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Abstract

Phytotoxicity of Silver Species tegeriaDensaand Applications to
Phytoremediation

by
Leonard James Bernas
Major Advisors: Kurt WinkelmannPh.D., Andrew Palmer, Ph.D.

Silver species pose a significant threat to aquatic ecosystems d#oaus
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 environmé&gferia dens4dE. densaalso
known astElodea densg a commorfreshwatersubmerged macrophyteas
exposed to .25 ppm silver cations and 2 and 15 AgNpsin an aqueous
environment for 7 day€. densavas chosen for this study because it is afast
growing aquatic organisnit is alsocommonly used to monitor water quality and
heavy metal accumulation and toxicityplants Silver is toxic to aquatic
organisms and the effects Bndenséave not been stlied in detail Effects were
characterized based photosynthetic functigripid peroxidation, soluble
carbohydrates, total phenolics, total flavonoids, percent scavenging, percent

chelating, andotal silver absorption.



Silver cations appeamnoretoxic to the plants becausleeyenter cells
through ion channels and generate reactive oxygen species (ROS), which induces
oxidativestresghroughout the plant. Declines were observed in all of the
parameters studied, demonstrating the deleterious effeats ain plants. The
nanoparticles were mainly adsorbed to the exposed leaf surfaces on skalks of
densaand the 2 nm AgNps induced significant lipid peroxidation at low
concentrations of AgNpg hiscaused declines in photosynthesis, as seen by the
degradtion of chlorophylla and carotenoids'he15 nm AgNp exposureshowed
similar effectso the 2 nm AgNp exposures, but also caused daneepe
antioxidantresponseystem. Because of similarities to the"Axposurs, the
mechanism of the 15 nm AgNp toity was attributedo the release of silver
cations from the nanoparticles adsorbed to the surface of the celledisilver
cationscausedlosedependent increase silver content in the stem tissue,
whereas thé&gNp exposuresausedncreases silver content in the leaves,
demonstrating different mechanisms of translocation into the plants.

Silver removal from solutions was also monitored for 48 houtise
presence oE. densaThere was 8% removal of theAg” after 48 hoursn 0.25and
0.5ppm Ag" exposurs, and over 70%emovalof 2 and 15 nm AgNps at like
concentrations. These results demonstrateBhdensacan remove silver frorits

aqueous environment and serve as an effective phytoremediant.
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Chapter 1
Introduction

1.1. Introduction to Nanotechnology

Nanotechnology is the study physical and chemicahteractions on the scale
of 1-100 nm, a size range in whienatter possesses distinct properties from both
individual atoms and bulk particle®ne of the most distinctive properties of
nanoparticles is the significant increase in the sufas®lume ratio, compared to
that of bulkmaterialsor micro-particles.The differences inteemical and physical
propertiesonthe nanoscale can improve catalysis, tensile strength, and thermal and
electrical conductivity{1). Common uses for nanomaterials include medicinal and
pharmaceutical applications, environmental reiagzh, consumer products,
energy, and electroni¢®). Engineered nanoparticles are becoming increasingly
common because manufacturers can-fime the chemical and physical properties
for specific applicationgn consumer and commercial produ¢t¥ Though there
have been many advances in engineered nanopastiothesis and applicatign
there are also nanoparticles present in the environment, snah@scale carbon
structures irsoot(2). The increased understanding of how nanopatrticles form and

their properties has greatly increased their applications to everyday life.



Nanoparticles are divided into categofesedon its chemicalcomposition
Metallic nanopatrticles in particular, such as those containing silver, titanium,
cerium, zincor otherheavy metals, have different effects on biological organisms
depending on thmetal(3). The most common nanopatrticles in the environmant,
terms of concentration in surface water, include titanium dioxide, zinc oxide, silver,
and carborbased nanoparties(4). Overall, the introduction of these nanopatrticles
into organisms is typically damaginghe most toxic nanopatrticles in nature
include silver nanoparticles (AgNps). These nanoparticles havarmeporated
into 24% of almost 2,000 consumer producbntaining nanoparticl€s). Silver
nanoparticlehave diverse applications and are becoming roonemon in
industrial processeprimarily because of superiantimicrobial capabilities
towardsantibioticresistant strands of bacte(@& 7). These prperties have led to
increased uses of silveanoparticlesn medical devices, such as cathetersdical
dressings, and textil€6). Though silver has been used as an antimicrobial agent
since as early as 1000 BCE, there have Bagnificant advances in
nanotechnologgince 1965 sincthe first paper describing small silver particles
(now called nanoparticlesjas published8). In 2015 alone, there were over 6,500
papers published describinges and synthetic methods for Aghipsnedicine,
toxicology, catalysis, and other major fields of science, indicatiegdiversity of

applications of AgNps.



1.2. Silver in the Environment

Although the U.S. Environmental Protection Agency (EPA) has regulatéd Ag
release since 1980, the growing use of AgNps ovepdke1015 years requires
that the environmental impacts of these particles be thoroughly examined to
determine their longerm effects on our waterways and aquatic ecosysf@mns
Sources of silver pollutants include waste from natural leaching, mimdgha
photography industry. While silver salt discharges into the environment have
decreased, silver toxicity remains a concern due to their increased use imeonsu
products. The fate of AgNps has been estimated based on models in aquatic
systems, anchdicate adverse effects depending on natural organic matter
concentrations, ionic strength, and electrostatic effects between nanoparticle
coatings andhewater compositiorf10). For example, the oxidation of AgNps can
also contribute to silver cation coentrations in water.

The presence of silver species in the environment, particutetthe water
supply, can result in bioaccumulation across multiple trophic levels with potentially
toxic effects. While plants can be used for phytoremediation of Spemies, 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
below1.2-13 ppb (depending on Ca@@oncentration) to limit the impacts on
aquatc life (9). In addition, aquatic ecosystems are prone to silver contamination
because of its increased usenanufacturing items such as soaps, textiles, and

plastics(11). While accidental discharges of silver compounds have dedined
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the 1970s, its estimated that1,000tons of silver are released irftts oceangach
yearthrough natural weathering proces§®s Of the silver released, silver nitrate
is the most toxisilver specidecause of its dissociation into A@ther silver
species havbeen identified as less toxic because they are largely insoluble,
includingsilver chlorides and silver sulfid¢$2). An additional concerof
increased Agin the water columis the interaction between cations avatural
organic matter (NOM), which isapable ofeducing the dissolved silver
nanoparticles and forming a protective coalhglO, 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 ofAgNpsis highly studiedn models of dissolution, aggregation,
sedimentation/precipitation, and sulfidatid@®). In high ionic strength solutions,
such as marine environments, stericaligbilizedAgNps canaggregate less than
chargestablized AgNps. The bioavailability of stericalstabilized AgNps is
increased by resistance to aggregation and sedimentation techniques employed in
nature Additional interactions include adsorptibmNOM or sedimentyhich
promoesaggregation and increasthe bioavailability of AgNps to sediment
dwelling organismg10). Silver cations can have similar effects in precipitation
reactions with chlorides, sulfidemndthiols, andin theaggregation oAgNps
coatedwith NOM. Increased understanding of nandjaée behavior has led @

greater focus on the effects of these particles on ecosystems.



