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Abstract
Phytotoxicity of Silver Species to Egeria Densa and Applications to
Phytoremediation
by
Leonard James Bernas
Major Advisors: Kurt Winkelmann, Ph.D., Andrew Palmer, Ph.D.

Silver species pose a significant threat to aquatic ecosystems because the
use of silver nanoparticles (AgNps) for industrial applications is significantly
increasing, as are discharges into waterways. The effects have only been studied on
select fish and aquatic plants, so more research is needed to understand the risks
associated with silver species in the environment. Egeria densa (E. densa, also
known as Elodea densa), a common freshwater submerged macrophyte, was
exposed to 0-1.25 ppm silver cations and 2 and 15 nm AgNps in an aqueous
environment for 7 days. E. densa was chosen for this study because it is a fastgrowing aquatic organism. It is also commonly used to monitor water quality and
heavy metal accumulation and toxicity in plants. Silver is toxic to aquatic
organisms and the effects on E. densa have not been studied in detail. Effects were
characterized based on photosynthetic function, lipid peroxidation, soluble
carbohydrates, total phenolics, total flavonoids, percent scavenging, percent
chelating, and total silver absorption.
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Silver cations appear more toxic to the plants because they enter cells
through ion channels and generate reactive oxygen species (ROS), which induces
oxidative stress throughout the plant. Declines were observed in all of the
parameters studied, demonstrating the deleterious effects of Ag+ on plants. The
nanoparticles were mainly adsorbed to the exposed leaf surfaces on stalks of E.
densa and the 2 nm AgNps induced significant lipid peroxidation at low
concentrations of AgNps. This caused declines in photosynthesis, as seen by the
degradation of chlorophyll a and carotenoids. The 15 nm AgNp exposures showed
similar effects to the 2 nm AgNp exposures, but also caused damage to the
antioxidant response system. Because of similarities to the Ag+ exposures, the
mechanism of the 15 nm AgNp toxicity was attributed to the release of silver
cations from the nanoparticles adsorbed to the surface of the cell walls. The silver
cations caused dose-dependent increases in silver content in the stem tissue,
whereas the AgNp exposures caused increases in silver content in the leaves,
demonstrating different mechanisms of translocation into the plants.
Silver removal from solutions was also monitored for 48 hours in the
presence of E. densa. There was 87% removal of the Ag+ after 48 hours in 0.25 and
0.5 ppm Ag+ exposures, and over 70% removal of 2 and 15 nm AgNps at like
concentrations. These results demonstrate that E. densa can remove silver from its
aqueous environment and serve as an effective phytoremediant.
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Chapter 1
Introduction
1.1. Introduction to Nanotechnology
Nanotechnology is the study of physical and chemical interactions on the scale
of 1-100 nm, a size range in which matter possesses distinct properties from both
individual atoms and bulk particles. One of the most distinctive properties of
nanoparticles is the significant increase in the surface-to-volume ratio, compared to
that of bulk materials or micro-particles. The differences in chemical and physical
properties on the nanoscale can improve catalysis, tensile strength, and thermal and
electrical conductivity (1). Common uses for nanomaterials include medicinal and
pharmaceutical applications, environmental remediation, consumer products,
energy, and electronics (2). Engineered nanoparticles are becoming increasingly
common because manufacturers can fine-tune the chemical and physical properties
for specific applications in consumer and commercial products (1). Though there
have been many advances in engineered nanoparticle synthesis and applications,
there are also nanoparticles present in the environment, such as nanoscale carbon
structures in soot (2). The increased understanding of how nanoparticles form and
their properties has greatly increased their applications to everyday life.
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Nanoparticles are divided into categories based on its chemical composition.
Metallic nanoparticles in particular, such as those containing silver, titanium,
cerium, zinc, or other heavy metals, have different effects on biological organisms
depending on the metal (3). The most common nanoparticles in the environment, in
terms of concentration in surface water, include titanium dioxide, zinc oxide, silver,
and carbon-based nanoparticles (4). Overall, the introduction of these nanoparticles
into organisms is typically damaging. The most toxic nanoparticles in nature
include silver nanoparticles (AgNps). These nanoparticles have been incorporated
into 24% of almost 2,000 consumer products containing nanoparticles (5). Silver
nanoparticles have diverse applications and are becoming more common in
industrial processes, primarily because of superior antimicrobial capabilities
towards antibiotic-resistant strands of bacteria (6, 7). These properties have led to
increased uses of silver nanoparticles in medical devices, such as catheters, medical
dressings, and textiles (6). Though silver has been used as an antimicrobial agent
since as early as 1000 BCE, there have been significant advances in
nanotechnology since 1965 since the first paper describing small silver particles
(now called nanoparticles) was published (8). In 2015 alone, there were over 6,500
papers published describing uses and synthetic methods for AgNps in medicine,
toxicology, catalysis, and other major fields of science, indicating the diversity of
applications of AgNps.
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1.2. Silver in the Environment
Although the U.S. Environmental Protection Agency (EPA) has regulated Ag+
release since 1980, the growing use of AgNps over the past 10-15 years requires
that the environmental impacts of these particles be thoroughly examined to
determine their long-term effects on our waterways and aquatic ecosystems (9).
Sources of silver pollutants include waste from natural leaching, mining, and the
photography industry. While silver salt discharges into the environment have
decreased, silver toxicity remains a concern due to their increased use in consumer
products. The fate of AgNps has been estimated based on models in aquatic
systems, and indicate adverse effects depending on natural organic matter
concentrations, ionic strength, and electrostatic effects between nanoparticle
coatings and the water composition (10). For example, the oxidation of AgNps can
also contribute to silver cation concentrations in water.
The presence of silver species in the environment, particularly in the water
supply, can result in bioaccumulation across multiple trophic levels with potentially
toxic effects. While plants can be used for phytoremediation of silver species, the
effects on fish and other food sources can be devastating to the food chain. The
EPA regulates total silver in aquatic environments, ensuring concentrations are
below 1.2-13 ppb (depending on CaCO3 concentration) to limit the impacts on
aquatic life (9). In addition, aquatic ecosystems are prone to silver contamination
because of its increased use in manufacturing items such as soaps, textiles, and
plastics (11). While accidental discharges of silver compounds have declined since
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the 1970s, it is estimated that 11,000 tons of silver are released into US oceans each
year through natural weathering processes (9). Of the silver released, silver nitrate
is the most toxic silver specie because of its dissociation into Ag+. Other silver
species have been identified as less toxic because they are largely insoluble,
including silver chlorides and silver sulfides (12). An additional concern of
increased Ag+ in the water column is the interaction between cations and natural
organic matter (NOM), which is capable of reducing the dissolved silver to
nanoparticles and forming a protective coating (4, 10, 13). The protective coating
results in a greater stability of the particles in the water column and increases risks
of sedimentation and adsorption to cells.
The fate of AgNps is highly studied in models of dissolution, aggregation,
sedimentation/precipitation, and sulfidation (10). In high ionic strength solutions,
such as marine environments, sterically-stabilized AgNps can aggregate less than
charge-stabilized AgNps. The bioavailability of sterically-stabilized AgNps is
increased by resistance to aggregation and sedimentation techniques employed in
nature. Additional interactions include adsorption to NOM or sediment, which
promotes aggregation and increases the bioavailability of AgNps to sedimentdwelling organisms (10). Silver cations can have similar effects in precipitation
reactions with chlorides, sulfides, and thiols, and in the aggregation of AgNps
coated with NOM. Increased understanding of nanoparticle behavior has led to a
greater focus on the effects of these particles on ecosystems.
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1.3. Silver Toxicity to Plants
Silver nanoparticles and Ag+ have distinct mechanisms of toxicity, but both
are lethal to a variety of organisms, including bacteria, plants, animals, and fish
(11, 14). Silver species can damage the cellular structure and organelles through
unfavorable binding interactions, primarily with sulfur-containing compounds (15).
Further, size-based translocation of silver species is attributed to differences in
toxicity between Ag+, insoluble silver salts, and AgNps (11, 12). Insoluble silver
complexes with chlorides, sulfides, thiols, and dissolved oxygen are formed in
wastewater, resulting in low free Ag+ concentrations and decreasing the
bioavailability and toxicity of Ag+ (16).
Silver cations enter the cell through transmembrane sodium and copper ion
transporters and can accumulate in organisms (11). These cations inhibit respiratory
enzymes, induce oxidative stress, and bind to molecules containing sulfur and
phosphorous (15). Silver species exhibit a strong affinity for thiol groups in
proteins and enzymes, causing the inactivation of these macromolecules due to
formation of silver-sulfide bonds (17). These effects are believed to be caused by
adsorption to negatively charged cell walls, as seen in bacteria, which causes the
deactivation of enzymes and changes in the permeability of the cell membrane (16).
The introduction of Ag+ into cells also induces oxidative stress and triggers the
formation of reactive oxygen species (ROS). This breaks down pigments and
macromolecules, interrupts cellular regulation, and reduces physiological activity
(18).
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The translocation of AgNps into the cell has been studied substantially, and
multiple routes have been proposed. In general, the pore diameter in the cell walls
of plants ranges from 5-20 nm, indicating that particles less than 20 nm can enter
through pores (19). In studies of gold nanoparticle toxicity to E. densa, it was
suggested that the pore sizes excluded particles greater than 5 nm, based on the
translocation of 4 nm gold nanoparticles into other macrophytes (20). It has been
suggested, however, that pores can be enlarged to transport engineered
nanoparticles into the cell, which increases nanoparticle uptake (19). Alternatively,
AgNps can enter the cell through endocytosis, caused by the invagination of the
plasma membrane. In the translocation through diffusion (in the case of pores) and
endocytosis, vesicles form and disperse particles throughout the cell (11). Once in
the cells, the nanoparticles can bind to organelles in the cytoplasm and interfere
with metabolic activity (19). Included in these effects is the interaction between
AgNps and membrane proteins, the activation of signaling pathways, and
reductions of cell reproduction (21). AgNps accumulate around the mitochondria,
disrupting ATP synthesis, damaging DNA, and causing declines in cellular
respiration (21). These effects have been observed in the duckweed Lemna gibba
exposed to AgNps (22). It is suggested that the capacity for antioxidant defense in
plants is degraded by silver stress, as glutathione and sulfhydryl groups on proteins
are significantly damaged because of the strong affinity for silver-sulfide binding
(23). The association of AgNps with the active sites of proteins has been observed
in the bacteria Escherichia coli and suggests that, depending on the coating on the
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nanoparticles, associations with proteins can decrease or inhibit enzyme and protein
activity (24). Interactions between silver and cysteine, a sulfur-containing amino
acid, is considered the cause of protein degradation, as silver binding induces
protein unfolding and alters overall function (21). Finally, damage to the
photosynthetic system can be caused by absorption of AgNps on the surface of
leaves (19). Because E. densa is a submerged aquatic macrophyte, its leaves are in
direct contact with heavy metals in the water column. The accumulation of
nanoparticles on the photosynthetic surface (i.e. the leaves) results in the
obstruction of the stroma and causes declines in photosynthesis, resulting in
physiological dysfunction.
An additional concern of AgNp toxicity is the release of free Ag+ into the
cell, caused by unstable nanoparticles. Silver nanoparticles can adsorb to the cell
walls of bacteria. Further, any Ag+ released due to the oxidation of the
nanoparticles has a greater likelihood of entering the cell through ion transporters
and disrupting homeostasis (11, 24). There has been debate on whether the release
of Ag+ is the dominating factor in silver toxicity, or if the particles can enter the
cells and induce toxicity through unfavorable binding interactions about proteins
and the mitochondria. Recently, it has been confirmed that the dissolved Ag+
concentration in water impacts the toxicity of silver nanoparticles to the copepod
Daphnia magna (25). However, in gold nanoparticle studies, it was shown that
there were many factors influencing the absorption of gold by macrophytes,
including salinity tolerance, the size of the nanoparticles, and the individual plant
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species (20, 26). This suggests that differences in the cellular structure between
plants and animals may have some bearing on the toxicity of AgNps.
The additional factor of AgNp size has been studied in various organisms,
including algae, and impacts their toxicity. For example, AgNps less than 10 nm
are highly reactive and the effects are different from particles greater than 20 nm
(27). The effects of 10 nm AgNps on E. coli suggest that there is a greater
bioavailability of silver cations to the cell because of dissolution in the general
vicinity of the cell membrane. The interactions between these small nanoparticles
and cells suggest possibilities for translocation. In contrast, larger AgNps
demonstrate toxicity through the release of Ag+ into the solution media. The results
of the larger AgNps experiments agree with the findings of Shen and co-workers
(25). It should be noted that studies were also performed on 10 nm AgNps and the
toxicity of these particles to D. magna was due free silver cations in solution,
suggesting the effects of AgNps are dependent on both the test organism and size
of AgNps. These findings are consistent with those of Glenn and co-workers in
gold nanoparticle exposures to macrophytes (20).

1.4. Oxidative Stress Responses in Plants
Oxidative stress is triggered by a variety of biotic and abiotic/environmental
factors, including excessive heavy metal accumulation. Aerobic respiration in the
mitochondria, chloroplast, and peroxisomes involves the use of molecular oxygen
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to perform critical cellular activities related to the production of energy and
physiological activity in plants (28). Intermediate molecules in these pathways
include superoxide (O2-) and hydroxyl radicals, as well as hydrogen peroxide (29).
Imbalances in the photosynthetic system can cause excessive generation of singlet
oxygen, which can be toxic and cause cell death (30). This stress is alleviated by
carotenoids, which act as quenchers for these reactions and chain-breaking
antioxidants in free radical reactions (29). Both enzymatic and non-enzymatic
methods of detoxification are present in plants to counteract the generation of ROS
(28). Heavy metal accumulation can cause the increased production of ROS
scavenging enzymes and chelators, but significant degradation of antioxidants and
the antioxidant response system can occur when there is too much oxidative stress
and the equilibrium between scavenging and quenching mechanisms decline from
overproduction of ROS (31).
In cases where there are rapid increases in ROS species, an oxidative burst
occurs, which is a cellular response to heavy metal accumulation. ROS can act as
signaling molecules in plants, which trigger cellular responses through the mitogenactivated protein kinase (MAPK) (29). The MAPK cascade can signal the synthesis
of metal-detoxifying peptides, such as glutathione, phtyochelatins, and amines.
These antioxidant molecules are rich in sulfur content, and combined with
metallothioneins (chelators containing thiol groups), there is some protection
against heavy metal damage. As seen in E. densa exposed to cadmium in its
aqueous environment, there was increased synthesis of thiol-enriched cadmium
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complexing peptides and low molecular weight metal chelators (32). There are also
metallothioneins present in cells to regulate the intracellular concentrations of iron
and copper, involved in ROS detoxification through redox mechanisms (29). The
regulation and increase in these chelators indicates that plants can sequester and
detoxify heavy metals.

1.5. Phytoremediation of Heavy Metals
Phytoremediation is a green method used to remove contamination from
terrestrial and aquatic environments based on the absorption and accumulation of
heavy metals and toxins in plants (33). A variety of aquatic macrophytes are used
for phytoremediation of toxic metals. There are diverse applications of
phytoremediation in aquatic systems, including the re-harvesting of toxins in plants
unaffected by heavy metal uptake (phytoextraction) and absorption/adsorption of
heavy metal or toxic contaminants by plant root systems (rhizofiltration). Both
applications effectively remove contamination from the ecosystem. The downside
is that the plants must be desiccated following the removal of toxins from terrestrial
or aquatic environments (34). The advancements in understanding organismspecific removal of contaminants from ecosystems led to the increased applications
of phytoremediation to environmental problems and shows great promise for
polluted waterways (35). The diversity and availability of free-floating, emergent,
and submerged aquatic macrophytes makes them attractive for removal of different
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contaminants in aquatic systems including heavy metals, organic and inorganic
pollutants, radioactive waste, and other pollutants (36).

1.6. Selection of Egeria Densa for Silver Species
Absorption and Toxicity Studies
E. densa is a common waterweed and can grow rooted or floating in
freshwater. This property makes E. densa an attractive option for heavy metal
accumulation studies and phytoremediation because of absorption of metal through
its roots, leaves, and stem systems. Further, it is a model for water quality
monitoring and heavy metal toxicity studies (32). E. densa can accumulate a
variety of different metals, including arsenic, aluminum, cadmium, chromium,
copper, copper oxide nanoparticles, gold nanoparticles, lead, manganese, nickel,
and zinc (20, 32, 37-40). Exposure of E. densa to cadmium caused increases in
heavy metal phytochelatins and low molecular weight chelators, which suggests the
ability of the plants to respond effectively to significantly toxic heavy metals (32).
Because silver cations are extremely toxic to organisms, like mercury and
cadmium, and there is a strong affinity for silver-sulfur binding, there is a potential
for detoxification of silver species through chelation. Understanding the toxicity of
silver species to model aquatic waterweeds, like E. densa, can provide insight into
the environmental consequences of silver species accumulation.
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1.7. Objectives
The overall goal of the project was to determine the effectiveness of silver
species accumulation by E. densa after 48 hours (objective 1) and characterize its
toxicity after a one-week exposure period (objectives 2 and 3). At the end of these
exposures, data was analyzed using appropriate statistical analysis to determine the
effects of silver on E. densa (objective 4). The objectives are described below.
Objective 1: Determine the effectiveness of silver species removal by E. densa
after 2 days.
a. Expose E. densa to different concentrations of silver species (0-1.25
ppm) and measure the remaining silver content in water samples.

