment, comparing the size range in the DOC— (39.1 + 8.0-
nm) and DOC+ (42.3 + 8.3-nm) treatments shows that the
addition of DOC did not coincide with a decrease in average
AuNP core diameter.

It has been observed that the presence of NOM can reduce
particle aggregation by sterically hindering particle—particle
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interactions as a result of pH change, increased ionic strength,
or from the presence of divalent cations, all causing a decrease
in particle stability.”®™° The absorption of compounds by
organic matter is not uncommon. Organic matter is composed
of various aliphatic and aromatic components that give rise to
hydrophobic and hydrophilic regions. Organic matter primarily
consists of polysaccharides and peptides as well as fulvic and
humic acids that are derived from the breakdown of plant
material and microbial degradation products.'® Organic matter
has been shown to act as a chelator reducing toxicity of metal
ions and pesticides. Organic matter has also been shown to
decrease the toxicity of silver nanoparticles to bacteria.>" Also,
organic matter is a known chelator of organic molecules,
altering the toxicity and bioavailability of many pesticides.>*
The DOC/AuNP complex that is formed is hypothesized to be
responsible for the decreased tissue gold concentrations
observed.

Mechanism of Tissue Concentration Reduction. The
presence of DOC reduced the bioavailability of the 4-nm
AuNPs nearly 4-fold in A. caroliniana (Figure 2). For A.
caroliniana, the presence of DOC mitigated AuNP size effect on
tissue gold concentration. Hence, the presence of DOC
drastically reduced the ability of the 4-nm AuNPs to be
absorbed due to the increased size of the AuNP/DOC complex
(Figure 3). The surface adsorption of AuNPs was expected, as
indicated by the presence of gold in all species, but the
significant decrease that results from the addition of DOC to
the A. caroliniana treatment further supports decreased AuNP
absorption. Although the significant effect of the DOC+
treatment resulted in the largest change in tissue gold
concentration for the 4-nm A. caroliniana treatments, the
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Figure 5. Micrographs (A) and (B) were taken of 18-nm gold nanoparticles exposed to Suwannee River dissolved organic matter in the same sample
and location using two microscopy techniques. (A) Represents scanning electron microscopy and (B) shows elemental contrast microscopy. (A)
Shows dimensional structure of dissolved organic matter, encapsulating the 18-nm gold nanoparticles as indicated by the circle. (B) Shows the
elemental contrast of the same area, showing the gold nanoparticles within the dissolved organic matter. Note that images are superimposable and

indicate the DOC/AuNP complex is much larger than individual particles.

overall trend in the DOC+ treatments indicated a reduced
tissue gold concentration for each treatment.

Figure 4 shows a high-resolution electron micrograph
detailing the surface interaction 18-nm AuNPs have in the
DOC+ treatment. Note that the presence of organic carbon is
closely intact to the AuNP core surface. Supporting this
interaction, Figure S indicates that the DOC completely
encapsulates the AuNPs. Using STEM microscopy, the same
sample was observed under scanning electron and elemental
contrast microscopy simultaneously. AuNPs were present and
visible as white structures within the DOC+ treatment using
elemental contrast; however, under scanning electron micros-
copy, observing only the surface, the AuNPs are observed
covered in a layer of DOC (Figure S). The formation of this
larger complex of AuNPs and DOC resulted in decreased tissue
concentrations due to the complex being too large for
absorption.

These results indicate that AuNPs do interact with aquatic
plants and bioaccumulate in the tissues. This bioaccumulation
is affected not only by water quality parameters, such as ionic
strength, hardness, and pH, but also by the presence of natural
organic matter. The absorption of AuNPs is species specific and
is dependent on the presence of roots for A. caroliniana. In any
case, significant gold tissue concentrations for all treatments
were found. Regardless of absorption, the need for ecotoxicity
and transport studies of NMs in the aquatic environment exists.
The mechanism of uptake, factors that influence the
bioavailability, and the potential for trophic transfer of
AuNPs in and potentially out of the aquatic ecosystem still
need more attention.
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