1.3. Silver Toxicity to Plants

Silver nanoparticles and Adpave distinct mechanisms of toxigityut both
are lethal to a variety of organisms, including bact@fents, animals, and fish
(11, 14) Silver species can damage the cellular structure and organelles through
unfavorable binding interactions, primarily with sultmntaining compoundd.5).
Further, sizebased translocation of silver species is attridhtibedifferences in
toxicity between Ag, insoluble silver salts, and AgNgk1, 19. Insolublesilver
complexes with chlorides, sulfides, thiols, and dissolved oxygen are formed in
wastewater, resulting in low fre%g” concentrations andecreasinghe
bioavailability and toxicity of Ag (16).

Silver cations enter the cell through transmembrane sodium and copper ion
transporters and can accumulate in organidrhs These cations inhibit respiratory
enzymes, induce oxidative stress, and bind to molecalgsiaing sulfur and
phosphorou¢l5). Silver species exhibit a strong affinity for thiol groups
proteins and enzymes, causing the inactivation of these macromolecules due to
formation ofsilver-sulfidebonds(17). These effects are believed to be causg
adsorption to negatively ahged cell walls, as se@nbacteriawhich causes the
deactivation of enzymes and changethapermeability of the cethembrang16).
The introduction of A§into cellsalsoinduces 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 routeshave been proposeth general, e pore diameter in the cell wall
of plantsranges from 20 nm, indicating that particles less than 20 nm can enter
through poreg19). In studies of gold nanoparticle toxicityE. densait was
suggested that the poreeas excluded particles greater than 5 nm, based on the
translocation of 4 nrgold nanoparticles intother macrophyte@0). It has been
suggested, however, that pores can be enlarged to transport engineered
nanoparticles into the cell, which increasesapamticle uptakél19). Alternatively,
AgNpscanenter the cell through endocytosis, caused by the invagination of the
plasma membranén the translocation througtiffusion (in the case of poreahd
endocytosisvesicles form and disperse particles thytoaut the cel(11). Once in
the cells, thananoparticleganbindto organelles in the cytoplasm and interfere
with metabolic activity(19). Included in these effectstise interaction between
AgNps and membrane proteins, the activation of signalingyaathy and
reductions of celteproduction(21). AgNps accumulate arourtde mitochondria
disruptingATP synthesis, damagy DNA, andcausng declines in cellular
respiration(21). These effects have been observed in the duckiveeaha gibba
exposed to Agls(22). It is suggested that the capacity for antioxidant defense in
plants is degraded by silver stress, as glutathione and sulfhydryl groppsteins
are significantly damaged because of the strong affinity for ssiuiide binding
(23). The assoaition of AgNps with the active sites of proteins has been observed

in the bacteri&scherichiacoli and suggests that, dependingtio@ coating orthe
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nanoparticlesassociations with proteirtan decrease or inhibit enzyme and protein
activity (24). Interactions between silver and cysteiasulfur-containing amino
acid, is considered the cause of protein degradation, as silver binding induces
protein unfolding and altexverallfunction(21). Finally, damage to the
photosynthetic system can bausedy absorption ofAgNpson the surface of
leaves(19). Becausé. densads a submerged aquatic macrophytelgts/es are in
direct conact with heavy metals ithewatercolumn The accumulation of
nanoparticles on the photosynthetic surface (i.e. the lpeemdts inthe
obstruction of the stroma and causes declines in photosynthesis, resulting in
physiological dysfunction

An additional concern oAgNp toxicity is the release of free Agnto the
cell, caused by unstable nanopartict&i$ser nanoparti@dscanadsorkto the cell
walls of bacteria. Further, ayg* released due to the oxidation of the
nanoparticles hasgreaer likelihood of entering the cell through ion transporters
and disrupting homeostagikl, 29. There has been debate on whethenr#tease
of Ag" is the dominating factor in silver toxicity, or if the particles can enter the
cells and induce toxicity througimfavorable binding interactions about proteins
and themitochondria Recently, it has been confirmed that the dissolved Ag
concentration in water impacts the toxicity of silver nanoparticles to the copepod
Daphnia magng25). However, in gold nanopatrticle studies, it was shown that
there were many factors influencing the absorption of gglchacrophytes,

including salinity toérancethe size of the nanoparticles, and ithgividual plant



8

specieq20, 29. This suggests that differences in the cellular structure between
plants and animals may have some bearing on the toxicity of AgNps.

The additionafactor of AgNp size has beestudied in various organisms,
including algae, angnpacts their toxicityFor example, AgNps less than 10 nm
are highly reactive and the effects are different from particles greater than 20 nm
(27). Theeffects of 10 nm AgNps oB. colisuggesthat thee isa greater
bioavailability of silver cationgo the cell because of dissolutionthegeneral
vicinity of the cell membrand he interactions between these small nanopatrticles
and cells suggest possibilities for translocatlarcontrast, larger Agps
demonstrate toxicity through the release of Ao the solution mediaThe results
of thelarger AgNps experimentgree with the findings of Shen andworkers
(25). It should be notethat studies were also performed on 10 nm AgNpslaad
toxicity of these particles tb. magnawas due free silver cations in solution,
suggesting the effects of AgNpsedependent oboththe test organism and size
of AgNps.These findings are consistent with those of Glenn andar&ers in

gold nanoparticle exposes to macrophytg&0).

1.4. Oxidative Stress Responses in Plants
Oxidative stress is triggered lyvariety of biotic and abiotic/environmental
factors including excessive heavy metal accumulaterobic respiration in the

mitochondria, chloroplast, ameroxisomes involv&the use omolecularoxygen



to perfam critical cellular activitieselated to the production of energy and
physiological activity in plant@8). Intermediate molecules in these pathways
include superoxide (£ and hydroxyl radicalsas well as hydrogen peroxi(9).
Imbalancesn the photosynthetic system can cause excessive generasioglet
oxygen which carbe toxicand causeell death(30). This stress islleviatedby
carotenoids, which act as quenchers for these readiwichainbreaking

antioxidantdn free radical reaction@9). Both enzymatic and neenzymatic

methods of detoxification are present inni$ato counteract thgeneratiorof 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
overproductiorof ROS(31).