Objective 2: Expose E. densa to 0-1.25 solutions of Ag+, and uncoated 2 and 15
nm AgNps.
a. Determine stability of AgNps in 10% Hoagland solution to
determine the effects of Hoagland solution and natural light on the
AgNps.
b. Perform three total 1-week phytotoxicity assays:
i. Replace Ag+ and AgNp solutions every other day to provide
exposure to a constant concentration of silver species.
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Objective 3: Characterize effects of silver species on E. densa
a. Measure concentrations of chlorophyll a, chlorophyll b, and total
carotenoids in leaves. Determine ratios of chlorophyll a/b and total
chlorophyll/carotenoids.
b. Measure total silver absorption in whole plants, leaves, and stem.
c. Measure osmotic pressure regulation by soluble carbohydrates.
d. Measure oxidative stress using lipid peroxidation assay.
e. Measure antioxidant responses using percent chelating, percent
scavenging, total phenolic and flavonoid content.

Objective 4: Compare treatments between each group of treatments.
a. Compare treatments using analysis of variance (ANOVA).
Compare treatment groups using Tukey Honest Significant
Difference Test.
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Chapter 2
Methods and Materials
2.1. Chemicals and Materials
Egeria densa was purchased from Nahacky’s Aquarium (Melbourne, FL)
and grown in aerated, dechlorinated tap water for at least 1 week and exposed to
light for 14 hrs per day before testing. During phytotoxicity tests, stalks of E. densa
were grown in 10 wt% Hoagland’s No. 2 Basal Salt Mixture with macronutrients
and micronutrients (pH 5-6; Product No. HOP01-50 LT, Caisson Labs, Smithfield,
UT), hereafter referred to as 10% Hoagland solution (41). The 10% Hoagland
solution corresponds to the following concentrations of nutrients: 100 µM
NH4H2PO4, 4.63 µM H3BO3, 278.0 µM Ca(NO3)2∙4H2O, 0.03 µM CuSO4∙5H2O,
0.96 µM C12H12Fe2O18, 200.0 µM MgSO4, 1.44 µM MnCl2∙4H2O, 0.01 µM MoO3,
600.0 µM KNO3, and 0.07 µM Zn(NO3)2∙6H2O. Stock Hoagland solution (3.26
g/L Hoagland’s basal salt mixture in DI water, corresponding to 200 wt%) was
stored at 4 °C for no longer than 6 weeks. Hoagland solution was selected because
it can be used with a large variety of plants and growing conditions, is commonly
used in heavy metal toxicity experiments, and serves as a substitute for soil in water
systems. Silver nitrate (99.8%+, Arcos Organics) was dissolved in Hoagland’s
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solution for Ag+ treatments. Aqueous dispersions of silver nanoparticles – 2 nm
(99.99%, Silver Nanoparticles Aqueous Dispersion, 2 nm, 2000ppm, Colorless and
Transparent, Stock No. US7150) and 15 nm (99.99%, Silver Nanoparticles
Aqueous Dispersion, 15 nm, 1000ppm, Mono Nanopowder, Tawny, Stock No.
US7140) – were purchased from the US Research Nanomaterials, Inc. (Houston,
TX) and diluted prior to testing.
All chemicals used in phytotoxicity assays were reagent or solvent grade.
Silver standard solution (1000 ppm ±1% silver in 2% nitric acid, Fisher Scientific)
was used to prepare standards for flame atomic absorption measurements. Millipore
DI water (18.2 MΩ) was used to prepare all solutions unless otherwise noted.

2.2. Experimental Design
Stalks of E. densa, 12 cm in length, were grown in 50 ml test tubes with 50
ml silver solution (Ag+, 2 nm AgNps, or 15 nm AgNps) in the Florida Institute of
Technology greenhouse during the summer of 2016. Prior to exposure, the roots
were removed from the plants to prevent adsorption and variation in silver
absorption. Preliminary experiments showed minimal changes in stalk length after
1 week treatments. Concentrations of 0, 0.25, 0.50, 0.75, 1.00, and 1.25 ppm silver
species in 10% Hoagland solution were prepared. All solutions were replaced every
two days to maintain a constant silver concentration. Silver concentration in the
water was measured during water changes to determine the effectiveness and speed
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of silver absorption by E. densa. This also acted as a control against leaching of
silver into the water. Additionally, the UV-Visible spectrum of each solution was
recorded to observe changes in AgNp size distribution.
After one week, plants were harvested for analysis. Stalks were dried for 1
hour at 110°C, then ground in acid-washed sand. When extractions were not
immediately performed, plants were dried and ground in sand, then frozen at -20 °C
overnight to prevent degradation of biomarkers. For silver absorption analyses,
stalks were soaked in 0.01 wt% EDTA (EDTA disodium salt dihydrate, 99%,
Fisher Scientific) for 30 mins to remove silver adsorbed to the surface of the leaves
and stem, then rinsed with DI water. These plants were dried for 2 days at 65-70
°C.
Five biological replicates were performed for each silver concentration.
Control treatments were performed with each silver concentration to account for
differences in E. densa health. Measurements were performed in triplicate.

2.3. Nanoparticle Stability Analysis
Silver nanoparticles (10 ppm) were dissolved in 10% Hoagland solution and
exposed to natural conditions in the Florida Institute of Technology greenhouse for
two days. A higher concentration of silver nanoparticles than those studied in
phytotoxicity tests was used to ensure the silver nanoparticles were detectable by
transmission electron microscopy (TEM) and dynamic light scattering (DLS). The
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greenhouse has a 14h/10h light/dark cycle and is maintained at 25C. The particles
were evaluated at the 0 and 48 hr marks to determine if there were significant
changes in their physical properties due to the salt matrix in Hoagland solution or
exposure to light. The silver nanoparticles were characterized by UV-Visible
spectroscopy, DLS for particle size measurements, and TEM. Protocols were
adapted from the literature (13).

UV-Visible Spectroscopy
UV-Visible spectroscopy was performed using an Agilent Technology 8453
GA11034 spectrometer (Santa Clara, CA) using a 1 cm pathlength quartz cuvette.
These measurements were performed to compare the peak absorbance and full
width half max (FWHM) of particle solutions. The spectra were blanked with 10%
Hoagland solution.

Hydrodynamic Radius Measurements
The hydrodynamic radius (Z) of the nanoparticles was measured using a
Horiba Nanopartica SZ-100 series Nanoparticle Size and Zeta Potential Analyzer
(Irvine, CA). For hydrodynamic radius measurements, 2 ml of nanoparticle solution
was filtered through a 0.20 μm disposable filter. Clear, disposable plastic cuvettes
were used for analysis and the chamber temperature was maintained at 25C. The
average of five Zave measurements is reported.
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Particle Size Measurements
TEM imaging was performed using a (Zeiss EM900 TEM, Carl Zeiss AG,
Oberkochen, Germany) to determine the size of the silver nanoparticles. AgNp
solution (10 μl) was adsorbed to a 400 sq. mesh copper grid (Electron Microscopy
Services, Hatfield, PA) overnight. A small beaker was placed over the grids to
prevent rapid evaporation. At least 10 pictures of the 2 and 15 nm AgNps were
taken during each exposure period. Twenty particles were randomly selected from
five TEM images (totaling 100 particles per analysis) to determine the size
distribution and identify changes in size resulting from interactions between the salt
matrix, light exposure, and AgNps.

Dissolved Silver Measurements
Dissolved silver cations in the silver nanoparticle solutions were measured
to determine the effects of Hoagland solution on the AgNps (42). Tests were
conducted with the 10 ppm AgNp solutions in 10% Hoagland solution exposed to
natural conditions in the greenhouse for two days. Briefly, 3.6 ml silver
nanoparticle solutions or silver cation controls (prepared from 1000 ppm ± 1% Ag+
standard in 2% nitric acid, Fisher Scientific) was reacted with 0.6 ml pH 4 sodium
acetate/acetic acid buffer, and 0.3 ml 10 mM 3,3’,5,5’-tetramethylbenzidine (TMB;
99%+, Sigma Aldrich) in ethanol for 30 mins. The UV-Visible absorbance was
measured using a 1 cm pathlength quartz cuvette. The absorbance at 656 and 534
nm was measured and the difference in absorbance was used to prepare a
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calibration curve. The calibration curve was modeled by the equation Y=0.0471X0.0991, R2=0.980, where Y is the difference in absorbance (A656-A534) and X is the
concentration of Ag+ in solution in ppm. Silver cation standards (2.5, 5, 7.5, and 10
ppm) were analyzed in triplicate. Five samples of silver nanoparticles were
analyzed for each size of AgNps.

2.4. Analysis of Silver Content in the Water
Water changes were performed every two days to ensure a constant
exposure to silver species. Water samples were characterized using UV-Visible
spectroscopy and flame atomic absorption spectroscopy (flame AAS) to determine
the amount of silver that was absorbed by the plants or adsorbed to the surface, as
well as the interactions between silver and the plants. Analyses were performed less
than 24 hours after water changes occurred. Samples were kept in glass vials and
stored in darkness overnight until use.

Determination of Silver Content in the Water
Flame AAS (Perkin Elmer AAnalyst 400, Waltham, MA) was used to
determine the silver content in the water. Samples and standards contained 0.5%
nitric acid, which was added to ensure the silver was dissolved.
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Monitoring the Effects of Plants on Silver Species using UV-Visible
Spectroscopy
Water samples were also measured using UV-Visible spectroscopy. Spectra
were blanked with 10% Hoagland solution. The 1 cm pathlength quartz cuvette was
rinsed at least three times with silver solutions before measurements were recorded.

2.5. Silver Absorption Analyses
Plant material (leaves, stem, or whole plant samples) were soaked with
0.01% EDTA for 30 mins, rinsed with DI water, and dried for 2 days at 70C. Dry
plant material was dissolved in 5 ml 50% HNO3 overnight and heated in a 100C
water bath for 6-8 hrs. Extract (1 ml) was diluted to 10 ml with DI water to make a
5% nitric acid solution.
Flame AAS was performed using a Perkin Elmer AAnalyst 400 (Waltham,
MA). The absorbance at 328.07 nm with a 0.7 nm slit was measured, using 5%
HNO3 as a blank. Standard solutions of 0, 0.3125, 0.625, 1.25, and 2.5 µg/ml Ag+
were measured and standard curves were prepared for each analysis.
Concentrations of absorbed silver are reported in mg/g DW (Equation 1).
𝑚𝑔

𝐶𝑜𝑛𝑐𝐴𝑔 (

𝑔

𝐷𝑊) =

𝐶𝑜𝑛𝑐𝐴𝑔,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (

µ𝑔
) x 5 𝑚𝑙𝐻𝑁𝑂3 𝑒𝑥𝑡𝑟𝑎𝑐𝑡
𝑚𝑙

𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

x 10

(Equation 1)
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2.6. Physiological Activity Analyses
The toxicity of silver species was measured by monitoring changes in
concentrations of pigments and biological molecules. Standard procedures were
used to prepare calibration curves and extract molecules.

Photosynthetic Pigment Analyses
Photosynthetic pigments were extracted from the leaves of E. densa and
pigment concentrations were calculated according to Lichtenthaler (43). Typically,
10-30 mg of dried leaves was removed from the stalks of E. densa and ground in
acid-washed sand with a mortar and pestle. Ground samples were transferred to 15
ml plastic centrifuge tubes. Then, 10 ml of cold 80% v/v acetone (20% water) was
added to each tube. Samples were mixed by vortexing and incubated at -20°C for 2
hours. The samples were vortexed again to homogenize the supernatant and
clarified by centrifuging at 4000 x g for 10 mins at 4°C.
Pigment absorbance was measured at 470, 520, 647, 663, and 750 nm using
a 1 cm pathlength quartz cuvette. The peak at 470 nm corresponds to the total
carotenoids and xanthophylls, 647 nm is the chlorophyll b λmax, and 663 nm is the
chlorophyll a λmax. The absorbance at 750 nm is used to correct for turbidity, as
pigment absorbance is 0 at this wavelength. Finally, the absorbance at 520 nm
should be <10% of the chlorophyll a peak, which was used as a quality control
measurement for the control samples (44).
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Lichtenthaler coefficients were used to calculate the concentrations of
chlorophyll a (chl a; Equation 2), chlorophyll b (chl b; Equation 3), total
chlorophyll (total chl; Equation 4), and total carotenoids (xanophylls and carotenes,
total car; Equation 5) (43). Pigment concentrations were reported in mg g-1 dry
weight (DW) (Equation 6).
μg

(Equation 2)

μg

(Equation 3)

𝐶ℎ𝑙 a (ml) = 12.25 𝐴663 − 2.79 𝐴647
𝐶ℎ𝑙 b (ml) = 21.50 𝐴6467 − 5.10 𝐴663
μg

(Equation 4)

𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑙 (ml) = 𝐶ℎ𝑙 a + 𝐶ℎ𝑙 b
μg

𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑟 (ml) =
𝑐𝑜𝑛𝑐𝑝𝑖𝑔𝑚𝑒𝑛𝑡 (

𝑚𝑔
𝑔

1000 𝐴470 − 1.82 𝑐ℎ𝑙 a − 85.02 𝑐ℎ𝑙 b

𝐷𝑊) =

(Equation 5)

198
𝑐𝑜𝑛𝑐𝑝𝑖𝑔𝑚𝑒𝑛𝑡 (

𝜇𝑔
) x 10 ml 𝑒𝑥𝑡𝑟𝑎𝑐𝑡
𝑚𝑙

𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

x

1 𝑚𝑔
1000 𝜇𝑔

(Equation 6)

Lipid Peroxidation Analysis
Lipid peroxidation is measured based on the formation of thiobarbituric
acid reactive substances (TBARS) according to Heath and Packer (45). Dry plant
material (typically 10-30 mg) was ground in acid washed sand and extracted in 5
ml 0.1 wt% trichloroacetic acid (99%, Alfa Aesar) for 3 hrs at 4° C. Samples were
vortexed in plastic centrifuge tubes before and after extractions and clarified by
centrifuging at 4000 x g for 10 mins at 4 °C. Extractions were performed
immediately after phytotoxicity testing to prevent the degradation of
malondialdehyde (MDA) in plant samples.
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The extract was then combined with an equal volume of 20 wt%
trichloroacetic acid / 0.5 wt% thiobarbituric acid (98% 2-thiobarbituric acid, TBA,
Sigma Aldrich) and heated at 100°C for 25 mins. Samples were clarified by
centrifuging at 4000 x g for 10 mins at 4°C. The absorbance at 532 and 600 nm was
measured using a 1 cm pathlength quartz. The MDA-TBA complex has a λmax at
532 nm (ε = 155 mM-1 cm-1) and the measurement at 600 nm corrects for
nonspecific turbidity (Equation 7). The concentration of MDA is reported in
µmol/g (Equation 8).
𝐶𝑜𝑛𝑐𝑇𝐵𝐴𝑅𝑆 (µ𝑚𝑜𝑙) = (𝐴532 − 𝐴600 ) x
μ𝑚𝑜𝑙

𝐶𝑜𝑛𝑐𝑇𝐵𝐴𝑅𝑆 (

𝑔

𝐷𝑊) =

μ𝑚𝑜𝑙
155 𝑚𝑙

x 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)

𝑐𝑜𝑛𝑐.𝑇𝐵𝐴𝑅𝑆 (μ𝑚𝑜𝑙) x 2𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

(Equation 7)
(Equation 8)

Soluble Carbohydrate Analysis
Dried plant material (typically 40-50 mg) was ground in acid-washed sand
and extracted for 1 hour in 80% v/v ethanol (20% water). Samples were incubated
at room temperature and vortexted in plastic centrifuge tubes to homogenize the
sample. Activated charcoal was added to samples after the extraction, then samples
were vortexed to mix. The activated charcoal removed chlorophyll and other
interfering pigments from the sample. The samples were then clarified by
centrifuging at 4000 x g for 10 mins at 20 °C.
Carbohydrate concentrations were determined based on a microplate
adaptation of the commonly used Anthrone-Sulfuric Acid method (46). Briefly, 40
µl of sample was added to a 96 well plate in triplicate, covered with parafilm, and
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placed in a 4°C refrigerator for at least 15 mins. Then, 100 ul 0.2% anthrone (96%,
Alfa Aesar) in conc. sulfuric acid (96%, Fisher Scientific) was added to each well.
The plate was sealed with Corning Inc. Costar Thermowell Sealing Tape (Corning,
NY) and heated at 90°C for 3 mins. The plates were cooled to room temperature
and the absorbance at 630 nm was measured using a well plate reader (Molecular
Devices SpectraMax i3 Microplate Reader, Sunnyvale, CA). A standard curve
using D-glucose (anhydrous dextrose, crystalline powder, Fisher Scientific) was
prepared, modeled by Y=1.1379X+0.0102, R2=0.982, where Y is the absorbance
and X is the concentration of dextrose in mg/ml. Soluble carbohydrates are reported
in mg/g DW dextrose equivalent (Equation 9).
𝑚𝑔