In cases where there are rapid increases in ROS spatiesidative burst
occurs, which is a cellular response to heavy metal accumulation. ROS can act as
signaling molecules in plants, which trigger cellular respotigesigh the mitogen
activated protein kinase (MAPKR9). The MAPK cascade can signal the synthesis
of metatdetoxifying peptidessuch as glutathione, pfttchelatins, and amines
Theseantioxidant moleculeare rich in slfur content, and combined with
metallothioneingcheldaors containing thiol groupsdhere is some protection
against heavy metal damage. As sedh.idensaxposed to cadmium in its

aqueougnvironment, there was increased synthesis of-tnathed cadmium
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complexing peptides and low molecular weight rmeltelatorg32). There are also
metallothioneins present in cells to regulate the intracellular concentrations of iron
and copper, involved in ROS detoxification through redox mechar{&ZesThe
regulation and increase in theseelatordndicates thaplants can sequestand

detoxify heavy metals.

1.5. Phytoremediation of Heavy Metals

Phytorenediationis a green method used to remove contamination from
terrestrial and aquatic environments based on the absorption and accumulation of
heavy metals and taxs in plantg33). A variety of aquatic macrophytes are used
for phytoremediation of toxic metals. There are diverse applications of
phytoremediation in aguatic systems, including thkameresting of toxins in plants
unaffected by heavy metal uptahytoextraction) and absorptitadsorption of
heavy metal or toxic contaminants by plamit systemgrhizofiltration). Both
applications effectively remove contaration from the ecosystem. The downside
is that the plants must be desiccated following theoxainof toxins from terrestrial
or aquatic environmen{84). The advancements in understanding organism
specific removal of contaminants from ecosystems led to the incrapphkcations
of phytoremediation to environmental problems and shows great @réonis
polluted waterway$35). Thediversity and availability of fredoating, emergent,

and submerged aquatic macrophytes m#kesattractive for removal of different
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contaminants in aquatic systems including heavy metals, organic and inorganic

pollutants, radioactive waste, antherpollutants(36).

1.6. Selection ofEgeria Densdor Silver Species
Absorption and Toxicity Studies

E. densdas acommon waterweed and can grow rooted or floating in
freshwaterThis property makeE. densaan attractive optin for heavy metal
accumulatiorstudies and phytoremediation because of absorption of metal through
its roots, leaves, and stem sysseffurther, it is a model for water quality
monitoring ancheavy metal toxicity studig82). E. densaan accumulate a
variety of different metals, includingrsenic, aluminum, cadmiurhromium,
copper, copper oxide nanoparticles, gold nanopartiead, manganeseickel,
and zin(20, 32, 3740). Exposure oE. densao cadmiumcausedncreases in
heary metal phytochelins and low molecularveight chelators, which suggests the
ability of the plants to respond effectively to significantly toxic heavy més2ls
Because silver cations are extremely toxic to organisms, like mercury and
cadmium, and there is a strong aitfy for silver-sulfur binding, there is a potential
for detoxificationof silver species through chelatidsnderstandinghetoxicity of
silver specieso modelaquatic waterweeds, like. densacan provide insight into

the environmental consequencesibfer speciesccumulation
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1.7. Objectives

The overall goal of the project was to determine the effectiveness of silver
species accumulation . densaafter 48 hours (objective 1) and characterize its
toxicity after a onaveek exposure period (objects/2 and 3). At the end of these
exposures, data was analyzed using appropriate statistical analysis to determine the

effects of silver or. densgobjective 4). The objectives are descrilbetow.

Objective 1:Determine the effectiveness of siharecis removalby E. densa
after 2 days
a. ExposeE. densao different concentrations ailver specieg0-1.25

ppm)and measure the remaining silver contarwater samples.

Objective 2:ExposeE. densato 0-1.25solutions of Ag, anduncoated® and15
nm AgNps.
a. Determine stability of AgNps in@26 Hoagland solutioto
determine the effects of Hoagland solution and natural light on the
AgNps.
b. Performthree totatl-week phytotoxicity assays:
i. Replace Agand AgNp solutiongvery other dajo provide

exposure to aonstant concentration of silver species.
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Objective3: Characterize effects sflver species ort. densa

a. Measure concentrations of chlorophglichlorophyllb, and total
carotenoids in leaves. Determine ratios of chloropdfdland total
chlorophyll/arotenoids.

b. Measure totasilver absorption irwhole plants|leavesand stem.

c. Measureosmotic pressure regulation bgluble carbohydrates.

d. Measure oxidative stress using lipid peroxidation assay.

e. Measureantioxidant responsessingpercent chelating, peent

scavenging, total phenolic and flavonoid content.

Objective4: 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. Chemicalsand Materials
Egeriadensavas pur chased from Nahackyds Aqu:
and grown iraerateddechlorinated tap water for at least 1 wee# axposed to
light for 14 hrs per dapefore testingDuring phytotoxicity tests, stalks dt. densa
were grown inlOwt%eHoagl anddéds No. 2 Basal Salt Mixt
and micronutrient§pH 5-6; Product No. HOPOB0 LT, Caisson LabsSmithfield,
UT), hereafter referred to as 10% Hoagland soluidr. The 0% Hoagland
solution corresponds to the following concentrations of nutri@&BuM
NH4H,POy, 4.63uM H3BOj3, 278.0uM Ca(NOs),AH,0, 0.03pM CuSQAH,0,
0.96 UM Ci.H1Fe015 200.0 M MgSQ, 1.44pM MnClAH,0, 0.01uM MoOs,
600.0 uM KNQ;, and0.07 uM Zn(NQ).AH,0. StockHoaglandsolution 3.26
gLHoagh nd 6 s b a s aih DI satel, ¢torrespondinguto 20@t%) was
storedat 4 € for no longer than 6 weekbsloagland solution was selected because
it can be used with a large variety of plants and growing conditions, is commonly
used in heavy metal toxicity experimemsdserves as a substitute for soil in water

systemsSilver nitrate §9.8%+, Arcos Organics)wad i ssol ved i n Hoagl a
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solution for Ag' treatmentsAqueous dispersions of silver nanopartiglésnm
(99.99%, Silver Nanoparticles Aqueous Dispersion, 2 nm, 2000ppm, Colorless and
Transparent, Stock No. US7150)cHL5 nm ©9.99%,Silver Nanopatrticles
Aqueous Dispersion, 1sim, 1000ppm, Mono Nanopowddiawny, Stock No.
US714Q 71 were purchased from théS Research Nanomaterials, .I{douston,
TX) and diluted prior to testing.
All chemicals used iphytotoxicityassays were reageot solventgrade.
Silver standard solution (1000 pprm% silver in 2% nitric acid, Fisher Scientific)
was usedo prepare standardisr flame atomic absorption measuremeMalipore

DI wat er wasluSed t prépare all solutions unless otherwise noted.

2.2. Experimental Design

Stalks ofE. densal2 cm in lengthwere grown in 50 ml test tubes with 50
ml silver solution(Ag*, 2 nm AgNps, o5 nmAgNps)in the Florida hstitute of
Technology greenhouse during the summer of 2P1i6r to exposure, the roots
were removed from the plants to prevent adsorption and variation in silver
absorptionPreliminary experiments showed minimal changes in stalk length after
1 weektreatmentsConcentrations of @.25, 0.®, 0.75, 100, and 1.25 ppm silver
speciesn 10% Hoagland solutionverepreparedAll solutionswere replaceeévery
two daysto maintain a constastlver concentrationSilver concentratiom the

waterwasmeasurediuring water changes determine the effectiveness and speed
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of silverabsorption bye. densa This also a@das a control against leaching of
silver intothewater.Additionally, the UV-Visible spectrum of each solution was
recordedo observeehangesn AgNp sizedistribution

After oneweek, plantsvereharvested for analysiStalks were dried for 1
hour at 110°Cthen ground in acivashed sand. When extractions were not
immediately performed, plantgere dried and ground in sand, tHeszen at-20 °C
overnight to prevent degradatiohbiomarkersFor silver absorption analyses,
stalks weresoakedn 0.01wt% EDTA (EDTA disodium salt dihydrate, 99%,
Fisher Scientificfor 30 mins to remove silver adsorbed to the surface of the leaves
and stemthen rinsedwith DI water. These plants were dried for 2 days ai/8b
°C.

Five biological replicates were performed for each silver concentration.
Control treatments were performed with each silver concentration to account for

differences irE. denséhealth Measurements were performed in triplicate.

2.3. Nanoparticle Stability Analysis

Silver nanoparticles (10 ppm) were dissolved in 10% Hoaglalion and
exposed to natural conditiomsthe Florida Institute of Technology greenhouse for
two days A higherconcentration o$ilver nanoparticlethan those studied in
phytotoxicity testavas used to ensure the silver nanoparticles were detectable by

transmission electron microscopyEM) anddynamic light scatterin¢gDLS). The
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greenhouse haslath/10hlight/dark cycle and is maintained at Z5. The particles
were evaluated d@he 0 and 48 hmarks todetermine if there wergignificant
changes in their physical propertdise to the salt matrix in Hoagland solutian
exposure to lightThe silver nanoparticlesere characterized ByV-Visible
spectroscopy, DLS for particle size measurememd TEM.Protocolswere

adapted fromthe literaturg13).

UV-Visible Spectroscopy

UV-Visible spectroscopyas performed using an Agilent Technology 8453
GA11034 spectronter (Santa Clara, CA) using a 1 cm pathlermgihrtzcuvette.
These measurements weerformed to comparde peak absorbance and full
width half max (FWHM) of particle solution3he spectravereblanked with 10%

Hoagland solution.

Hydrodynamic Radius Measurements

The hydrodynamic radiug§Z) of thenangarticles wasneasured using
Horiba Nanopartica SZ00 series Nanoparticle Size and Zeta Potential Analyzer
(Irvine, CA). For hydrodynamic radius measuremegts)l of nanoparticle solution
wasfilteredt h r o u g h dispoBable filterGlear, disposable plastic cuvettes
wereused for analysiand the chamber temperature was maintaaetb C. The

average ofife Z,emeasurements reported
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Particle Size Measurements

TEM imagingwasperformed usig a ZeissEM900 TEM,Carl Zeiss AG,
Oberkochen, Germahyo determine thsize of the silver nanoparticleSgNp
sol ut i owasadsdried te #0P sg. mesh copper gfidlectron Microscopy
Services, Hatfield, PPovernight.A small beaker was placewer the grids to
prevent rapid evaporation. At led$l picturesof the 2and15 nm AgNpswere
takenduring each exposure perioventyparticles were randomly selectedm
five TEM images (totaling 100 particles per analygigjetermine the size
distribution and identifychanges in sizeesulting frominteractions betweethe salt

matrix, light exposureand AgNps

Dissolved Silver Measurements

Dissolved silver cations in the silver nanoparticle solutions were measured
to determine the effects bfoagland solution on the AgN§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 (pregdrom 1000 ppm + 1% Ag
standard in 2% nitric acid, Fisher Scientific) was reacted with 0.6 ml pH 4 sodium
acetate/ acetic aci d b u-fettamethylbeazidide (TMB3 ml 10
99%+, Sigma Aldrich) in ethanol for 30 mins. The WAsible absobance was
measured using a 1 cm pathlength quartz cuvette. The absorbance at 656 and 534

nm was measured and the differencabsorbancevas used to prepare a
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calibration curve. The calibration curve was modeled by the equatior0¥71x
0.0991, B=0.980,where Y is the difference in absorbances¢Msss) and X is the
concentration of Agin solution in ppn. 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 Ags.

2.4. Analysis of Silver Content in the Water

Water changes were performed every two days to ensure a constant
exposure to silver speciédlater samples weigharacterized usingV-Visible
spectroscopy and flamaomic absorption spectroscoghatne AAS) to determine
the amount of silver that was absorligdthe plants or adsorbed to the surfase,
well as the interactions between silver and the pl@mtalyses were performed less
than 24 hours after water changes occurgamnples were kept in glagsls and

stored in darkness overnight until use.

Determination of Silver Content in the Water

Flame AAS (Perkin EImer AAnalyst 400, Waltham, MAyas used to
determinelie silver content in the wate8amples and standards contained 0.5%

nitric acid, whch was added to ensure the silver was dissolved.
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Monitoring the Effects of Plants on Silver Species using UVisible
Spectroscopy

Water samples were also measured ukivgVisible spectroscopySpectra
were blanked with 10% Hoagland solutidie 1 cm pthlengthquartzcuvettewas

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 wex, and dried for 2 days at Z0. Dry
plant material was dissolved in 5 ml 50% HN\®@ernight and heated in a 1@
water bath for @ hrs. Extract (1 ml) was diluted to 10 ml with DI water to make a
5% nitric acid solution.