𝐶𝑜𝑛𝑐𝑐𝑎𝑟𝑏 (

𝑔

𝐷𝑊) =

𝑐𝑎𝑟𝑏.𝑐𝑜𝑛𝑐.(

𝑚𝑔
) x (5 𝑚𝑙𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑣𝑜𝑙. )
𝑚𝑙

𝑔,𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

(Equation 9)

Extraction and Analysis of Antioxidants for Free-Radical
Scavenging, Flavonoids, Ferrous-Ion Chelating, and Phenolics
Assays
Antioxidants were extracted based on the procedure described by Juan and
Cho (47). Plant material (25 mg) was ground in acid-washed sand and transferred
to a microcentrifuge tube with 1 ml of 80% v/v methanol / 1% v/v acetic acid / 19%
v/v water. Antioxidants were extracted for one day in darkness at room temperature
after mixing by vortexing. Tubes were vortexed again, then centrifuged at 20,000 x
g for 10 mins at 23 °C. The supernatant was transferred to another microcentrifuge
tube and stored in darkness. The plant sample was again extracted with 1 ml 80%
v/v methanol / 1% v/v acetic acid / 19% v/v water for one day, and supernatants
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were pooled. This extract was used for the phenolics, flavonoids, free-radical
scavenging, and ferrous-ion chelating assays.
Percent Free-Radical Scavenging
Free-radical scavenging was estimated based on the reaction between the
methanolic extract and a stable free-radical molecule, 2,2-diphenyl-1picrylhydrazyl (DPPH), according to Cheng, et al. (48). Briefly, 100 µl 0.21 mM
DPPH (95%, Alfa Aesar) in methanol was reacted with 100 µl of methanolic
extract in darkness for 1 hour. Eighteen DPPH standards, consisting of 100 µl 0.21
mM DPPH and 100 µl of 80% v/v methanol / 1% v/v acetic acid / 19% v/v water
extraction solution, were analyzed. Blanks consisting of 100 µl of methanolic
extract and 100 µl of methanol were analyzed to correct for interference. The
absorbance at 517 nm was measured using a microplate reader. The DPPH
scavenging effect was calculated according to Equation 10.
𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐸𝑓𝑓𝑒𝑐𝑡 (%) = (1 − 𝐴

𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐷𝑃𝑃𝐻 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

) x 100%

(Equation 10)

Total Flavonoid Content
Total flavonoid content was determined based the microplate procedure
described by Herald, et al. (49). The ratios of reagents and final volume (250 µl)
remained consistent with the literature. Briefly, 100 µl of 72 mM (0.5 wt%) sodium
nitrite (99.5%, Sigma Aldrich) was reacted with 25 µl of methanolic extract in a
well plate. After 5-10 mins, 75 µl of 0.15 M (2 wt%) aluminum chloride
hexahydrate (Fisher Scientific) was added to each plate. After an additional 5-10
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mins, 50 µl of 1 M (4 wt%) sodium hydroxide (Fisher Scientific) was added to each
well. The absorbance at 510 nm was measured using a microplate reader. A
standard curve was constructed with rutin (97%+, Acros Organics), modeled by
Y=0.0016+0.0287, R2=0.999, where Y is absorbance and X is the rutin equivalent
(RE) in µg/ml. The total flavonoids content is reported in mg/g DW RE (Equation
11).
𝐶𝑜𝑛𝑐𝑓𝑙𝑎𝑣. (

𝑚𝑔
𝑔

𝐷𝑊 𝑅𝐸) =

𝑓𝑙𝑎𝑣.𝑐𝑜𝑛𝑐.(

µ𝑔
) x 2 𝑚𝑙𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑣𝑜𝑙.
𝑚𝑙

𝑔,𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

x

1 𝑚𝑔
1000μ𝑔

(Equation 11)

Percent Ferrous-Ion Chelating Activity
Transition metals, such as iron, catalyze free radical reactions, through
redox chemistry. Ferrous-ion chelating activity can be used to detect changes in
these secondary antioxidants as a result of heavy metal stress. Ferrous-ion chelating
is measured according to Končić and co-workers (50). Briefly, 100 µl methanolic
extract and 50 µl 0.25 mM iron(II) chloride (99%+, FeCl2◦4H2O, Sigma Aldrich)
reacted for 5-10 mins in a 96 well plate, then 50 µl 1 mM ferrozine (97%, Sigma
Aldrich) was added. Eighteen Fe2+ standards, consisting of 80% v/v methanol / 1%
v/v acetic acid / 19% v/v water extraction solution in place of plant extract, were
prepared. Blanks with 100 µl of methanolic extract and 100 µl DI water were used
to correct for interference. The absorbance at 562 nm was measured using a
microplate reader. The ferrous-ion chelating activity was calculated according to
Equation 12.
𝐶ℎ𝑒𝑙𝑎𝑡𝑖𝑛𝑔 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = (1 − 𝐴

𝐴𝑠𝑎𝑚𝑝𝑙𝑒
𝐹𝑒2+ 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

) x 100%

(Equation 12)
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Total Phenolic Content
Phenolic content was estimated according to Zhang and co-workers (51).
Briefly, 100 µl of Folin-Ciocalteu’s phenol reagent (2 N, Sigma Aldrich) was
reacted with 20 µl of methanolic extract in a 96 well plate for 5-10 mins. After
adding 7.5 wt% Na2CO3 (99%+, Sigma Aldrich), plates were covered and
incubated at room temperature in darkness for 2 hrs. The absorbance at 750 nm was
measured using a microplate reader. A standard curve was constructed with gallic
acid (99%, Acros Organics), modeled by Y=0.0051X-0.0158, R2=0.996, where Y is
absorbance and X is the gallic acid equivalent (GAE) in µg/ml. The total phenolic
content is reported in mg/g DW GAE (Equation 13).
𝐶𝑜𝑛𝑐𝑝ℎ𝑒𝑛. (

𝑚𝑔
𝑔

𝐷𝑊 𝐺𝐴𝐸) =

𝑝ℎ𝑒𝑛.𝑐𝑜𝑛𝑐.(

µ𝑔
) x 2 𝑚𝑙𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑣𝑜𝑙.
𝑚𝑙

𝑔,𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

x

1 𝑚𝑔
1000μ𝑔

(Equation 13)

2.7. Statistical Analysis
Statistical analyses were performed using SPSS Version 23.0 (IBM, 2015).
More information about the analyses can be found in the appendix.
A student’s t-test was used to analyze the stability of the nanoparticles,
indicated by p > 0.05. Data is expressed as the mean ± standard deviation.
All phytotoxicity experiments were performed with five biological
replicates. Data is presented as the mean ± standard error of the mean. Data was
analyzed for normality and homogeneity of variance using Shapiro-Wilks’ and
Levene’s tests, respectively, p > 0.05. The statistical significance of results was
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determined using one-way analysis of variance (ANOVA), followed by the Tukey
Honest Significance Test, p < 0.05. In cases where data did not meet the
assumptions of ANOVA, a root transformation was used. Correlations were
analyzed using Pearson’s Product-Moment Coefficient (r), p < 0.05.
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Chapter 3
Results and Discussion
3.1. Silver Nanoparticle Stability Analysis
The AgNps were analyzed after a two-day exposure to sunlight under
natural conditions. Silver nanoparticles were characterized in 10% Hoagland
solution at 0 and 48 hrs.

Evaluation of 2 nm Silver Nanoparticles after 48 hours in 10%
Hoagland Solution
The 2 nm AgNps show a significant difference in size between 0 and 48 hrs
in Hoagland solution. Overall, the particles are not 2 nm in Hoagland solution,
likely due to aggregation and electrostatic interactions with the nutrient
components. This is confirmed by the TEM images of the particles (Figure 1). The
TEM images suggest that there is significant aggregation of the AgNps at the start
of experiments, which continues during the two day exposure to sunlight. The
larger aggregates were not included in TEM measurements because the edges of
particles are not clear in large clusters. However, the aggregation of the particles
does suggest a natural detoxification mechanism in the solution media because
small particles exhibit high reactivity and can be undergo aggregation in strong
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ionic strength solution (52). Further, the toxicity of AgNps less than 10 nm has
been attributed to the release of Ag+, which can explain changes to the particle size
seen in the TEM images. Finally, 2 nm AgNps aggregation was also confirmed by
hydrodynamic radius, as there are significant differences observed in these
properties (p < 0.001) (Table 1). Prior to DLS measurements, the particles were
filtered through a 220 nm porous filter, which removed significantly large particles
from solution. DLS is able to measure the aggregate particles because it is an
instrumental method based on light scattering, whereas images of the particles
captured using TEM had unclear edges and most particle clusters were
indistinguishable from each other. Further, the DLS measurements yield larger
particle diameters because it measures a shell of water molecules around the
particles, whereas TEM represents the dehydrated radius.
Table 1. Properties of 2 nm silver nanoparticles in 10% Hoagland solution.
Property
Day 0 (T=0 hrs)
Day 2 (T = 48 hrs)
Hydrodynamic Radius
15.4 ± 11.0 nm a
131.7 ± 28.1 nm b
a
TEM Radius
13.9 ± 5.6 nm
5.6 ± 7.0 nm b
Properties of 2 nm AgNps are reported as mean ± standard deviation. Different
letters indicate significant differences according to the paired t-test (p < 0.001).
The 2 nm AgNps significantly decrease in size over 48 hrs (Figure 1).
Initially, more than 25% of the particles had a diameter less than 10 nm.. Further,
after 48 hrs, the majority of particles are <10 nm (84%). There is an additional
concern that plant pores are less than 5 nm in size, and particles that are between 05 nm can enter plants through this mechanism. In our study, particle breakdown
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results in nearly 50% of the particle diameters ranging between 0 and 5 nm after 2
days in Hoagland solution. It is highly unlikely that the plants can absorb AgNps
greater than 5 nm, as these particles would rupture the cell membrane and cause
cell death. Ruptures to the cell membrane would allow more nanoparticles to enter
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Figure 1. TEM images of 2 nm silver nanoparticles at 0 (A) and 48 hours (B) in
10% Hoagland solution. Histograms demonstrating the size distribution are shown
below the TEM images, with the red portions indicating particle sizes that are
expected to be most toxic to cells. The histograms represent 100 randomly selected
particles in five different TEM images collected.
The UV-Visible spectra of the AgNps show a peak absorbance of 0.01 at
414 nm on Day 2 (Figure 2). This peak is attributed to the formation of larger
AgNps in the presence of sunlight and Hoagland solution. The broadening of the
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spectrum after 48 hours in Hoagland solution is also a characteristic feature of a
greater size distribution of AgNps, caused by aggregation. Because the AgNps
purchased were colorless at the start of experiments, exhibiting an absorbance peak
between 350 and 400 nm, there should not be light absorption in the visible region
at the start of experiments.
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Figure 2. UV-Visible spectra of 2 nm silver nanoparticles at 0 and 48 hours in 10%
Hoagland solution.

Evaluation of 15 nm Silver Nanoparticles after 48 hours in 10%
Hoagland Solution
The hydrodynamic radius and TEM radius data confirms a significant
reduction in the size of the 15 nm AgNps over the 2 day exposure period (Table 2).
The TEM images of the AgNps do not show much aggregation, which suggests that
the particles are significantly more stable than the 2 nm AgNps (Figure 3). Further,
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the breakdown of AgNps could release Ag+, as well as produce particles that are
small enough to enter plant cells, as 82% of the AgNps are <10 nm in diameter and
11% of AgNps are <5 nm.

60

Frequency (%)

Frequency (%)

Table 2. Properties of 15 nm silver nanoparticles in 10% Hoagland solution.
Property
Day 0 (T=0 hrs)
Day 2 (T = 48 hrs)
a
Hydrodynamic Radius
40.4 ± 1.2 nm
32.6 ± 1.4 nm b
a
TEM Radius
13.8 ± 8.8 nm
8.1 ± 2.0 nm b
Properties of 15 nm AgNps are reported as mean ± standard deviation. Different
letters indicate significant differences according to the paired t-test (p < 0.001).

40
20
0
5 10 15 20 25 30 35
AgNps Diameter (nm)

60
40
20
0
2 4 6 8 10 12 14
AgNps Diameter (nm)

Figure 3. TEM images of 15 nm silver nanoparticles at (A) 0 and (B) 48 hours in
10% Hoagland solution. Histograms demonstrating the size distribution are shown
below the TEM images, with the red portions indicating particle sizes that are
expected to be most toxic to cells. The histograms represent 100 randomly selected
particles in five different TEM images collected.

34
The UV-Visible spectrum also demonstrates this size reduction, as there is a
slight increase in the peak absorbance of 0.06 (Figure 4). The peak absorbance
shifts from 413 nm to 412 nm and the FWHM increases from 60 nm to 66 nm.
These differences are attributed to the reduction in size of the AgNps. Additionally,
the dissociation of some Ag+ from the AgNps can attribute to these changes.
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Figure 4. UV-Visible spectra of 15 nm silver nanoparticles at 0 and 48 hours in
10% Hoagland Solution.

Dissolved Silver in Nanoparticle Solutions after 48 hours in 10%
Hoagland Solution
The dissolved silver content was measured in the AgNp samples because
recent advances in toxicology have shown that the toxicity of AgNps is dependent
on the concentration of free silver cations in the water column (25). The percent of
silver cations released by each size of AgNps was characterized. After two days,
44.1 ± 2.3% of the 2 nm AgNps were oxidized to silver cations in the water
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column, while 50.5 ± 2.6% of the 15 nm AgNps had undergone the same changes.
These results indicate that most of the silver absorbed by the plants is because of
transformations to the AgNps in the water column, causing significant aggregation
and the release of Ag+. The silver nanoparticles are not coated with a substrate,
which may explain why they are highly reactive, as the chemical composition of
Hoagland solution catalyzes the release of Ag0 and oxidation to Ag+. In studies of
uncoated AgNps, instability was observed in high ionic strength solutions and in
the presence of divalent cations like Ca2+ (53). The presence of excess Cl- in low
ionic strength solutions with Ag+ can stabilize the particles, but under
environmentally relevant conditions, the dominating effects of ionic strength and
water composition can cause aggregation and instability. Some AgNps coated with
organic substrates appear much more stable, as these coatings can electrically or
sterically hinder aggregation and settling (10). However, there is still potential for
electrically stabilized particles to aggregate in environmentally relevant conditions
(53). Transformations in surface waters and aquatic environments suggest that
AgNps can release significant amounts of Ag+ into the water column, as seen in the
uncoated AgNps, and affects the toxicity of these particles.
In other toxicological studies, there was a release of free silver cations of
1% in humic acid coated AgNps and 3% in gum-arabic coated AgNps (54, 55).
These effects were evaluated in short term toxicity tests on bacteria and duckweed,
S. polyrhiza, respectively. The effects of these nanoparticles were on the same
order of magnitude as silver cations, suggesting that there are likely organism-
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specific mechanisms of toxicity, such as adsorption of the AgNps to the surface of
cells and direct oxidation of Ag0 to Ag+ in the cellular membrane.
Overall, the results of the stability studies show that there are significant
changes to the size of the AgNps in Hoagland solution. The AgNps release 44%
and 51% of the total silver in solution as silver cations (for the 2 nm and 15 nm
AgNps, respectively), likely resulting from the oxidation of the exposed surfaces of
the nanoparticles. There is also significant aggregation seen in the 2 nm AgNp
samples because of the high reactivity of these particles. The 15 nm AgNp size
declines by a factor of 2, suggesting that the particles are cleaved by natural
sunlight because silver is photo-reactive. These results indicate that there are
transformations to the AgNps in the water column, reflecting changes to their size
and the release of silver cations.

3.2. Interactions between Egeria Densa and Silver Species
over a Seven Day Phytoperiod
Changes to the Silver Nanoparticles in the Presence of Egeria
Densa
The UV-Visible spectra of the 15 nm AgNps at T = 0 hrs show narrow
peaks between 0.25-1.25 ppm (Figure 5). However, as particles interact with the E.
densa stalks in solution, the peaks become significantly broader in size and the
absorbance declines (Figure 5B). The nanoparticles are interacting with plant
material in the water, causing particles to break down, resulting in lower peak
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absorption values and a broader peak. Further, the decrease in absorbance is caused
by the adsorption of AgNps on the exposed surfaces of E. densa (i.e. on the surface
of the stem and leaves), as well as the release of Ag+ by the AgNps. Very small
AgNps (<5 nm) can also be absorbed by pores in E. densa (4). The slight changes
in peak absorbance can also suggest some absorption of total silver by E. densa.
This data confirms that interactions between E. densa and the 15 nm AgNps do
occur. The differences between the initial and final UV-Visible spectra suggest that
E. densa can change the properties and reactivity of the AgNps as a natural defense
mechanism to prevent significant phytotoxic effects (56).