Flame AAS was performed usiagPerkin Elmer AAnalyst 400 (Waltham,
MA). The absorbance at 328.07 nm with a 0.7 nm slit was measured, using 5%
HNO; as a blank. Standard solutions of 0, 0.3125, 0.625, 1.25, and 2.5 pug/ml Ag
were measured and standard curves were prepared for eadisanaly

Concentrations of absorbed silver are reported in mg/g DW (Equation 1).

6t O—0w (Equation 1)
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2.6. Physiological Activity Analyses
The toxicity of silver species waseasured bynonitoring changes in
concentrations gbigments and biological moleculeStandard procedures were

used to prepare calibration curves and extract molecules.

Photosynthetic Pigment Analyses

Photosynthetic pigments were extracted from the kea¥E. densaand
pigment concentrations were calculasatording to Lichtenthaléd3). Typically,
10-30 mg of dried leaveswasremoved from the stalks &. densaandground in
acidwashel sand with a mortar and pesi&.ound samples were transferredlb
ml plastic centrifuge tubes. Thel) ml ofcold 80% v/v acetone (20% watexps
added to each tub&amples were mixed by vortexing and incubate@GfC for 2
hours.The samples were vortexed again to homogenizsupernatant and
clarified by cetrifuging at 4000« g for 10 mins at 4C.

Pigment absorbance was measured at 470, 520, 647, 663, and 750 nm using
a 1 cm pathlengthuartzcuvette The peakat470 nm corresponds to the total
carotenoidsind xanthophylls647 nm is the chlorophyti amay, and 663 nm is the
chlorophylla amax The absorbance at 750 nm is used to correct for turbidity, as
pigment absorbance is 0 at this wavelength. Fintdlyabsorbance at 520 nm
should be<10% of the chlorophyl& peak which was used asquality cantrol

measurement for the control samp(é4).
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Lichtenthaler coefficientavereused to calculate the concentrations of
chlorophylla (chl a; Equation2), chlorophyllb (chl b; Equation3), total
chlorophyll (total chliEquationd), and total carotenoidsgnophylls and carotenes,
total car;Equation5) (43). Pigment concentrationserereported in mg g dry

weight(DW) (Equation6).

OBA — pR W € &) (Equation 2
OGA — c@To vP T (Equation3)
"Y€ OGN — @ OBA OGIA (Equationd)
oxyr N wu oy 8 8 .

Y€ 0@ — (Equationb)
WEED —Ow — 1} (Equationg)

Lipid Peroxidation Analysis

Lipid peroxidaton is measured based on the formation of thiobarbituric
acid reactive substances (TBARS) according to Heath and R4&eDry plant
material(typically 10-30 mg)was ground in acid washed sand and extracted in 5
ml 0.1wt% trichloroacetic aciq99%, Alfa Aesar)for 3 hrs at 4° CSamples were
vortexed in plastic centrifuge tubes before and after extractions and clarified by
centrifuging at 4000 g for 10 mins at 4 °CExtractions were performed
immediately after phytotoxicity testirtg preventthedegadation of

malondialdehyde (MDAJ)n plant samples
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The extract wathen combined witlan equal volumef 20 wt%
trichloroacetic acid / 0.@1% thiobarbituric acid 98% 2thiobarbituric acid,TBA,
Sigma Aldrich)and heated at 100°C for 25 migamples wex clarified by
centrifuging at 4000 g for 10 mins at 4°CThe absorbance at 532 and 600 nm was
measured using a 1 cm pathlengtlartz TheMDA-TBA complexh a s nmax@at o
532 nm(U= 155 mM*cm™) andthe measurement at 600 nm corrects for

nonspecific turbidityEquation?7). The concentration d¥1DA is reported in

pmol/g (Equation8).
6EE R tadéa o 0 G—— @ ¢ ao6a&  (Equation?)
66t —Ow 8 (Equationg)

Soluble Carbohydrate Analysis

Dried plant material (typally 40-50 mg) was ground in acMtashed 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 samptestak 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 g for 10 mins at 20 °C.

Carbohydrate concentrationvere determined based on a microplate
adaptation of the commonly used AnthréB@furic Acid method46). Briefly, 40

pl 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 mirfser, 100 ul 0.2% anthrone6®,

Alfa Aesar) in conc. sulfuric acid (96%, Fisher Scientific) was addeddb well

The platewassealed with Corning Inc. Costar Thermowell Sealing Tape (Corning,
NY) and heated at 90°C for 3 mirihe plates were cooled toom temperature

and the absorbance at 630 nm was measusied a well plate readekiplecular
DevicesSpectraMax i3 Microplate Read&unnyvale, CA A standard curve

using Dglucose (anhydrous dextrose, crystalline powder, Fisher Sciemdk)
prepaed, modeled by ¥1.1379X+0.0102, B0.98, where Y is the absorbance
and X is the concentration of dextrose in mg/nollule carbohydrates are repext

in mg/g DW dextrose equivale(Equation9).

v ;7 o\ T , . 8 8— 8 .
0OEew—0w - (Equation9)

Extraction and Analysis of Antioxidants for Free-Radical
Scavenging Flavonoids,Ferrous-lon Chelating, and Phenolics
Assays

Antioxidants were extracted based on the procedure described by Juan and
Cho(47). Plant material (25 mg) was ground in awidshed sand and transferred
to amicrocentrifuge tubevith 1 ml of 80% v/v methanol / 1% v/v acetic acid / 19%
v/v water. Antioxidants were extracted for one day in darkaessom temperature
after mixing by vortexingTubes were vortexed again, then centrifuged at 20,000 x
gfor 10 mins at 23 °CThe supernatant was transferred to another microcentrifuge
tube andstored in darkness. The plant sample againextracted with 1 ml 80%

v/iv methanol / 1% v/v acetic acid / 1984 water for one day, and supernatants
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were pooled. This extract was used for the phenolics, flavorfoegsadical

scavengingandferrousion chelating assays

Percent FreeRadical Scavenging

Freeradical scavenging was estimated based on the reaction between the
methanolic extract and a stable fr@glical molecule2,2-diphenyt1-
picrylhydrazyl (DPPH), according to Cheng, et(dB). Briefly, 100 ul 0.21 mM
DPPH (95%, Alfa Aesar) in methanol was reacted with 100 ul of methanolic
extract in darkness for 1 hour. Eighteen DPPH standards, consisting of 100 ul 0.21
mM DPPH and 100 pl 080% v/v methanol / 1% v/v acetic acid / 19% v/v water
extraction solution, were analyzed. Blanks consisting of 100 pl of methanolic
extract and 100 pl of methanol were analyzed to correct for interference. The
absorbance at 517 nm was measured using a microplate reader. The DPPH

scavenging effect was calculateccording to EquationQOL

YOOU QEOXXROMO p —— Ppnmnb (Equation D)

Total Flavonoid Content

Total flavonoid content was determined based the microplate procedure
described byHerald et al.(49). The ratios of reagents and final volume (250 pl)
remained consistent with the literatuBgiefly, 100 4 of 72mM (0.5wt%) sodium
nitrite (99.%9%6, Sigma Aldrich) was reacted with 25 plmaethanolic extract in a
well plate. After 510mins, 75 pl 0f 0.15 M @€ wt%) aluminum chloride

hexahydratéFisher Scientificyvas added to each platter an additional 5.0
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mins,50 ul of 1 M (4 wt%) sodium hydroxid€Fisher Scientificwas added to each
well. The absorbance at 510 nm was measusatga microplate readeA

standard curve was constructed with rutin (97%+, Acros Organics), modeled by
Y=0.0016+0.R87, R°>=0.999,where Y is absorbance and X is thwin equivalent
(RE) in pg/ml. The totaflavonoidscontent is reported in mg/g DWRE (Equaion

11).

6t —O0OnYO - % (Equation1l)

Percent Ferrouslon Chelating Activity

Transition metals, such as iron, catalyaefradical reactions, through
redox chemistry. Ferrotisn chelating activity can be used to detect changes in
these secondary antioxidants as a result of heavy metal stress. f@mronslating
is measur ed a casdaewdrkers@0). Briefly,KLoOml methanolic
extract and 50 pl 0.25 mM iron(ll) chloride (99%-+, FE&H,O, Sigma Aldrich)
reacted for 5L0 mins in a 96 well plate, then 50 pl 1 mM ferrozine (97%, Sigma
Aldrich) was added. Eighteen ¥etandards, consisting of 80% v/v methant¥d
v/v acetic acid / 19% v/v water extraction solution in place of plant extract, were
prepared. Blanks with 100 pl of methanolic extract and 100 pl DI water were used
to correct for interference. The absorbance at 562 nm was measured using a
microplate eader. The ferrou®n chelating activity was calculated according to

Equation 12.

6Ma O OOBEOMPQOp —— Ppnmb (Equation 12)
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Total Phenolic Content

Phenolic content was estimated according to Zlzugceworkers(51).
Briefly, 100 pl of FolinCi o c al t &realent (DN Sigma Aldrich) was
reacted with 20 pl of methanolic extract in a 96 well plate f&05nins. After
adding 7.5vt% NaCOs (99%+, Sigma Aldrich), plates were covered and
incubated at room temperature in darkness for 2 hrs. The absorbadCenat was
measured using a microplate reader. A standard curve was constructed with gallic
acid (99%, Acros Organics), modeled by0/0051%0.0158, B=0.996, where Y is
absorbance and X is the gallic acid equivalent (GAE) in pg/ml. The total phenolic
conent is reported in mg/g DW GAE (Equatit8).

. L 8 8— .
0¢¢& wg— Ow00 O - ) (Equation13)

2.7. Statistical Analysis

Statistical anlyses were performed using SPSS Version 23.0 (IBM, 2015).
More information about the analyses can be fourtieraopendix.

A st utetestnwvbstused to analyze the stability of the nanoparticles,
indicated byp > 0.05 Data is expressed as timeant standard deviation.

All phytotoxicityexperiments were performed with five biological
replicates. Data is presented as the mean + standara@ethermeanData was
analyzed for normality and homogeneity of variance using Shépird ks 6 and

L e v e n e,Gespedtivelgpt>9.05.The statistical significance of results was
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determined using oreay analysis of variance (ANOVA), followed by the Tukey
Honest Significance Tegt,< 0.05. Incases where data did not meet the
assumptions of ANOVA, a root transfoation was usedorrelations were

anal yzed usi ngMdmenCosffeciendr(s p<For0m d u c t
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Chapter 3
Results and Discussion

3.1. Silver Nanoparticle Stability Analysis
The AgNps were analyzed after a talay exposure to sunlight under
natual conditions Silver nanoparticles/ere characterized in 10% Hoagland

solution at 0 and 48 hrs.

Evaluation of 2 nmSilver Nanoparticlesafter 48 hoursin 10%
Hoagland Solution

The 2 nm AgNps show a significadifference in size between 0 and 48 hrs
in Hoagland solutionOverall, the particles are not 2 nm in Hoagland solution,
likely due to aggregation and electrostatic interactions with the nutrient
componentsThis is confirmed by the TEM images of the particiegrel). The
TEM images suggest ththere is significant aggregation of the AgNps at the start
of experimentswhich continues during thevo dayexposure tsunlight. The
larger aggregates were not included in TEM measurements because the edges of
particles are not cleam large clustersHowever, the aggregation of the particles
does suggest a natural detoxification mechanism in the solution media because

small particles exhibit high reactivignd can be uretgo aggregation in strong
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ionic strength solutios2). Further, the toxicity bAgNps less than 10 nm has
been attributedb the release of Ag which can explain changes to the particle size
seen in the TEM imageBinally, 2 nm AgNpsaggregatiorwasalso confirmed by
hydrodynamic radiysas there are significant differences obedrin these
propertieqp < 0.00]) (Tablel). Prior to DLS measurements, the particles were
filtered through a 220 niporousfilter, which removed significantly large particles
from solution.DLS is able to measure the aggregate partlmesiuse it is an
instrumental method based on light scattering, whereas images of the patrticles
captured using TEM had unclear edges and most particle clusters were
indistinguishable from each oth&urther, the DLS measurements yield larger
particle diameters becauserieasures a shell of water molecules around the

particles, whereas TEM represents the dehydrated radius.

Table 1. Properties of 2 nrailver nanopatrticles in 10% Hoaglasdlution.

Property Day 0 (T=0 hrs) Day 2 (T=48 hrs)
Hydrodyramic Radius 15.4 + 11.0 nni 131.7 + 28.1 nM
TEM Radius 13.9 + 5.6 nni 5.6 + 7.0 nn?

Properties of 2 nm AgNps are reported as mean + standard deviation. Different
letters indicate significant differences according to the paitest < 0.001).