38

Absorbance

A

0.15
0.12
0.09
0.06
0.03

0
350

Absorbance

B

400

450

500
550
600
Wavelength (nm)

650

700

750

400

450

500
550
600
Wavelength (nm)

650

700

750

0.12
0.1
0.08
0.06
0.04
0.02
0
350

0.25 ppm 15 nm AgNps

0.5 ppm 15 nm AgNps

0.75 ppm 15 nm AgNps

1 ppm 15 nm AgNps

1.25 ppm 15 nm AgNps
Figure 5. UV-Visible Spectra of 15 nm silver nanoparticles at 0 (A) and 48 hours
(B) after exposure to Egeria densa.
The UV-Visible spectra of the 2 nm AgNps were also recorded. Because the
particles purchased are clear in color and do not have features in the visible range
(Figure 2), there were no major changes seen in the particles after exposure to E.
densa for 2 days at the concentrations used. Presumably, at higher concentrations
of 2 nm AgNps, the plants would cause aggregation of AgNps, resulting in a
broader range of AgNps sizes. As seen in Figure 2, there is a very slight peak
absorbance between 350 and 400 nm in the 10 ppm 2 nm AgNps samples.
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However, because the concentrations used in these experiments are significantly
less than 10 ppm, there is not a change in the absorption in this region. It is
expected that, like the 15 nm AgNps, there would be aggregation resulting from
interactions with organic matter in the water column that would detoxify the
particles (56).
The aggregation and breakdown of AgNps observed for the 2 and 15 nm
AgNps is expected because of the electrolytes in the Hoagland solution and has
been seen in like-studies on AgNps stability (56-58). This has been attributed to the
release of Ag+ as a result of oxidation of silver metal released by the nanoparticles,
which is common in high ionic strength solutions (58). Further, high ionic strength
solutions can cause the opposite effect as well, increasing the size of the AgNps
through aggregation mechanisms. As seen in the 2 and 15 nm AgNps exposures,
there was a significant decrease in the size of the particles, allowing them to
become more reactive. As confirmed by TEM imaging, the 2 nm AgNps also
showed significant aggregation. This confirms the results observed are consistent
with other findings in AgNps stability experiments in Hoagland solution (57).

Removal of Silver Species from the Water Column by Egeria Densa
Egeria densa absorbs silver, as seen by declines in the overall silver content
in the water column after 48 hour exposures. The silver content was measured by
flame AAS and is reported as total silver removed. The assay has a two-fold
purpose: the first is to demonstrate the removal of silver by E. densa, while the
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second is to characterize the effects of Hoagland solution on the silver
concentration. It cannot be assumed that all of the silver removed from solution is
directly by E. densa because of complex interactions with the solution matrix,
organic matter released by the plants, and other biotic and abiotic interactions (56,
57).
There is a dose-dependent removal of silver as the concentration of Ag+
increases in solution (r = 0.98, p < 0.001), with the greatest percentages removed in
the 0.25 and 0.5 ppm Ag+ exposures (Figure 6). In general, there is a greater ability
for plants to accumulate heavy metals at the lowest exposures, which is consistent
with our results. On addition, because silver cations are accumulated through ion
channels in aquatic organisms (11), there is greater than 80% removal of silver at
all concentrations. Exposure to higher concentrations of silver cations, approaching
1 and 1.25 ppm, show the greatest removal of silver because it is toxic to the plant,
likely interacting with the regulatory pathways and allowing for an oversaturation
of silver in the first 48 hours of exposure. If the silver cations were precipitated out
of solution by the Hoagland solution matrix, the removal of silver would be
constant regardless of concentration, indicating the plants absorb silver.

Total Silver Removed from
Water (ppm)
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Figure 6. Removal of silver cations from water with Egeria densa after 48 hours.
The blue bars represent the mean ± standard deviation of silver removed from
solution. The red bars represent the maximum concentration of silver that can be
removed from solution.
Figure 7 shows the silver cations removal from water based on treatment.
Overall, the amount of silver absorbed by the plants decreased with each successive
treatment because the plants become saturated with silver over time. However, is
interesting that a large amount of silver is still absorbed at the greatest
concentrations, 1 and 1.25 ppm Ag+, in the last 24 hours of exposure. Further, the
0.25, 0.5, and 0.75 ppm Ag+ exposures show a decline in total silver removed with
each successive treatment, suggesting that the plants are able to somewhat regulate
the absorption of Ag+ in the cells. In contrast, higher concentrations of Ag+ appear
to be absorbed more readily, as nearly 4 ppm Ag+ total was removed in 1.25 ppm
Ag+ exposures. There is also much relatively equal concentrations of Ag+ absorbed
in each successive treatment in the 1 and 1.25 ppm exposures. This suggests a
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capacity for over saturation of the plant, as the silver absorption appears less
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Figure 7. Removal of silver cations from water with Egeria densa over 7 days.
Data is presented as the average of silver removed for each treatment.
As seen in Figure 8, a large portion of the 2 nm AgNps was removed from
water in each treatment, suggesting that E. densa can absorb a significant amount
of AgNps after 2 days. The data is strongly correlated (r = 0.99; p < 0.001),
indicating a dose-dependent increase in silver removal in the water, which also
indicates silver was not precipitated by counter anions. While there could be
interactions between the nanoparticles and the water, there is also evidence that E.
densa absorbs silver and adsorbs the particles on the exposed surfaces of the plant.
Further, the dose-dependent removal of silver seen with increasing treatments
demonstrates that, while the components of Hoagland solution can interact with the
particles and cause aggregation or trigger the release of Ag+, there does not appear
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to be a limit in the removal of silver from solution. This suggests a complex
relationship between the plants and the electrostatic interactions in the water
column with the nanoparticles, as there is a 25% increase in total silver removal in
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Figure 8. Removal of 2 nm silver nanoparticles from water with Egeria densa after
48 hours. The blue bars represent the mean ± standard deviation of silver removed
from solution. The red bars represent the maximum concentration of silver that can
be removed by E. densa in the two day exposure period.
Figure 9 shows that there is an increase in silver removal from water with
increasing silver exposure. At concentrations greater than 0.75 ppm AgNps, there is
a significant increase in silver removal after each successive water change. This
suggests that the nanoparticles are removed more significantly at higher
concentrations, likely due to electrostatic interactions, aggregation, and the decline
in health of E. densa, which would allow the particles to enter ruptured and
damaged cells and be sequestered in the cell wall. In contrast, the 0.25 ppm AgNps
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exposure suggests a slower removal of the AgNps, likely due to cellular regulation
processes preventing the uptake of the nanoparticles. Overall, there is a decline in
the amount of AgNps removed with each water treatment, but the most significant
decreases can be observed in the 0.25 ppm AgNps exposure, further suggesting
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Figure 9. Removal of 2 nm silver nanoparticles from water with Egeria densa over
7 days. Data is presented as the average of silver removed for each treatment.
Figure 10 shows that there is a strong, positive correlation (r = 0.86, p <
0.001) between the 15 nm AgNps exposure and removal of silver from the water. It
also demonstrates the greatest amount of 15 nm AgNps is absorbed between 0.75
and 1.25 ppm exposures because there is more silver available in the water.
Further, it shows that over 70% of the 15 nm AgNps are removed from the water at
the 0.25 ppm exposure. This is a different trend than what was seen with the silver
cations, as the removal of these larger AgNps appears limited at higher
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concentrations (>0.75 ppm). This could be due to interactions between the AgNps
and organic matter in the water column, as the particles are too large to be absorbed
by E. densa (20, 57). The significant broadening in the UV-Visible absorption of
the 15 nm AgNps seen in Figure 5 supports this conclusion. Finally, because the
total removal of silver plateaus in exposures greater than 0.5 ppm 15 nm AgNps, it
suggests that the cells become oversaturated with silver, likely due to the
breakdown of the cell membrane by larger AgNps (56).
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Figure 10. Removal of 15 nm silver nanoparticles from water with Egeria Densa
after 48 hours. The blue bars represent the mean ± standard deviation of silver
removed from solution. The red bars represent the maximum concentration of
silver that can be removed by E. densa in the two day exposure period.
There is a significant removal of 15 nm AgNps in the first two exposures of
nanoparticles (2 and 4 day exposures), but there is a decline in silver removal after
day 4 (Figure 11). This suggests that the plants approach saturation levels, as by
day 6, there is a much lesser absorption of silver. If the plants had not approached
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saturation levels, then there would be a steady or increased absorption of silver at
these points. The lowest exposures to 15 nm AgNps (0.25 and 0.5 ppm) show a
decline in silver absorption with each successive treatment, suggesting that cellular
processes prevent the absorption of silver by the plants. These effects are also seen
in the 1 and 1.25 ppm exposures to 15 nm AgNps, as there is a decline in silver
removal with each successive treatment, suggesting the plants are approaching a
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Figure 11. Removal of 15 nm silver nanoparticles from water with Egeria densa
over 7 days. Data is presented as the average of silver removed for each treatment.

Applications to Phytoremediation
The interactions between E. densa and the silver species in the water
suggest that the plants absorb silver from the system, as seen by significant
reductions in silver absorption with each successive treatment. Further, there were
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significant increases in silver removal after 48 hrs in all 3 treatments (r ≥ 0.86, p <
0.001). This shows that interactions between the plants and silver are significant
and that E. densa can effectively contribute to the removal of silver from its
aqueous environment. These properties suggest its effectiveness for
phytoremediation of silver species.
In the 2 nm and 15 nm AgNps exposures, there was significant removal of
AgNps in the 0.25 ppm exposure, with greater than 70% of the silver removed from
solution (Figures 8 and 10). Additionally, 87% of the silver cations were removed
from solution in the 0.25 ppm Ag+ exposure, indicating significant bioavailability
of Ag+ in the water column (Figure 6). The silver cations enter the cell through ion
channels, which explains the greater removal, compared to AgNps. The AgNps are
more bioavailable than expected, likely because of interactions between the AgNps
and organic matter in the water column (26, 57). The NOM causes aggregation and
changes the properties of AgNps, which can make them somewhat bioavailable and
suitable for uptake. The relatively equal amount of silver removal in the 0.25 ppm
AgNps exposures was also seen with similar sizes of gold nanoparticles (4 and 18
nm gold nanoparticles vs. 2 and 15 nm AgNps in this study), where there were no
significant differences in total gold absorption by E. densa after 24 hrs (20). This
was attributed to particles entering cells through pores for nanoparticles <4 nm in
diameter. An alternate method through small pores used in the exchange of carbon
dioxide on the surface of leaves has been proposed for macrophytes in general, but
E. densa does not have these features. Further, small nanoparticles were not
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translocated into the E. densa in this study, which suggests that the significant
reactivity of small nanoparticles and the release of cations contribute most to the
removal of metal from aqueous environments. Because the present study measure
the removal of silver from solution, adsorption of AgNps to the leaves of E. densa
is probable, in addition to sedimentation and aggregation. The particles are also
altered by natural organic matter in the water (26). This can cause substantial and
misleading increases the removal of total silver from solution, and needs to be
confirmed with measurements of absorbed and adsorbed silver. The reduction in
the bioavailability of the AgNps results in lower total silver absorption in the E.
densa plants, reducing the toxicity of the AgNps (56).
It must be noted that overall, the most total silver removed from solution
was seen in the Ag+ exposures (Figure 7). There are multiple reasons for these
results, including precipitation of insoluble silver species, reducing the
bioavailability of silver cations to E. densa and some reduction of Ag+ to AgNps
caused by natural organic matter in the water column (26, 58). The toxicity of Ag+
is a result of its transport through sodium and copper ion channels, which makes it
more readily available for uptake, and would contribute greatly to the greater total
silver removal seen in the Ag+ exposures (11).
Overall, E. densa demonstrates the capacity to remove significant amounts
of Ag+ in exposures of 0.25-1.25 ppm, and 2 nm AgNps from its environment at
0.25-1.25 ppm within 48 hrs of exposure. Though the surface area of these plants is
less than common phytoremediants (i.e. duckweeds), there is the potential for the

49
plants to become rooted at the bottom of waterways, which allows for precipitated
silver species to be absorbed (26). Duckweeds grow on the surfaces of water and
are very small, allowing them to absorb significant amounts of silver (22, 55, 5860). Further, these species are recommended for phytoremediation because they
have a low salinity tolerance, reducing the ability of the plants to exclude larger
nanoparticles from its cells when compared to E. densa and more evolved
waterweeds (20). The capacity for E. densa and other waterweeds to grow
underwater because of rooting also allows for higher accumulation of metals
compared to shoots because of translocation into the stalk itself (35). It has been
observed in similar aquatic organisms that europium can be adsorbed to the roots
by carboxylates, recommending them for lanthanide removal (61). The advantage
to these systems is that most of the heavy metal remains in the root cells from
sediments and water. In most cases, waterweeds like Elodea canadensis (a similar
plant to E. densa) can sequester heavy metals by translocating them into the cell
wall, which forms a barrier between the plant and the environment. The cell wall
also prevents the subsequent release of metals back into the environment. The
translocation of cerium into the cell wall was observed in a subcellular analysis of
cerium nitrate toxicity to E. canadensis (62). Finally, E. densa shoots produced
thiol-enriched complexing peptides and low molecular weight chelators in response
to cadmium cation exposures (32). This suggests that the potential for Ag chelation
is also probable because of strong silver-sulfide binding. Therefore, E. densa can
serve as an effective phytoremediant for silver species in aquatic environments, as
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the plants can remove and detoxify silver in sediment through adsorption and
absorption mechanisms in its roots, as well as absorb silver from the water column
through its leaves.

3.3. Silver Absorption by Egeria Densa
The absorption of total silver in the whole plant, leaves, and stem were
measured for each silver species exposure. In all cases, there were dose-dependent
increases in total silver absorption with increasing silver concentration in the
treatment solutions (Figures 12-14). This demonstrates that the removal of silver
seen after 48 hrs and the seven day phytoperiod correspond to some silver
absorption by E. densa. It must be considered that natural processes in the water
column, such as sulfidation, nanoparticle aggregation, and precipitation of silver
salts decrease the bioavailability of silver (12).
Figure 12 shows the total silver absorption by E. densa exposed to 0.251.25 ppm Ag+. There are significant correlations between the silver cations
exposure and total silver absorption (r = 0.71, p < 0.001 for the whole plant; r =
0.45, p < 0.05 for the leaves; r = 0.71, p < 0.001 for the stem). However, there is no
correlation between silver absorption in the stem and leaves (p > 0.05). In the 0.25
and 0.5 ppm Ag+ exposures, there is more silver absorbed in the leaves than the
stem, which is logical because the leaves absorb heavy metals much faster than the
stem (18). In exposures greater than 0.75 ppm Ag+, there is relatively equal total
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silver absorption by E. densa in the stem and leaves, which suggests that there is
severe degradation to the regulating pathways in the stem, allowing for more silver
absorption. These results are consistent with the effects of Ag+ on Potamogeton
crispus, and suggest that there is competition between the uptake of silver and the
balance of important nutrients like sodium, potassium, iron, copper, and zinc (31).
It has been established that silver cations bioconcentrate in organisms through
sodium and copper ion transporters (11). As seen in P. crispus, there are also
significant declines in the ATP content in the cell, which indicates damage to the
mitochondria (31). These results demonstrate that there is a dose-dependent
accumulation of total silver by E. densa the stem and whole plants, and that there is
a dose-independent accumulation in the leaves. This also verifies that E. densa can
accumulate significant amounts of silver cations from its aqueous environment.

Total Silver Absorption by
E. densa (mg/g DW)
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Figure 12. Total silver absorption by Egeria densa whole plants, leaves, and stems
exposed to silver cations. Data represent the mean ± standard error (n = 5). Means
followed by the same letters do not differ significantly according to the Tukey HSD
test (p < 0.05). There were no significant differences observed in the total silver
absorption in the leaves (p > 0.05). The data for the total silver absorption in the
stem was transformed using a root transformation to meet the assumptions of
ANOVA.
Figure 13 shows the total silver absorption by E. densa in 2 nm AgNps
exposures in the water column. There are dose-dependent increases in total silver
absorption in the whole plant (r = 0.84, p < 0.001) and the leaves (r = 0.51, p <
0.01). The leaves absorb the most silver in each exposure, which is logical because
the leaves absorb heavy metals more readily than the stem (18). There is not a
correlation between the AgNps exposure concentrations and the total silver
absorption (p > 0.05). Overall, these results demonstrate that E. densa absorbs
some of the silver from its aqueous environment. This also suggests that there are
changes the nanoparticles in the water column, such as precipitation and
aggregation, which significantly decreases their bioavailability and reduces the
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toxicity at higher exposure concentrations. As observed in the TEM and DLS data
(Table 1, Figure 1), there is significant aggregation of the AgNps, reducing their
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Figure 13. Total silver absorption by Egeria densa whole plants, leaves, and stems
exposed to 2 nm silver nanoparticles. Data represent the mean ± standard error (n =
5). Means followed by the same letters do not differ significantly according to the
Tukey HSD test (p < 0.05). There were no significant differences observed in the
total silver absorption in the stem (p > 0.05). The data was transformed using a root
transformation to meet the assumptions of ANOVA.
Figure 14 shows the total silver absorption by E. densa in the 15 nm AgNps
exposures. There are significant, dose-dependent increases in total silver absorption
in the whole plant and leaves (r = 0.89, p < 0.001 for the whole plant and r = 0.76,
p < 0.001 for the leaves). There were no significant changes in silver absorption in
the stem (p > 0.05). Overall, these results demonstrate that there is some removal of
silver from the 15 nm AgNps solutions. Compared to the Ag+ and 2 nm AgNps
exposures, there is generally less total silver removed. As seen in the nanoparticle
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stability studies (Table 2, Figure 2), there is a significant reduction in size of the
AgNps after 2 days. The total silver absorption can come from one of two
mechanisms: (1) the silver can be absorbed in the form of Ag+ released by the
AgNps during breakdown and/or (2) small nanoparticles can enter the plants

Total Silver Absorption by
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Figure 14. Total silver absorption by Egeria densa whole plants, leaves, and stems
exposed to 15 nm silver nanoparticles. Data represent the mean ± standard error (n
= 5). Means followed by the same letters do not differ significantly according to
the Tukey HSD test (p < 0.05). There were no significant differences observed in
the total silver absorption in the stem (p > 0.05). The whole plant data was
transformed using a root transformation to meet the assumptions of ANOVA.

Comparison of Silver Species Absorption
Figures 12-14 demonstrate that E. densa can effectively accumulate silver,
frequently in a dose-dependent manner. This was demonstrated by significant
correlations between concentrations of silver species in the water and total silver
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absorption by whole stalks of E. densa (p < 0.001). It is known that silver
nanoparticles enter the cells through different pathways than silver cations, and the
size and translocation mechanisms associated with AgNps attribute to the lesser
amount of silver absorption. In the Ag+ exposures, there were significant
differences in the absorption of silver in the stem, but not in the leaves. This
suggests that the leaves became saturated with silver cations and reached a
maximum absorption of silver. The additional silver absorption was through the
stem, which showed a dose-dependent increase with silver cations concentrations in
the water. The stem absorbs nutrients at a slower rate than the leaves, which
suggests that translocation of silver from the leaves to the stem is possible and can
explain the significant increases observed (18).
The 2 and 15 nm AgNps exposures showed relatively equal total silver
absorption by E. densa (Figures 13 and 14). In nature, engineered nanoparticles can
undergo a series of reactions that result in aggregation, adsorption to natural
organic matter, surface oxidation to Ag2O, and the release of Ag+ (10, 21). These
reactions reduce the bioavailability of silver nanoparticles and contribute to a lower
total silver absorption by E. densa. An additional factor in the removal of total
silver by plants is the adsorption of the nanoparticles to the surface of E. densa. The
plant has exposed leaf surfaces with similar surface areas to common
phytoremediants for heavy metals (e.g. duckweeds), which is ideal for silver
nanoparticle adsorption and results in aggregation of AgNps on the surface of the
plant through interactions between the nanoparticles and cell wall. The adsorption
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of AgNps to the cells causes the degradation of extracellular proteins and induces
oxidative stress and the overproduction of ROS. This also disrupts to the cell
membrane, causing significant damage to the mitochondria, photosynthetic system,
and respiratory chain (21). In the nanoparticle exposures, there were significant
increases in total silver absorption in the leaves (p < 0.01), which reflects the
adsorption mechanism described. An additional concern with silver nanoparticle
adsorption to cells is the release of Ag+, which causes significant damage to the
plant’s overall health. As shown by Shen and co-workers, silver nanoparticle
toxicity is dependent on the dissolved silver cations in solution media, which is
suggested by the significant increases in silver content in leaf tissue (25). Further,
E. densa exposed to similar sizes of gold nanoparticles (4 and 18 nm) at 0.25 ppm
did not show translocation of particles into the cell (20). The duckweed Azolla
carolinia did absorb the two sizes of nanoparticles in the gold nanoparticle study.
Glenn and co-workers attributed the differences in uptake between macrophytes to
a greater salinity tolerance of E. densa compared to A. carolinia, as well as
exclusion mechanisms against large particles. These mechanisms are likely the
same for the silver nanoparticles and suggest it is unlikely that the AgNps are
absorbed by the plants, as seen by significantly lower total silver concentrations
compared to the Ag+ exposures. The 15 nm AgNps are roughly 420 times larger
than the 2 nm AgNps, which would cause significantly more silver to be absorbed
on a mass-basis for the larger nanoparticles. As seen in Figures 13 and 14, the total
silver absorption is on the same order of magnitude and roughly equal between the
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two sizes of nanoparticles. Finally, the direct release of Ag+ on the surface of the
leaves can explain the significant increase in silver content in the leaf tissue
compared to the stems.

3.4. Visual Analysis of Silver Species Toxicity
A visual analysis of E. densa stalks shows that silver has a significant effect
on the plants after a one week treatment period. In general, silver cations had the
greatest effect on the plants, as seen by significant discoloration of the leaves in
exposures as low as 0.25 ppm Ag+ (Figure 12-14). These findings are consistent
with heavy metal toxicity studies, as the damage and stress caused by heavy metals
can degrade the photosynthetic system and interfere with chlorophyll production,
membrane integrity, and oxidative stress responses (63). The plants show
significant discoloration when these processes occur because heavy metals interfere
with chlorophyll biosynthesis and break down existing molecules, causing
chlorosis. In all three cases, there are differences between the control plants and
highest silver species treatment, such as shriveling and the browning of leaf tips,
which demonstrates the toxicity of silver to E. densa.
Silver cations have the most significant effect on the plants, as seen by
chlorosis in exposures of Ag+ as low as 0.25 ppm (Figure 15). The leaves become
clear and transparent as the concentration of Ag+ in the exposures increases, which
is indicative of significant silver toxicity to the leaves. This suggests silver is
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absorbed through pores in the leaves and interferes with existing chlorophyll
molecules, as well as disrupts chlorophyll biosynthesis. At low concentrations of
Ag+, the stem still appears green in color, but as exposure increases to 1 and 1.25
ppm Ag+, there is significant browning of the stem. This change in color is a result
of significant silver absorption into the stem and a breakdown of its pigments. The
differences in coloration between the stem and leaves of E. densa suggest that
silver is much more toxic to the leaf tissue than stems. This is because the leaves
are exposed to heavy metals in the water column and particles on the foliar surface
allow for direct absorption of silver into the leaves (18).

0 ppm
0.25 ppm
0.5 ppm
0.75 ppm
1 ppm
Figure 15. Toxicity of silver cations to Egeria densa after 7 days.

1.25 ppm

Changes to the leaves of E. densa were not as apparent in the 2 nm AgNps
exposures and little can be concluded from comparisons between the control and
treatment groups (Figure 16). The ability of the plants to maintain their vibrant,
green color suggests that there is a much lower toxicity to the overall structure and
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function of the stalks. There is some slight lightening of the stem and leaf color in
the 1 ppm exposure, which suggests that 2 nm AgNps can be toxic to the plants at
higher concentrations. This is expected because the plants can accumulate silver
through different pathways depending on its species and absorption through pores
in the leaves may be the dominant absorption mechanism in waterweeds. It is
important to note that while the plants do not show significant damage due to silver
exposures, there are effects on the molecular level and structure that cannot be
deduced by visual analysis, which will be described later.

0 ppm
0.25 ppm
0.5 ppm
0.75 ppm
1 ppm
1.25 ppm
Figure 16. Toxicity of 2 nm silver nanoparticles to Egeria densa after 7 days.
The 15 nm AgNps show some toxicity to the plants at exposures as low as
0.25 ppm (Figure 17). There is some browning of the leaf tips observed in the 0.5
ppm exposures and it encompasses the entire leaves in the 1.25 ppm exposures.
This shows the expected concentration-dependent toxicity of silver species to
plants. Further, the stem of the control appears the vibrant green color expected,
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whereas the 1 and 1.25 ppm exposures show a slight browning in color. These
effects are not as significant as those observed in the Ag+ exposures (Figure 15),
due to different mechanisms of silver translocation into the cells. The 15 nm
AgNps appear to affect the physical appearance of E. densa more than the 2 nm
AgNps, which suggests different interactions between the plants and AgNps.

0 ppm
0.25 ppm 0.5 ppm 0.75 ppm
1 ppm
1.25 ppm
Figure 17. Toxicity of 15 nm silver nanoparticles to Egeria densa after 7 days.

3.5. Phytotoxicity Test Results
Effects of Silver Species on the Photosynthetic System
Pigment analyses provide insight into the photosynthetic capabilities of
plants, which generally significantly decline under heavy metal stress.
Measurements of chlorophyll concentrations can indicate the presence of toxins
because pigment concentrations are linked to environmental stressors. Chlorophyll
is the major photosynthetic pigment and consists of a central magnesium cation,
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which gives rise to its tetrapyrrole structure (43). The divalent magnesium center
plays a critical role in the photosynthetic system because it allows for a stable
excitation state, which transfers energy from the antenna pigment complexes to the
reaction centers (64). Heavy metal interference with these systems results in the
degradation of pigments and a breakdown of the photosynthetic process.
Degradation of Chlorophyll a and b
Chlorophyll a is the main photosynthetic pigment, while chlorophyll b is an
accessory pigment (43). Both chlorophyll a and b consist of heterocyclic paraffin
rings that differ by one functional group (chlorophyll a contains a methyl group
whereas chlorophyll b contains an aldehyde group, otherwise the structures are
identical). These pigments are produced in the chloroplast in a ratio of up to 3:1;
and deviations from this ratio indicate effects of environmental factors and growth
conditions (44). Another important component of the photosynthetic system is the
carotenoids, or structural components of the chloroplast, which include a variety of
pigments that vary by growth conditions and stress. The major carotenoids are
hydrocarbon chains with terminal rings substituted with methyl, epoxy and
hydroxyl groups. When plants undergo oxidative stress, the carotenoids can act as
antioxidants and terminate free radical reactions (65).
Significant declines in chlorophyll a and b were observed for plants
exposed to silver cations and both sizes of silver nanoparticles (Figure 18).
Chlorophyll a declined more significantly than chlorophyll b, as demonstrated by
strong correlation coefficients for the 15 nm AgNps and Ag+ (r = -0.83, p < 0.001
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and r =-0.85, p <0.001, respectively). A lesser decline in chlorophyll a was seen in
the 2 nm AgNps (r = -0.45, p < 0.01). At low concentrations of 15 nm AgNps (0.25
and 0.5 ppm), there was significantly more chlorophyll a present in the leaves than
the other silver species exposures (p < 0.05). However, as the concentration of 15
nm AgNps increased (> 0.75 ppm), it showed damage similar to that of Ag+ (p >
0.05). In general, the 2 nm AgNps did not show as significant declines in
chlorophyll a content at concentrations greater than 0.75 ppm. The trends observed
can be summarized as follows: the 2 nm AgNps show a 30-40% reduction in
chlorophyll a content independent of silver exposure concentration; there is a 68%
reduction in chlorophyll a content from 0.5 ppm 15 nm AgNps exposure to the 0.75
ppm exposure, and there is a dose-dependent, gradual decline in chlorophyll a
concentration from Ag+ exposures.
The decline in chlorophyll b is similar to that of chlorophyll a in the Ag+
and 15 nm AgNps exposures (r = -0.69, p < 0.001 and r = -0.78, p < 0.001,
respectively). There is not a significant decline in chlorophyll b content in any of
the 2 nm AgNps exposures (p > 0.05). This suggests two possibilities: chlorophyll
b production remained relatively unaffected by AgNps exposures and/or there is a
reasonable capacity for recovery at higher exposures of 2 nm AgNps. At
concentrations of 2 nm AgNps greater than 0.75 ppm, there are significant
differences seen between the plant responses to 15 nm AgNps and 2 nm AgNps,
suggesting differences in the mechanism breaking down chlorophyll in these plants.

63

Chlorophyll a (mg/g DW)