The 2 nm AgNps significantlgecrease isize over 48 hraHigurel).
Initially, more than 25% of the particles had a diameter less than 1Guarther,
after 48 hrs, the majority of particles a®0 nm (84%). There is an additional
concern thaplant pres ardess tharb nm in sizeand particles that are between 0

5 nm can enter plants through this mechanismulmstudy, 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 solutiort ik 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 nanopatrticles to enter

the dead cells andcrease the accumtil@n of total silver.

510152025303540 5 10152025303540
AgNp Diameter (nm) AgNp Diameter (nm)
A B

Figure 1. TEM images of 2 nnsilver nanoparticles at 0 (A) and 4®urs(B) in

10% Hoaglandolution. Histograms demonstrating the size distribution are shown
belowthe TEM imageswith the ed portions indicating particle sizes that are
expected to be most toxic to cell$ie histograms represent 100 randomly selected
particles in five different TEM images collected.

TheUV-Visible spectra of the AgNps shaapeak dsorbancef 0.01at
414nmon Day 2(Figure2). This peak is attributed the formation of larger

AgNpsin the presence of sunlight and Hoaglaollition. Thebroadeningf the
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spectrumafter 48 hours in Hoaglarsblutionis also a characteristic featuwsea
greatersize distrbutionof AgNps,caused byggregationBecause the AgNps
purchasedverecolorless at the start of experimergghibiting an absorbance peak
between 350 and 400 nthere 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 nrdlver nanoparticles at 0 and 4®ursin 10%
Hoaglandsolution.

Evaluation of 15 nmSilver Nanoparticlesafter 48 hoursin 10%
Hoagland Solution

The hydrodynamic radius and TEM radius dataficos a significant
reductionin the size of the 15 nm AgNpwer the 2 day exposure peripicable?2).
The TEM images of the AgNps do not show much aggregation, which suggests that

theparticles are significantly more stable than the 2 nm AgRure3). Further,
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the breakdown of AgNps could release’Aas well as produce particles that are

small enough to enter plant celés 82% of the AgNps ard0 nm in diameter and

11% of AgNps are5 nm.

Table 2. Properties of 15 nralver nanoparticles in 10% Hoaglarsdlution.

Property Day 0 (T=0 hrs) Day 2 (T=48 hrs)
Hydrodynamic Radius 40.4 £ 1.2 nnf 32.6+1.4nM
TEM Radius 13.8 + 8.8 nnf 8.1+2.0nn?

Properties of 15 nm AgNps are reported as mean + standard deviatienemif
letters indicate significant differences according to the péaitest < 0.001).
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Figure 3. TEM images of 15 nrailver nanoparticles at (A) 0 and (B) 4®ursin
10% Hoaglandolution. Histograms demonstratingetkize distribution are shown
belowthe TEM imageswith the red portions indicating particle sizes that are

expected to be most toxic to cell$ie histograms represent 100 randomly selected
particles in five different TEM images collected.
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TheUV-Visible spectrum also demonstratéss size reduction, as there is a
slight increase in the peak absorbance.06 @Figure4). The peak absorbance
shifts from 413 nm to 412 nand the FWHM increasdrom 60nm to 66 nm.
These differences are attributed to teduction in size of the AgNpAdditionally,

the dissociation of some Agrom the AgNps can attribute to these changes.
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Figure 4. UV-Visible spectra of 15 nrslver nanoparticles at 0 and 4®ursin
10% Hoagland Solution.

Dissolved Silver in Nanopatrticle Solutions after 48oursin 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 theconcentratiorof free silver cations in the water colur(@2b). The percent of
silver cations released by each size of AgNps was charactekitedtwo days,

44.1+ 2.3% of the 2 nm AgNpwere oxidized to silver cations in the water
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column, while50.5+ 2.6% of thel5 rm 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 columausing significant aggregation
and the release of AgThe silver nanoparticleseanot coated with a substrate,
which mayexplainwhy they are highly reactive, as the chemical composition of
Hoagland solution catalyzes the releasfg® and oxidation to A In studies of
uncoated AgNps, instability was observed in high ionic stresgtutions and in
the presence of divalent cations like?C3). The presence of excess i@llow
ionic strength solutions with Agcan stabilize the particles, but under
environmentally relevant conditions, the dominating effects of ionic strength and
water composition can cause aggregation and instability. 3gMNps coated with
organic substrates appear mumcbrestable as these coatings can electrically or
sterically hinder aggregation and settl{d®). However, there is still potential for
electically stabilized particles to aggregate in environmentally relevant conditions
(53). Transformations in surface waterglaaquatic environments suggtsit
AgNpscan release significaamounts ofAg” into the water column, as seen in the
uncoated AgNpsand affects the toxicity of these particles.

In other toxicological studieshére was aelease of free silver cation$
1% in humic acid coatefigNpsand 3% in gurrarabic coated\gNps (54, 55)
These effects were evaluated in short term toxteg on bacteria and duckweed,
S. polyrhizarespectively. 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 AgNietsurface of
cells and direct oxidation of Ago Ag' in the cellular membrane.

Overall, the results of the stability studies show that there are significant
changes to the size of the Agdlin Hoagland solution. Theghps release 44%
and51% of the toal silver in solution as silver catioff®r the 2 nm and 15 nm
AgNps, respectively)ikely resulting from the oxidation of the exposed surfaces of
the nanoparticlesThere is also significant aggregation seen in the 2 nm AgNp
samples because of the higdactivity of these particles. The 15 nm AgNp size
declines by a factor of 2, suggesting that the particles are clbgvetural
sunlight because silver is phateactive. These results indicate that there are
transformations to the AgNps in the wateluron, reflectingchanges to their size

and the release of silver cations.