A

10

A a

8

α

6

B

B
B

βγδ

2

B

B
c βγ

c

c

γδ

δ

0

4.5
Chlorophyll b (mg/g DW)

β

4

0
B

ab

b

4
3.5

0.25

0.5

0.75

1

1.25
AB

A
a
α

3
2.5

a
B

2

b αβ

1.5

AB

AB

AB
αβ

αβ

αβ
c

c

1

c αβ

0.5
0

0

0.25
0.5
0.75
1
Silver Exposure in Water (ppm)
2 nm AgNps

15 nm AgNps

1.25

Ag+

Figure 18. Effects of different concentrations of silver species on dry weight (DW)
chlorophyll a (A) and chlorophyll b (B) content in Egeria densa leaves. Data
represent the mean ± standard error (n = 5). Means followed by the same letters do
not differ significantly according to the Tukey HSD test (p < 0.05). The
chlorophyll a data for the Ag+ exposure was transformed using a root
transformation to meet the assumptions of ANOVA.
Generally, all three silver species showed a more rapid decline in
chlorophyll a than b, which is consistent with a reduction in photosystem II (PSII)
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activity (31). Spirodela polyrhiza, a freshwater duckweed that floats on the surface
of water, has adaptations making it more resistant to heavy metal toxicity than
submerged waterweeds like E. densa, but like-declines in chlorophyll a content
were seen in 0.5 ppm AgNps exposures, demonstrating that the effects seen at
lower concentrations of AgNps are plausible for this species (55). The effects are a
result of chlorophyll a declines in the presence of silver nanoparticles, as seen in
Figure 15.
Further, chlorophyll biosynthesis is hindered by increasing heavy metal
uptake in plants because silver cations displace the Mg-center in chlorophyll.
Aquatic plants grown in heavy metal-enriched media with divalent cadmium,
copper, lead, mercury, nickel, and zinc ions saw changes in the chlorophyll
structure (64). The result was a replacement of the central magnesium ion in
chlorophyll by respective heavy metals, which led to the degradation of chlorophyll
molecules. Further, it was observed that silver-substituted chlorophyll molecules
resembling the Mg-substituted structures are highly unstable. As confirmed by
fluorescence studies, the Mg-substituted chlorophyll a favors the release of
electrons from an excited singlet state, whereas other heavy metal substitutions to
the molecule have a lower or minimal electron release, leading to chlorophyll
degradation and a breakdown of photosynthesis (66). Further declines in
chlorophyll can be expected because of silver denaturing enzymes involved in the
photosynthetic process, inhibiting chlorophyll production. An additional concern is
that when light is absorbed by antenna or accessory pigments, like chlorophyll b
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and carotenoids, it is then transferred to reaction centers in the chloroplast (37).
When oxidation occurs in antenna chlorophyll under heavy metal stress, there are
declines seen in chlorophyll b content (Figure 18B).
An expected result of the declines seen in chlorophyll a and b is a change in
the ratio of the pigments within the leaves. Declines in this ratio suggest
devastating effects on photosynthesis and reductions in photosystem I and II
activity (44, 55). Submerged plants generally have chlorophyll a to b ratios of 22.5, as seen in a similar waterweed, Elodea canadensis (67).
The ratio of chlorophyll a/b significantly declined for all three silver
species, as seen by strong correlations between silver exposures (Figure 19). The
greatest decline in chlorophyll a/b was seen in the silver cation exposures (r = 0.89, p < 0.001), followed by the 2 nm AgNps exposure (r = -0.67, p < 0.001).
There was a lesser change in the ratio in the 15 nm AgNps exposure (r = -0.75, p <
0.001). These changes are consistent with symptoms of heavy metal toxicity and
suggest that chlorophyll a has a greater sensitivity to silver than chlorophyll b (29,
37). At higher concentrations of Ag+, the ratio of chlorophyll a/b approaches a
value of 1, which indicates at least 50% of the chlorophyll a in healthy plants has
been degraded. In all exposures, the ratio of chlorophyll a/b shows a significant
decline at 1 and 1.25 ppm, which suggests that there are conformational changes to
the polypeptide components of PSII, as chlorophyll synthesis is declining (37).
There is minimal chlorophyll fluorescence in silver-substituted molecules, which
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suggests that this mechanism of damage is plausible for silver cations toxicity as
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Figure 19. Effects of different concentrations of silver species on chlorophyll a/b
ratio in Egeria densa leaves. Data represent the mean ± standard error (n = 5).
Means followed by the same letters do not differ significantly according to the
Tukey HSD test (p < 0.05). Ag+ exposure data was transformed using a root
transformation to meet the assumptions of ANOVA.
Degradation of Total Carotenoids
Carotenoids are a diverse group of photosynthetic molecules, including the
photochemically active thylakoid in the chloroplast (43). The total carotenoids are
divided into two main groups: oxygen-free molecules called carotenoids and
molecules containing epoxy and hydroxyl chains called xanophylls. Total
carotenoids represent the sum of carotenoid and xanophyll molecules in plants. The
concentrations of individual molecules can vary with growth factors and indicate
stress in higher plants and algae.
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There was a significant decline in total carotenoids in all three silver species
exposures (Figure 20). Similar to the declines seen in chlorophyll content, the Ag+
exposure had the greatest effect on the plants because of its ability to directly
penetrate the cells, resulting in significant declines in carotenoids content (r = 0.84, p < 0.001). The 2 nm AgNps had a moderate effect on the carotenoids (r = 0.45, p < 0.05) and the 15 nm AgNps were most toxic in concentrations greater
than 0.75 ppm (r = -0.86, p < 0.001). These declines have similar implications to
those of chlorophylls, as carotenoid degradation also results in less photosynthetic
activity. As the chlorophyll a is broken down by silver, there is significant stress
placed on the cells, which results in the breakdown of the thylakoid membrane and
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Figure 20. Effects of different concentrations of silver species on total carotenoids
content in Egeria densa leaves. Data represent the mean ± standard error (n = 5).
Means followed by the same letters do not differ significantly according to the
Tukey HSD test (p < 0.05). Ag+ exposure data was transformed using a root
transformation to meet the assumptions of ANOVA.
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The most severe effects on carotenoids can be seen at the highest silver
exposure for the three species. The silver cations have the most drastic effect on
carotenoids overall, which is consistent with their effects on chlorophyll a and b. In
the 15 nm AgNps exposures, the most degradation occurs at concentrations greater
than 0.5 ppm. This suggests there is some resistance to the toxicity caused by these
nanoparticles, likely due to their interactions with the plant at lower exposure
concentrations. The 2 nm AgNps exposures have the same effect as the 15 nm
AgNps, just at lower concentrations; a steep decline is seen in exposure
concentrations up to 0.5 ppm, then there is a plateau in carotenoids content. Silver
cations toxicity resulted in conformational changes to the chloroplast in the
submerged macrophyte P. crispus (31). This suggests that the toxicity seen in the
silver cations exposures is a result of thylakoid membrane breakdown, which
further allows incoming silver to deactivate enzymes and proteins related to cellular
homeostasis. The same effects can be inferred in the silver nanoparticles exposures,
stemming from the release of free Ag+ ions. The toxicity of the silver nanoparticles
can also be caused by nanosize holes punctured in the membranes by nanoparticles,
which allows more nanoparticles and silver cations to enter the chloroplasts (6). If
these events occurred, the carotenoid content would approach a value of 0 because
the nanoparticles would adsorb to the thylakoid membrane and disrupt the
photosynthetic system.
The ratio of total chlorophyll to carotenoids can be used to indicate damage
to the plant and its photosynthetic system, which results in faster degradation of
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chlorophylls than carotenoids (44). Typical ratios are 4.2-5 for most sun plants, and
a decrease below 3.5 indicates a reduction in cell division, called senescence. The
ratio of chlorophyll to carotenoids in E. densa is typically around 4, but can vary
based on environmental factors (32).
Figure 21 demonstrates the effects of silver species on the
chlorophyll/carotenoids ratio in E. densa leaves. There is a significant, positive
increase in the ratio of chlorophyll to carotenoids in the silver cations exposures (r
= 0.56, p < 0.05), but no correlations were observed in either AgNps exposure (p >
0.05). This suggests that the silver cations have a more significant effect on the
carotenoids than the chlorophyll. In contrast, because there were no changes
observed in the ratio of chlorophyll to carotenoids in the 2 nm AgNps exposures, it
can be concluded that the degradation of the three pigments is relatively constant in
2 nm AgNps exposures less than 1.25 ppm. The 15 nm AgNps showed significant
fluctuations in the ratio of chlorophyll to carotenoids, but there was not a
significant trend observed (p > 0.05). The 1.25 ppm exposure favored an increase
in the ratio of chlorophyll to carotenoids, while exposures less than 1 ppm
demonstrated a negative trend. This suggests that to some extent, the 15 nm
AgNps have the same effects as the 2 nm AgNps, while the silver cations react
differently.
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Figure 21. Effects of different concentrations of silver species on
chlorophyll/carotenoids ratio in Egeria densa leaves. Data represent the mean ±
standard error (n = 5). Means followed by the same letters do not differ
significantly according to the Tukey HSD test (p < 0.05). There were no significant
differences observed in the 2 nm AgNps exposure (p > 0.05). Ag+ exposure data
was transformed using a root transformation to meet the assumptions of ANOVA.
The chlorophyll to carotenoids ratio is an indicator of “greenness” in plants
(44), which is directly related to the conclusion drawn in the visual analysis of
toxicity (Figures 15-17). Overall, it was observed that the chlorophyll to
carotenoids ratio increased most significantly in the Ag+ exposures, and these
plants showed signs of chlorosis at exposures as low as 0.25 ppm. The increase in
this ratio, as well as browning in the plants, is supported by the conclusion that the
chlorophyll molecules were broken down significantly faster than the carotenoids,
and that the carotenoids were less sensitive to silver cations exposures. The 2 nm
AgNps exposures did not show significant changes to the coloration of the plants,
which explains why the ratio remains relatively constant. Finally, fluctuations in
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the ratio in the 15 nm AgNps exposures are explained by adverse effects of the
nanoparticles on the plant. Therefore, the results of this test support the visual
analysis performed and provide insight into the degradation of photosynthetic
pigments when plants undergo heavy metal stress.

Effects of Silver Species on Lipid Peroxidation
Unsaturated fatty acids are composed of a combination of single and double
C-C bonds, which are oxidized by molecular oxygen after a free radical forms
about a C-C double bond. Because polyunsaturated fatty acids contain multiple CC double bonds, free radical oxidation can produce multiple different compounds,
most of which are toxic. This process occurs more rapidly when plants undergo
oxidative stress, caused by the increase in superoxide and hydroxide free radical
content. Fatty acids are broken down by a series of reactions, including the
formation of alcohol, ketone, aldehyde, and ester derivatives (68). The reaction is
catalyzed by a free radical carbon in the lipid chain. Lipid peroxidation is measured
in maldondialdehyde (MDA) equivalents (45). Lipid peroxidation is an oxidative
stress response to free radical oxidation of fatty acids in plants, which indicates cell
damage and degradation.
Figure 22 shows the effects of silver species on MDA concentrations in the
E. densa. In all three cases, there is a significant decline in lipid peroxidation with
increasing silver treatment (r = -0.45, p < 0.05; r = -0.49, p < 0.01; r = -0.88, p <
0.001; for the 2 nm AgNps, 15 nm AgNps, and Ag+ exposures, respectively). In
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most cases of heavy metal toxicity, increases in MDA accumulation is observed
because of the breakdown of polyunsaturated fatty acids into the shorter carbon
chains, disruption of the thylakoid membrane involved in photosynthesis, and
deactivation of enzymes involved in chlorophyll biosynthesis (18). Significant
declines in MDA accumulation were observed in Ag+ exposures to P. crispus (31).
These declines were attributed to a decrease in the total polyunsaturated fat content
in cells, which undergo free radical reactions under oxidative stress. This finding
suggests that in general, macrophytes do not exhibit lipid peroxidation stress when
exposed to silver cations.
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Figure 22. Effects of different concentrations of silver species on lipid
peroxidation in Egeria densa. Data represent the mean ± standard error (n = 5).
Means followed by the same letters do not differ significantly according to the
Tukey HSD test (p < 0.05). There were no significant differences observed in the 2
nm AgNps exposure (p > 0.05). The 2 nm AgNps data was transformed using a
root transformation to meet the assumptions of ANOVA.
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The 15 nm AgNps exposure shows no significant differences in MDA
content in the presence of AgNps (p > 0.05). When exposed to 6 nm AgNps, less
than 1 ppm, the duckweed Spirodela polyrhiza showed no differences in MDA
accumulation after 72 hrs, suggesting similar mechanisms may be involved in the
15 nm AgNps toxicity (59). Because the 15 nm AgNps break down into 8 nm
AgNps after 2 days in Hoagland solution (Figure 2), a similar mechanism of lipid
peroxidation is plausible. As explained by Jiang and co-workers, there were no
changes in lipid peroxidation observed until the concentration of AgNps reached 5
ppm. It should be noted that in their 10 ppm AgNps exposure, there was a decline
in lipid peroxidation. This decline was attributed to cell death, which prevents the
accumulation of MDA. An additional explanation for the lesser differences is the
declines were solely caused by silver cation interactions with polyunsaturated fat
molecules, resulting in indistinguishable differences between treatments. This is
also plausible because over half of the total silver content in the water column is in
the form of Ag+, as seen in the nanoparticle stability tests.
The 2 nm AgNps exposure showed a significant release of MDA of over
200% (compared to the control) at 0.25 ppm and a subsequent decline thereafter.
The increase in lipid peroxidation is expected under heavy metal stress, and is
attributed to the limited introduction of silver species into the plant cells. The 50%
decline seen in the carotenoids content seen from the control to the 0.25 ppm
exposure (Figure 20) supports this claim. Because carotenoids are a structural
component of the thylakoid membrane, they can be degraded in the presence of
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0.25 ppm 2 nm AgNps, which explains the accumulation of MDA (18). It also
known that these membranes are susceptible to lipid peroxidation because of their
polyunsaturated fat components and interactions with silver is damaging to cells.
The decline in lipid peroxidation observed in exposures to 0.5 ppm 2 nm AgNps
and greater suggests that E. densa had undergone necrosis or death, reducing MDA
accumulation (59). This is justified by declines seen in the chlorophyll and
carotenoids content in the plants (Figures 18 and 20). Studies of 30 nm cupric oxide
nanoparticles on E. densa showed significant declines in lipid peroxidation in
concentrations greater than 1 ppm and are attributed to toxic activity caused by
copper binding with proteins containing thiol groups (37). Silver exhibits a strong
affinity for thiol group bonding, which could result in similar effects.
Silver degrades phospholipid fatty acids in soil as well, which supports
explanations that lipid peroxidation declined because of decreased availability of
polyunsaturated fats in the cell (69). Silver ion chromatography is used to separate
lipids based on the association of silver with double bonds in polyunsaturated fats
(70). The complexation with double bonds does not appear to change the properties
of the carbon-carbon double bond compared to free olefins. In situations with high
concentrations of silver, disilver complexes form. This complexation between the
silver ions and polyunsaturated fats can explain the decline in lipid peroxidation, as
the presence of silver would disrupt the oxidative processes involved in generating
MDA. An important step in the process of lipid peroxidation is a rearrangement of
carbon-carbon double bonds in the hydrocarbon chain, generating a free radical
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(71). However, if the silver ions are present about the double bonds and prevent the
change in structure, then there will be less lipid peroxidation because of
interference in the propagation free radical reactions. Further, the lipid peroxidation
caused by free radicals can be terminated by antioxidants and scavenging
molecules (72). The reduction in lipid peroxidation in the cells results in less MDA
formation.
Finally, there is a relationship between carbohydrates and β-oxidation of
fatty acids, which can be triggered by changes in carbohydrate content (73). Betaoxidation of fatty acids generates two-carbon acetyl-coA chains, which are
metabolized in the citric acid cycle. Beta-oxidation is typically associated with the
breakdown of fatty acids during digestion and energy conserving processes.
Though acetaldehyde is a known interference of the TBARS assay, the significant
declines observed suggest that it was not present in the samples (74). The presence
of acetaldehyde would result in greater concentrations of TBARS (measured in
MDA). For this reason, lipid peroxidation can decline in the presence of silver
cations, as they prevent the formation of a lipid hydroperoxide and subsequent
degradation into MDA. The combination of complexation of silver with carboncarbon double bonds in polyunsaturated fats, the quenching of free radical reactions
by scavengers and antioxidants, and the induction of β-oxidation can explain the
dose-dependent decline in MDA production by E. densa with increasing silver
species concentrations.
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Effects of Silver Species on Soluble Carbohydrate Content
Soluble carbohydrates include monosaccharides and disaccharides such as
glucose and fructose. These sugars are especially important to plants because
sucrose (composed of glucose and fructose) is involved in photosynthesis (73).
Soluble carbohydrates provide a useful measure of toxicity because algal species
and plants generate soluble carbohydrates when they undergo stress. These are
commonly measured in dinoflagellates after algal blooms, but can also be used to
identify toxic levels of heavy metals in the environment. An increase in
carbohydrate synthesis has been observed in cadmium, nickel, and copper
exposures to rice seedlings and bean plants, while a decrease in photosynthetic
activity was observed, which is related to growth inhibition caused by the heavy
metal stress (75). Soluble carbohydrates are related to starch content in the plants
and are composed of roughly 90% of the glucose equivalent (76). Starch is directly
related to the photosynthetic ability of plants. A tolerance of duckweeds S.
polyrhiza and Lemna minor to nickel was coupled with an accumulation in starch in
the chloroplast, suggesting its involvement in signaling pathways related to
photosynthesis (73, 77). Further, there is a connection between metabolic reactions
and ROS production and soluble carbohydrate content, which regulates
mitochondrial respiration, photosynthesis, and anti-oxidative pathways like the
oxidative pentose-phosphate pathway and carotenoid biosynthesis (73). As a result,
the duckweed S. polyrhiza exhibited increases in soluble carbohydrates in AgNps
exposures up to 1 ppm, which is suggested to act as protection against osmotic

77
pressure (55). Carbohydrates maintain the water balance in cells and when this
function undergoes interferences by oxidative stress, there can be a disruption in
carbohydrate synthesis by inhibiting photosynthesis. These critical functions
indicate the importance of carbohydrates to plants and reflect their importance to
heavy metal phytotoxicity.
Figure 23 shows significant declines in soluble carbohydrate content seen in
the silver cations exposures (r = -0.56, p < 0.01), but no differences were observed
in the 2 and 15 nm AgNps treatments (p > 0.05). There is a 62% reduction in
soluble carbohydrate content from the 0 ppm Ag+ exposure to the 1.25 ppm
exposure. The decline seen in carbohydrates is attributed to oxidative stress causing
the degradation of photosynthetic pigments, reducing the conversion of carbon
dioxide and water to glucose in photosynthesis (Figure 18), as well as significant
degradation of photosynthetic pathways, namely carotenoids and the thylakoid
membrane (Figure 20). The inhibition of photosynthesis decreases the production
of starch in high concentrations of metal exposures, as observed here with declines
in photosynthetic pigments and concentration of glucose in the highest Ag+
exposure (77). The interruption of carotenoid biosynthesis and the oxidative
pentose-phosphate pathway is shown by declines in of soluble sugar content (73).
Further, the increase in silver ion transport into the cell causes a shift in osmotic
pressure, reducing water content in the cells to reach equilibrium with the salt
concentrations in the aqueous environment, causing the cells to shrivel and likely
burst under pressure. Because soluble carbohydrates also regulate oxidative stress
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as a pro-oxidant and antioxidant balance mechanism, it is expected that the
saturation of tissue with heavy metal will result in degradation of these pathways,
as seen in exposures of duckweeds to nickel (73, 77).
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Figure 23. Effects of different concentrations of silver species on soluble
carbohydrates content in Egeria densa. Data represent the mean ± standard error (n
= 5). Means followed by the same letters do not differ significantly according to
the Tukey HSD test (p < 0.05). There were no significant differences observed in
the 2 nm and 15 nm AgNps exposures (p > 0.05).
The AgNps exposures had adverse effects on E. densa. In the 2 nm AgNps
exposure, soluble carbohydrate content was relatively constant (Figure 23).
Changes in its content would be expected, as soluble carbohydrates are regulated in
response to oxidative stress. The data suggests that, though there are declines in the
photosynthetic ability of the plants (Figure 18), the soluble carbohydrate content
was unaffected or upregulated to prevent significant oxidative damage. The 15 nm
AgNps exposure demonstrates a maximum soluble carbohydrate accumulation of
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150% of the control at 0.75 ppm, which demonstrates increased production of
carbohydrates to combat oxidative stress mechanisms in the plant. These results are
consistent with a 1 ppm AgNps exposure to S. polyrhiza and demonstrate that
carbohydrate synthesis is increased to protect against degradation of the
photosynthetic pathway and control osmotic pressure (55). This mechanism also
explains the fluctuations seen in the 2 nm AgNps exposures. Overall, the results of
this assay suggest that soluble carbohydrate accumulation fluctuates in the presence
of AgNps at concentrations less than 1.25 ppm to protect against oxidative stress.
In contrast, there are significant declines in like-Ag+ exposures, resulting from
minimal photosynthetic capability under significant oxidative stress and significant
osmotic pressure.

Antioxidant Activity of Scavenging and Chelating Molecules
Scavenging molecules are important in the ROS response system. One of
the common free radicals that results from photosynthesis is singlet oxygen, which
is continuously produced by PSII (28). Singlet oxygen is very reactive and can be
generated in excess in cases of light stress during photosynthesis, caused by heavy
metals (30). The excited state is generated in conjunction with triplet state
chlorophyll as part of the photosynthetic process, but carotenoids act as effective
quenchers against the triplet state of chlorophyll and formation of singlet oxygen. A
consequence of ROS generation is the oxidation of proteins involved in chlorophyll
and subsequent inhibition of photosynthesis. Scavenging molecules, such as
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antioxidants like flavonoids and carotenoids, prevent the degradation of important
components of the photosystem and cell structure. In order for the scavenging
system to be maintained and redox-related stress on the chloroplast to be alleviated,
tightly-controlled concentrations of antioxidants must be present in cells to promote
glutathione biosynthesis (28). The redox states of antioxidants are controlled by
enzymes involved in the ascorbate-glutathione cycle, used to detoxify hydrogen
peroxide by reducing it to water. Scavenging mechanisms are required to detoxify
ROS species and have enzymatic and non-enzymatic components to combat
oxidative stress.
Figure 24 shows the effects of silver exposures on free-radical scavenging
in E. densa. Significant declines are observed in the AgNps treatments (r = -0.68, p
< 0.001 and r = -0.54, p < 0.01 for the 2 and 15 nm AgNps, respectively). There is
not a correlation between silver cation exposures and scavenging ability (p > 0.05).
The nanoparticle interactions are attributed to oxidative stress on the surface of
leaves, which is where silver absorption occurs (18). Moreover, the instability of
the 2 nm AgNps and adsorption to the leaves caused a significant decline in
chlorophyll concentration (Figure 18). A consequence of the production of singlet
oxygen is a decline in photosynthetic capacity and a need for scavengers to
detoxify the effects of silver. These were most pronounced with the smallest sizes
of silver nanoparticles. The 15 nm AgNps exposures show a negative correlation in
the scavenging ability (p < 0.01), but the difference between treatments is less than
10%. This suggests that there is likely some singlet oxygen production in the
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chloroplast, and that the carotenoids are used to scavenge the molecules affected
(65). The most significant declines in carotenoids were seen in the 15 nm AgNps
and Ag+ exposures (Figure 20), which would require more scavenging molecules to
counteract the oxidative stress. The inverse relationship between the scavenging
and carotenoids concentrations is representative of a cellular response to oxidative
stress, as the plants incurred significant damage to the photosynthetic system.
Finally, the 2 nm AgNps show a dose-independent plateau in chlorophyll b and
carotenoids concentrations (Figures 18 and 20, respectively), whereas overall
scavenging shows dose-dependent decline for these species. This suggests that
chlorophyll b and carotenoids were affected by singlet oxygen production, but
scavenging molecules also aided in the detoxification of ROS in the chloroplast, as
seen by significant declines in all three molecules.
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Figure 24. Effects of different concentrations of silver species on scavenging effect
in Egeria densa. Data represent the mean ± standard error (n = 5). Means followed
by the same letters do not differ significantly according to the Tukey HSD test (p <
0.05).
The fluctuations observed in the silver cations exposures suggests that the
scavenging ability of the plants is hindered at low concentrations of Ag+, but the
significant oxidative stress observed would require upregulation of these molecules
to remove toxic ROS. The significant decline in soluble carbohydrate content in
Ag+ exposures suggests that at the highest concentrations of Ag+, there is a
disruption to carbohydrate-related signaling pathways, requiring increased
generation of scavengers. This increase in scavenging molecules is based on the
lowest scavenging percent reached in the 0.5 ppm Ag+ exposure, and subsequent
increases in scavenging observed in the 0.75-1.25 ppm exposures. The greatest
decline in carotenoids was observed between the 0.25 and 0.5 ppm Ag+ exposures,
which is consistent with the significant declines in scavenging ability between 0
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and 0.5 ppm Ag+. However, as the silver concentration in exposures approached 11.25 ppm, there were significant declines in the carotenoids (Figure 20), while a
relatively constant scavenging ability was maintained. This further validates
observations of upregulation of scavengers to counteract the degradation of
carotenoids in the chloroplast.
The flavonoids are a group of antioxidant molecules involved in hydroxyl
radical scavenging, which is highly reactive and considered the most toxic form of
ROS (78). Hydroxyl radicals can cause damage to nucleic acids, lipids, and
proteins. Therefore, the presence of flavonoids and other scavengers is important to
plant health and prevention of additional stress on macromolecules. An additional,
significant purpose of flavonoids is in UV protection (79). Degradation to plant
cells from UV light exposure from sunlight can induce oxidative stress. Declines
observed in flavonoids content indicate that the plants are undergoing significant
damage from the production of the hydroxyl radical and increased UV light
exposure.
Figure 25 shows the effects of silver exposures on the flavonoids content in
E. densa. There are significant declines observed in the 2 nm and 15 nm AgNps
exposures (r = -0.47, p < 0.01 and r = -0.50, p < 0.01, respectively) and significant
changes to the flavonoids content in the Ag+ treatments.
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Figure 25. Effects of different concentrations of silver species on total flavonoids
content in Egeria densa. Data represent the mean ± standard error (n = 5). Means
followed by the same letters do not differ significantly according to the Tukey HSD
test (p < 0.05). There were no significant differences observed in the 15 nm AgNps
exposures (p > 0.05). Ag+ data was transformed using a root transformation to meet
the assumptions of ANOVA.
In terms of hydroxyl radical scavenging, the trends observed in the
flavonoids suggests that the plant’s antioxidant system is operating as expected;
there are declines in flavonoids concentrations, which suggest that there is some
quenching of the free radical reactions between hydroxide radicals and important
biomolecules. These results are also evident in the lipid peroxidation tests; there is
a decline in MDA content in E. densa exposed to each silver species (Figure 22)
and declines in the flavonoids content. This indicates that the inhibition of lipid
peroxidation was likely due to the flavonoids quenching the free radical reaction.
This is further demonstrated by significant declines in the flavonoids
concentrations in each silver species treatment (Figure 25). It is proposed that the
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donation of one of the phenolic hydrogens to the hydroxide free radical creates
water and is the mechanism of flavonoid scavenging (80). The reaction between
flavonoid radicals with each other, lipid radicals, and hydroxide free radicals
terminates the free radical reaction (72). Changes to the structure of flavonoids can
alter their functions and improve or reduce their efficiency in chelation and
scavenging. Flavonoids can also complex metals like iron and copper, and the
metal-complexed flavonoid can improve the free radical scavenging by altering the
oxidation state on metals (81). The chelation described is also effective against
AgNps toxicity when complexed with quercetin, a common flavonoid, and suggest
a mode for silver sequestration (82).
Additional measurements can be performed to draw connections between
the scavenging and chelating systems in plants. Iron(II) chelating represents the
ability of metal chelators to actively bind to antioxidants involved in heavy metal
sequestration and detoxification. As previously discussed, flavonoids can act as
scavengers and chelating molecules, in addition to phenolics. Phenolic compounds
act as heavy metal detoxification agents by neutralizing oxidative stress and
binding to cations. Direct measurement of these antioxidants, in addition to the
chelating effect, is used to determine the effects of heavy metals on the chelating
system. Iron(II) chelating assays are used to determine the overall chelating ability
of plants because of their involvement in the Fenton reaction, which involves the
reduction of Fe3+ to Fe2+ in the presence of the superoxide radical and subsequent
oxidation of Fe2+ to Fe3+ in the presence of hydrogen peroxide to form a hydroxide
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ion and hydroxyl radical (83). The hydroxyl radical is then scavenged by
antioxidants, such as flavonoids. Similarly, phenolic compounds can be oxidized by
peroxidase and are involved in hydrogen peroxide scavenging systems. The
chelating ability is measured assuming all of the chelator molecules can bind an
iron(II) ion, and declines in these abilities seen in Figure 26 suggest that the
presence of silver cations and nanoparticles in the cell caused silver binding to
chelators as a sequestration mechanism.
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Figure 26. Effects of different concentrations of silver species on iron(II) chelating
ability in Egeria densa. Data represent the mean ± standard error (n = 5). Means
followed by the same letters do not differ significantly according to the Tukey HSD
test (p < 0.05). There were no significant differences observed in the 15 nm AgNps
exposures (p > 0.05).
Significant declines in iron(II) chelating were observed for all three silver
species (r = -0.74, p < 0.001 for the 2 nm AgNps exposure; r = -0.62, p < 0.001 for
the 15 nm AgNps exposure; r = -0.81, p < 0.001 for the Ag+ exposure). The
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greatest declines were seen in the Ag+ exposures at 1.25 ppm, as there was a 75%
reduction in chelating ability compared to the control. The dose-dependent declines
observed in all three silver species suggests that the chelators effectively
sequestered silver and silver nanoparticles by binding to antioxidant molecules, as
seen in reactions between Ag+ and AgNps in flavonoid complexes (82, 84). The
reduction in iron(II) chelating is caused by declines in the availability of active
chelation sites for the iron to bind. This decline is much more drastic than the
declines in free radical scavenging for like-silver species (Figure 24) because
chelators must retain the silver species for effective sequestration and
detoxification, whereas the scavengers can be reused after terminating free radical
reactions (72, 83). An additional concern with significant declines in the chelating
ability is the possibility of changes to the structures of chelating molecules in the
presence of silver, and degradation of these molecules as a consequence of
significant ROS production. These effects can be confirmed by examining the
effects of silver species on the phenolics content.
Figure 27 shows a dose-dependent decline in phenolics content in E. densa
in the three silver exposures (r =-0.72, p < 0.001 for the 2 nm AgNps exposure; r =
-0.36, p < 0.05 for the 15 nm AgNps exposure; r = -0.58, p < 0.001 for the Ag+
exposure). Flavonoids are a specific class of phenolics, which indicates there
should be a correlation between phenolics and flavonoids content and that they
should follow similar trends in antioxidant capacity (85). Phenolics content is
commonly measured in gallic acid equivalents. Significant correlations were
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observed between changes in flavonoids and phenolics content in the exposures to
Ag+ (r = 0.51, p < 0.01), 2 nm AgNps (r = 0.48, p < 0.01), and 15 nm AgNps (r =
0.38, p < 0.05). The correlations between declines in the phenolics and flavonoids
content suggest changes to the structure of these molecules, caused by induction of
oxidative stress. The termination of free radical reactions in the cell by binding
antioxidants and/or other radicals generated by ROS is an important adaptation in
plants, but also modifies the structure of its antioxidant molecules. These changes
can explain the declines observed. The declines in phenolics activity reached a
minimum in the silver species exposures at 1.25 ppm, suggesting chelation and
sequestration of Ag+ and AgNps was roughly equal and independent of silver
species. Additionally, the degradation of the overall plant structure, as seen by
significant declines in photosynthetic capabilities and other toxicological
parameters, suggests that the antioxidants may be degraded as a consequence of the
oxidative stress induced by the accumulation of silver.
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Figure 27. Effects of different concentrations of silver species the total phenolic
content in Egeria densa. Data represent the mean ± standard error (n = 5). Means
followed by the same letters do not differ significantly according to the Tukey HSD
test (p < 0.05). The 2 nm AgNps data was transformed using a root transformation
to meet the assumptions of ANOVA.
The relationships between ROS scavenging and chelating systems are
indicative of the activity of enzymes involved in these pathways. Cells are
equipped with non-enzymatic ROS scavengers, such as ascorbic acid, flavonoids,
and carotenoids, as well as enzymes capable of scavenging ROS, such as
superoxide dismutase, catalase, and glutathione reductase (28). Catalase is the
enzyme responsible for reducing H2O2 to H2O and O2. Hydrogen peroxide is toxic
to plants in large quantities and must be removed efficiently to prevent cellular
degradation. Superoxide dismutase (SOD) works with catalase and forms
molecular oxygen or H2O2 from the superoxide radical. SOD controls superoxide
levels in the cell and is widely distributed in aerobic organisms (86). Finally,
glutathione reductase converts oxidized glutathione to the antioxidant form using
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NADPH. These enzymes are necessary to remove oxidized compounds and prevent
stress. Increases in glutathione biosynthetic enzymes and glutathione levels are
generally seen in plants that undergo pathogenic attacks (28). Declines in ascorbic
acid and/or glutathione make plants hypersensitive to stress. These declines were
seen in P. crispus exposed to Ag+ and indicate the plants are susceptible to free
radical damage (31). Therefore, the declines in scavenging and chelating pathways
and capabilities is expected, as the uptake of silver species interfered with the
equilibrium between ROS production and quenching by antioxidants and enzymes
involved in scavenging.

3.6. Trends in Silver Species Toxicity to Physiological
Activity in Egeria Densa
MATLAB R2016a was used to generate spider plots demonstrating the
effects toxicity of silver species to E. densa. These plots summarize the effects of
silver species on E. densa and allow for connections to be drawn between
physiological parameters.
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Figure 28. Spider plot demonstrating the effects of silver cations on the
physiological parameters studied in Egeria densa. Data was normalized to the
control (0 ppm Ag+) exposures.
Figure 28 shows that silver cations have a significant, dose-dependent effect
on the photosynthetic pigments (chlorophyll a, b, and carotenoids), lipid
peroxidation, flavonoids, and percent chelating. This is expected because the
cations enter the cell through ion channels, normally used for sodium and copper
(11). The declines in chlorophyll indicate that there is significant stress on the
photosynthetic system, likely due to the induction of singlet oxygen and inability of
the carotenoids to quench its production (65). Further, degradation of the thylakoid
membrane by ROS (seen in declines in the carotenoids content) and the decline in
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lipid peroxidation suggests silver has adverse effects on polyunsaturated fats and
likely degrades these molecules. Additionally, a lesser decline in scavenging
potential is seen, which suggests that the plants have some antioxidant defense
mechanisms that can control the toxic effects of silver. An interesting adaptation in
E. densa was seen in exposures to cadmium ions, in which the plants developed
low molecular weight thiol-containing chelators that were used for detoxification
(32). There was not an increase in chelators during exposures, as seen by declines
in phenolics, chelating ability, and flavonoids, suggesting that these adaptations
were not stimulated by silver accumulation in E. densa. The declines observed in
chelating and scavenging suggest that there was significant amounts of ROS
generated and the equilibrium between ROS generation and free-radical scavenging
was interrupted. These results mirror those in P. crispus, with declines seen in
different major antioxidants involved in free radical scavenging (31). In addition,
the ability of the flavonoids to bond to silver cations has been observed, indicating
the antioxidant system can chelate and sequester some of the incoming silver
stressors (82). The effects on the ROS scavenging system and metal chelators are
expected, as silver cations act as sulfhydryl blockers in E. densa (23). The
interaction between silver cations and the cell membrane proteins increases the
permeability of the ions and lead to the activation of oxidative enzymes while
simultaneously triggering electrolyte leakage. To combat these effects, there are
some increases in soluble carbohydrates at lower exposures of silver cations
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because they control osmotic pressure in cells and play a significant role in
oxidative stress responses (55).
Overall, E. densa shows significant degradation in the presence of silver
cations because its ability to bond with sulfur and phosphorous on proteins,
enzymes, and DNA, which renders the cells inactive (12). The plants exposed to
silver cations accumulated the greatest concentrations of total silver in the
experiments performed, suggesting the permeability of silver cations was greatly
increased by the degradation of regulatory systems in the cell membrane and
subsequent induction of oxidative stress, which lead to the reductions in
physiological activity observed at concentrations of silver cations greater than 0.75
ppm. These highly toxic effects raise ethical questions about the proper disposal of
silver waste and demonstrate their negative effects on plants and the potential to
destroy the aquatic ecosystem.
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Figure 29. Spider plot demonstrating the effects of 2 nm silver nanoparticles on the
physiological parameters studied in Egeria densa. Data was normalized to the
control (0 ppm AgNps) exposures.
Figure 29 demonstrates the effects of 2 nm AgNps on the physiological
activity of E. densa. The effects of these nanoparticles are much different than
those observed for the silver cations because of different methods of translocation
into the cell. The plant must undergo endocytosis to transfer the nanoparticles into
the cell and, as seen by Glenn and co-workers, E. densa has a size-exclusive
mechanism that prevented the uptake of 4 nm gold nanoparticles (20). This
suggests that the toxicity of the 2 nm AgNps is solely due to the release of Ag+ into
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the cell and negative consequences of silver nanoparticles adsorbing to the surface
of the leaves. This theory is justified by significant increases in silver absorption in
the leaves. Further, photosynthesis occurs in the leaves, as they most directly
exposed to sunlight and the activity of the system is measured based on chlorophyll
content (43). The greatest declines were observed in the chlorophyll a and
carotenoid content in the leaves, which suggests there was significant oxidative
stress induced from the adsorption of silver nanoparticles to the surface of cells.
The nanoparticles can then directly release silver cations into the cell, deactivating
ion channels through unfavorable binding interactions and introducing significant
amounts of silver into the cell. The declines in scavenging and chelating can be
attributed to increases in singlet oxygen and free radical reactions due to stress on
the photosynthetic system. These changes also justify declines in phenolics and
flavonoids as antioxidant molecules. In addition to detrimental effects on the
photosynthetic system, there is an increase in lipid peroxidation at low
concentrations of AgNps. This is caused by the adsorption of AgNps to the cell
membrane, which degrades the extracellular membrane and generates reactive
oxygen species. This causes the degradation of lipids into maldondialdehyde and
other, short hydrocarbon chains and may increase the nanoparticle content in plants
(31, 55, 59). Changes in carbohydrate content also support observations that the
photosynthetic system is degrading, as starch and other carbohydrate molecules are
necessary to counteract increases in osmotic pressure and maintain homeostasis.
Therefore, it is probable that extracellular binding of 2 nm AgNps to cells caused
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an increase in oxidative stress, interfered with the photosynthetic system, and
caused declines in carbohydrates and antioxidants.

Figure 30. Spider plot demonstrating the effects of 15 nm silver nanoparticles on
the physiological parameters studied in Egeria densa. Data was normalized to the
control (0 ppm AgNps) exposures.
Figure 30 shows the effects of 15 nm AgNps on the physiological condition
of E. densa. There are significant declines in the chlorophyll a and b content, as
well as the carotenoids, demonstrating devastating effects on the photosynthetic
system. These effects are likely caused by the same mechanisms as seen in the 2
nm AgNps; the particles adsorb to the surface of cells and release silver cations into
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the cells and cause significant damage to the mitochondria and respiratory chain.
Glenn and co-workers observed that E. densa does not absorb 18 nm gold
nanoparticles, as was seen in the 4 nm exposures, likely because these particles are
significantly larger than the pores on the surface of plants (20). The declines in
physiological parameters are similar to those seen in the silver cations exposures
(Figure 28), which further validates the concern that these particles are solely toxic
because of the release of Ag+. Further, the total silver absorbed by E. densa was
lower than the quantity seen in Ag+ exposures. Finally, if the nanoparticles
penetrated the cell wall, there would be an unrestricted flow of silver nanoparticles
into the cell and significant damage to the leaves and photosynthetic system, on par
with that of the silver cations or even greater. The effects of ROS generation show
some increases in carbohydrate concentrations, which suggests the particles did
affect osmotic pressure in the cell and some silver was sequestered. Finally, the
scavenging ability remained relatively constant, which indicates that the generation
of ROS was reasonably controlled by the antioxidant response system. The declines
in phenolics, flavonoids, and chelators, however, does suggest that the introduction
of significant heavy metal stress by silver required sequestration and detoxification
pathways in an effort to preserve the integrity of the plant. Because there is a
significant decline in lipid peroxidation in these exposures, as well as antioxidants,
it is likely that E. densa cells generated excess reactive oxygen species. An
imbalance in ROS production and quenching would cause the degradation of
antioxidants and photosynthetic pigments seen here.
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Overall, the greatest concentration of 15 nm AgNps (1.25 ppm) affected the
photosynthetic pigments more significantly, compared to the 2 nm AgNps. This
was likely because the particles adsorbed to the exterior of the leaves and
interactions between the AgNps and antioxidants and exterior proteins interfered
with photosynthesis. The declines in other components, such as phenolics,
flavonoids, scavenging, and chelating can also be expected, as the plant cannot
produce enough antioxidant molecules to counteract the oxidative stress caused by
the adsorption of nanoparticles.
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Chapter 4
Conclusions
Experiments successfully demonstrated the acute toxicity of silver species
to E. densa. It is evident that the plants are able to absorb silver cations and silver
nanoparticles from their aqueous environment, but there are detrimental effects to
the plants’ overall health by the overproduction of ROS and induction of significant
oxidative stress.
Silver nanoparticles were characterized using TEM, DLS, and UV-Visible
spectroscopy. Dissolved silver cations in the AgNps solutions were measured using
UV-Visible spectroscopy. After two days in 10% Hoagland solution, the 2 nm
AgNps aggregated and released 44% of its total silver content into the water
column. The 15 nm AgNps degraded into 8 nm particles and released 51% of its
total silver content into the water column under the same conditions. These changes
demonstrate that the nanoparticles are unstable in Hoagland solution. This is likely
because the AgNps are not coated with an organic substrate and are prone to
sulfidation and chlorination by anions in the water column (87). These
transformations impact the physical and chemical stability of the AgNps and reduce
their toxicity in short-term exposures. Characterization of these particles was
necessary to determine the effects of the water column on their properties.
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When the AgNps were exposed to stalks of E. densa, changes in the 2 and
15 nm AgNps UV-Visible spectra were observed. This was most prevalent in the
15 nm AgNps, as there was peak broadening and declines in absorbance at the
characteristic λmax for these species. This suggests that interactions between the
AgNps and the natural organic matter in the water column can cause the particles to
aggregate, breakdown, or become coated in these materials (10). These interactions
have adverse effects on the toxicity of AgNps, as the natural organic matter can
cause adsorption to cells or stabilize large aggregates of particles. The effects of
size on AgNps have been described as follows: AgNps less than 10 nm are
significantly reactive and are largely toxic due to the release of Ag+, whereas larger
AgNps heave a greater stability and the interactions between cells and AgNps
become the predominant source of toxicity (87).
As seen in silver species removal studies after 48 hours, there was greater
than 85% removal of silver cations from all treatment solutions and greater than
70% AgNps removal from solution in 0.25 ppm total silver exposures. These
results suggest that E. densa can accumulate significant amounts of total silver.
This also indicates that natural processes affecting engineered nanoparticles are
capable of aggregating and precipitating AgNps, which reduces their toxicity and
bioavailability. The significant removal of silver species after two days by E. densa
suggests that it can be used for phytoremediation of silver. However, as seen in
studies with E. densa in low concentrations of gold nanoparticles, the nanoparticles
are not translocated into the cells because of salinity control (20). In our
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experiments, confocal fluorescence imaging was used to identify the silver
nanoparticles in the cells. The resolution was insufficient in identification of
nanoparticles in the cells, and most of the data obtained demonstrated the negative
effects of silver species on chlorophyll fluorescence. Further tests should be
performed to verify that E. densa absorbs silver nanoparticles before it is
recommended for phytoremediation of these species. As described by Glenn and
co-workers, gold nanoparticle uptake and toxicity depends on the size of the
nanoparticles and plant species, suggesting these effects may also be true for silver
nanoparticles.
The total silver absorbed was greatest in the Ag+ exposures, which validates
claims that the free silver ion is the most toxic form of silver (12). The effects on
the plants were devastating at all concentrations studied, as seen by chlorosis in the
leaves and declines in antioxidant pathways. The induction of oxidative stress,
generation of large quantities of ROS, changes to the mitochondria and
photosynthetic system, and electrolyte leaking were evident in the parameters
studied. The significant oxidative stress on the plants at high concentrations of Ag+
and dose-dependent increases in silver content in the stem tissue demonstrates that
these changes were significantly damaging to the plant’s physiological activities.
The toxicity of silver cations stems from its ability to enter cells through ion
channels, situated throughout the cell membrane, which act as salinity control and
maintain delicate balances between nutrients in the cell. The introduction of silver
cations through these pathways leads to saturation in the cells, damage to the DNA,
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lipids, proteins, enzymes, and antioxidants (such as phenolics, flavonoids, and
chelators). The damage incurred to the cells was dependent on the silver cations
exposure in the water column. It should be noted that these tests serve as a positive
control for silver toxicity, and that it is highly unlikely that these species would be
present in the excess observed in these experiments. Further, natural processes,
including oxidation, sulfidation, chlorination, and sedimentation would
significantly reduce the bioavailability of these species. In addition, natural organic
matter can reduce silver cations to silver nanoparticles in environmentally relevant
conditions, and the aggregation of silver to form the particles can result in natural
precipitation (88).
The 2 nm AgNps showed a lesser accumulation of total silver compared to
the silver cations. Based on the sizes of the AgNps, it is assumed that they are
significantly reactive and aggregate upon exposure to the water column. An
additional concern is that these particles are highly toxic because of the release of
Ag+ from the instability of these particles. In nature, these silver cations would be
precipitated through natural methods, but there is still a risk for the uptake of these
species in the stem and roots of the plants. Because E. densa accumulates silver
cations, there are greater risks associated with exposure to small AgNps. The
combination of silver cation uptake and aggregation of the particles can have
significant effects on the photosynthetic system, as seen in our studies. The
nanoparticles likely aggregated on the surface of leaves, as they are orientated
about the stem to maximize sunlight exposure. This allows for the release of Ag+
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into the cells and degrades extracellular membrane protein and regulatory
molecules. The significant increases in silver absorption in the leaves of these
plants (as opposed to the stem, as seen in Ag+ exposures) further validate this
conclusion. Further, in the 0.25 ppm AgNps exposure, there was a significant
increase in lipid peroxidation, suggesting the effects of nanoparticle adsorption to
the cells stimulated the accumulation of ROS and degradation of important
biomolecules, such as polyunsaturated fats. The changes in carbohydrate content
suggest that at 0.25 and 0.5 ppm AgNps, there were attempts to prevent electrolyte
leakage and control silver intake, as soluble carbohydrates act as osmotic pressure
regulators (55). In exposures greater than 0.75 ppm AgNps, there were declines in
carbohydrate content and antioxidants. These results indicate that the equilibrium
between ROS generation and quenching was hindered by silver chelation and
sequestration.
Toxic effects were also observed in exposures to the 15 nm AgNps. The
total silver absorption was similar to that of the 2 nm AgNps. The particles were
capable of inducing oxidative stress and caused declines in photosynthetic activity,
likely due to the adsorption of AgNps to the surface of the leaves. There were
significant increases in silver absorption in the leaves compared to the stems, which
suggests a similar method of translocation into the cell as the 2 nm AgNps, i.e. by
releasing silver cations into the cell. There were substantial declines in the
chelating system, as seen in the Ag+ exposures, suggesting the 15 nm AgNps
generated significant quantities of ROS through the release of Ag+ and direct
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interactions between the cells and nanoparticles (21). The declines in lipid
peroxidation suggest that these nanoparticles, like the silver cations, directly
degraded lipids membranes. Further, the increase in carbohydrate content by 150%
in the 1.25 ppm 15 nm AgNps exposures suggests there was significant electrolyte
leakage and shifts in osmotic pressure due to oxidative stress. Finally, the 125%
increase in phenolics in the 0.25 ppm 15 nm AgNps exposures demonstrates the
detoxification mechanisms present in plants against heavy metal toxicity.
The dose-dependent toxicity of silver species demonstrates that, while
natural sedimentation, sulfidation, aggregation, and oxidation mechanisms reduce
the bioavailability of silver nanoparticles and cations, there is still substantial
damage to E. densa. Plants play important roles in the ecosystem as primary
producers and any effects on these species can be magnified throughout the food
chain. As seen in the degradation of E. densa over a one week exposure period, as
well as significant toxicity of silver species to other aquatic species, silver species
discharges into waterways must be better regulated and monitored to preserve our
ecosystem. The EPA set standards for silver releases in the 1980s following the
proliferation of silver halides in the photographic industry, but the advancements in
nanoparticle synthesis and application over the past 10-15 years indicates that
policies must be revisited to prevent permanent damage to our waterways. The
size-dependent toxicity of silver species observed here and in other experiments
indicates there are a variety of silver species that affect aquatic life. The risks of
silver nanoparticles are not only environmental concerns, though. Other
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nanoparticles in high concentrations in the environment include titanium dioxide,
silica, zinc oxide, and carbon-based (i.e. nanotubes, fullerenes, etc.) nanoparticles
(4). With the increasing usage of nanoparticles in consumer products, the effects of
these particles must be evaluated on model aquatic organisms. It also raises ethical
questions about discharges of nanoparticles into our environment and suggests that
interactions with the natural organic matter and aquatic life in freshwater and
marine systems can be detrimental. Therefore, the toxicity of metallic nanoparticles
must be evaluated in order to prevent significant damage to the ecosystem. Further,
modeling the effects of nanoparticles in the environment in terms of size,
precipitation, free ion release, and changes to polymers and organic coatings can
provide insight into the bioavailability of nanoparticles and their toxicity. Finally,
by studying and understanding the mechanisms of toxicity in each type of
nanoparticle, we can develop metal-specific solutions to nanoparticle pollution in
the environment and preserve the integrity and biodiversity of our waterways for
future generations.
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Appendix
Statistical Analyses
Statistical analyses are important for interpreting data and drawing
meaningful conclusions between variables. This appendix explains the purpose of
each test used in our data analysis. Overall, parametric tests, such as the t-test and
ANOVA, are preferred to non-parametric tests because parametric tests compare
the means, whereas non-parametric test compare the medians. Parametric tests rely
on assumptions in the experimental design and the data collected, and the
requirements for non-parametric tests are less stringent. In cases where the data
does not meet the assumptions of parametric tests, the data can be transformed
using a mathematical function, such as a square root, log, or natural log, depending
on the data collected. We assumed a 95% confidence in all differences observed
(i.e., p < 0.05). For more information about statistical testing for biological
purposes, review Introductory Biological Statistics by Hampton and Havel1.

1

Hampton, R. E.; Havel, J. E. Introductory Biological Statistics, 2nd ed.; Waveland
Press Inc.: Long Grove, 2006.
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A.1. Terminology


ALTERNATIVE HYPOTHESIS: hypothesis that is a difference between
the control and treatment groups (p < 0.05).



HOMOGENEITY OF VARIANCES: assumption of parametric tests that
variance of treatment groups are equal.



NORMALITY ASSUMPTION: assumption of parametric tests that the
residuals are normally distributed about zero and that data follows a
Gaussian distribution.



NULL HYPOTHESIS: hypothesis that there is no difference between the
control and test group(s) (p > 0.05).



P-VALUE: probability that the null hypothesis can be rejected. In this
study, p < 0.05 was used to reject null hypotheses. A p-value of 0.05 means
that the null hypothesis can be rejected with 95% confidence.



PARAMETRIC TEST: general term for statistical tests that use the mean as
the measure of average. Parametric tests assume that the residuals are
normally distributed and the variance in each data set is equal. If these
assumptions are violated, there can be false positives in the results.



RESIDUAL: the difference between the average of a treatment group and
an individual measurement of that group. Parametric tests rely on the
assumption that the residuals are normally distributed about zero.



STANDARD ERROR OF THE MEAN (SEM): standard deviation divided
by the square root of the number of observations. This is commonly used in
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plots because it is considered a more accurate representation of variation in
biological samples than the standard deviation.


VARIANCE: standard deviation squared.

A.2. Assumptions of Parametric Tests
In order for parametric tests to be used for data analysis, data must be
normality distributed and have equal variance between treatment groups. We used
the Shapiro-Wilks normality test to determine the normality of residuals and
Levene’s test for equality of variances.

Shapiro-Wilks normality test
The normality assumption is tested with the Shapiro-Wilks normality test,
in which p > 0.05 signifies data does not deviate from normality. The ShapiroWilks normality test is reported with a test statistic, W. W = 1 signifies that data
follows a perfect normal distribution.

Levene’s test for equality of variances
The assumption of equal variance is tested with the Levene’s test, in which
p > 0.05 signifies that there are no significant differences in the variances between
treatment groups.
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A.3. Analysis of differences between treatment groups
Student’s t-tests
The student’s t-test is used to compare the means of two groups of data. The
result of this test can determine if two means are statistically equivalent or
significantly different. If p > 0.05, then the means are not significantly different
from one another. In contrast, when p < 0.05, there are significant differences
observed between the means at the 95% confidence interval.

One-way ANOVA
Analysis of variance (ANOVA) is a parametric test used to compare three
or more treatment groups. ANOVA is used for comparisons between multiple
variables because it replaces the need for independent t-tests to be performed
between groups and reduces statistical errors that arise from separate, multiple
comparisons. ANOVA reports a p-value that represents the statistical similarity of
the two samples that have the greatest difference in value in the groups analyzed.
Therefore, a post hoc test must be performed after ANOVA to determine
differences between two individual treatment groups. If p > 0.05, then there is no
difference between any of the treatment groups and a post hoc test does not need to
be performed.
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Post hoc test for ANOVA (Tukey’s multiple comparisons of means)
Tukey’s multiple comparisons of means (also called Tukey honest
significant difference, HSD) is a post hoc test that provides p-values for differences
between treatments. A 95% confidence interval was used.

A.4. Correlation Analyses (Pearson’s product-moment
correlation)
Pearson’s product-moment correlation provides a sample correlation
coefficient, r. The r-value ranges from -1 to +1, and indicates a perfect negative or
positive correlation, respectively. P < 0.05 indicates a significant correlation
between data. The r-value and p-value associated with the correlation is reported.
For reference, an R2, or correlation coefficient, commonly used in plotting data in
Excel is the r-value squared. The r-value describes positive or negatively correlated
data, depending on the sign of r.

A.5. Reporting p-values
Generally, p > 0.05 signifies that there is not a difference between
treatments and p < 0.05 signifies a difference between treatments. P can also be
reported as p < 0.01 or p < 0.001, when applicable.