3.2. Interactions betweenEgeria Densaand Silver Species
over a SevenDay Phytoperiod

Changes to the Silver Nanoparticles in the Presence Bferia
Densa

TheUV-Visible spectra of ta 15 nm AgNps at ¥ 0 hrs show narrow
peaks between 0.2625 ppm (Figur®). However, as particles interact with the
densastalks in solution, the peaks become significantly broader in size and the
absorbance declines (Figure 5B). The nanoparticeemteracting vth plant

material in the water, causing particles to bréawn resulting in lower peak
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absorption values arabroadempeak Further, the decrease in absorbance is caused
by the adsorption of AgNps on the exposed surfacés dénsgi.e. on the surface

of the stem and leaves), as well as the release obyAthe AgNps. Very small

AgNps &5 nm) can also be absorbed by pore&.idensg4). The slight changes

in peak absorbanaan alscsuggest some absorptiohtotal silverby E. densa

This data confirms that interactions betw&erensaand the 15 nm AgNps do

occur. The differences between the initial and flel}Visible spectra suggest that

E. densacan change thproperties and reactivity of the AgNps as a natural defense

mechanim to prevent significant phytotoxic effe¢to).
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Figure 5. UV-Visible Spectra of 15 nrailver nanoparticles a (A) and 48hours
(B) after exposure tegeriadensa

TheUV-Visible spectra of th& nm AgNps were also recorded. Because the

particlesp

urchasedre clear in color and do nbavefeatures in the visible range

(Figure 2), there were no major changes seen in the particles after expdsure to

densafor 2 days at the concentrations udecesumably, at higher concentrations

of 2 nm AgNps, the plants would cause aggregaifolRgNps, resulting in a

broader range of AgNps sizéss seenm Figure 2, there isery slightpeak

absorban

ce betweeb@and 400nmin the 10 ppm 2 nm AgNps samgple



39

However, because tltoncentrations used in these experiments are significantly
less than 10 ppm, there is not a change in the absorption in this fdegon.
expected that, like the 15 nm AgNps, there woulddgregation resulting from
interactions wh organic matter in the water column that would detoxify the
particles(56).

The aggregatioand breakdown of AgNpsbservedor the 2 and 15 nm
AgNpsis expected because of the electrolytes in the Hoagland solution and has
been seen in likstudies on ANps stability(56-58). This has been attributed to the
release of Ajas a result obxidation of silver metal released by the nanopartjcles
which is common in high ionic strength solutidb8). Further high ionic strength
solutiors can cause the oppteseffect 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 inmagithe 2 nm AgNpalso
showed significant aggregatiofhis confirms the results observed are consistent

with other findings in AgNpstability experiments in Hoagland solutisv).

Removal of Silver Species from the Water Column b¥geria Densa

Egeriadensaabsorbs silver, as seen by declinethanoverall silver content
in the wateicolumn after 48 hougxposuresThe silver content was measured by
flame AAS and is reportealstotal silver removedrlhe assay has a twold

purpose: the first is tdenonstrate the removal of silver Iy densawhile the
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second is to characterize thiects of Hoaglandolution on the silver
concentration. It cannot be assumed that all of the silver removed from solution is
directly byE. densaecaus@f complex inteactions with thesolution matrix,
organic matter released by the plants, and other biotic and abiotic intergs@pns
57).

There is a dosdependent removal of silver as the concentration 6f Ag
increases in solutiom € 0.98,p < 0.001), with the graest percentages removed in
the 0.25 and 0.5 ppm Agxposures (Figuré). In general, therés a greater ability
for plants to accumulateeavy metalat the lowesexposures, which is consistent
with our resultsOn addition because silver cations arxecumulated through ion
channels in aquatic organisifisl), thereis greater than@®%o 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 becaggexié to the plant,
likely interacting with the regulatory pathways and allowing for an oversaturation
of silver in the first 48 hours of exposutkthe silver cations were precipitatedto
of solution by the Hoaglandhition matrix, the removal oflsier would be

constant regardless of concentration, indicating the plants absorb silver.
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Figure 6. Removal ofsilver cations fromwater withEgeriadensaafter 48 hours.
The blue bars represent the mean + standard deviatiovefr@moved from
solution. The red bars represent the maximum concentration of silver that can be
removedirom solution

Figure7 shows the silver cations removal from wadiased on treatment
Overall,the amount of silvertesorbed by the plants decredsvith each successive
treatmenbecause the plants become saturated with silver overkiaveever,is
interesting that a large amount of silvesidl absorbed at the greatest
concentrations, 1 and 1.25 ppm*Am the last 24 hours of exposuRairther, the
0.25 0.5, and 0.79pm Ag exposure showa decline in total silver removed with
each successive treatmesuggesting that the plants are able to somewhat regulate
the absorption of Agin the cellsIn contrast, higher concentrations of Aapper
to be absorbed more readily, as nearly 4 pprhtéigl was removed in 1.25 ppm

Ag" exposuresThere is also much relatively equal concentrationsgifabsorbed

in each successive treatment in the 1 and 1.25 ppm expoBliesuggests a
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capacity br over saturation of the plant, as the silver absorption appears less

regulated as the dosage is increased in the water.
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Figure 7. Removal ofsilver cations fromwater withEgeriadensaover 7 days.
Data is presented as the averafjsilver removed for each treatment.

As seen in Figur8, a large portion of the 2 nm AgNps was removed from
water in each treatment, suggesting thatlensacan absorb a significant amount
of AgNps after 2 days. The data is strongly correlated@.9; p < 0.001),
indicating a dos@&ependent increase in silver removal in the water, which also
indicates silver was not precipitated by counter anidfisle therecould be
interactions between the nanoparticles and the whte is also evidence that
densaabsorbs silver and adsorbs the particles on the exposed surfaces of the plant.
Further, the dosdependent 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 oftigre 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 nanagticles as there is a 25% increase in total silver removal in

the 2 nm AgNps exposures at 0.25 ppm, compared to the 0.25 ppexpgagsure.

1.25

o
&

Water (ppm)

Total Silver Removed from

0.25 0.5 0.75 1 1.25
2 nm AgNps Exposure in Water (ppm)

® 2 nm AgNps ® Maximum
Figure 8. Removal of 2 nnsilver nanoparticlegrom waterwith Egeriadensaafter
48 hous. 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 b¥. densdn the two day exposure period.

Figure9 shows that there is an increasesilver removal from watewith
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 moreisagriiy at higher
concentrations, likely due to electrostatic interactions, aggregation, and the decline

in health ofE. densayhich would allow the particles to enter ruptured and

damaged cells arfae sequestexdin the cell wall.In contrast, th®.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

cellular processes are involvedtirese declines.
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Figure 9. Removal of 2 nnsilver nanoparticles from ater withEgeria densaver

7 days. Data is psented as the average of silver removed for each treatment.
Figure10 showsthat there is a strong, positive correlatiors (0.86,p <

0.001) between the 15 nm AgNps exposure anebval of silver from the watelt

alsodemonstratethe greatestmountof 15 nm AgNps isbsorbedetwesn 0.75

and1.25 ppm exposurdsecause 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 whatseen with the silver

cations, as the removal of these larger AgNps appears limited at higher
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concentration$>0.75 ppm). This could be due to interactions between the AgNps
and organic matter in the water column, as the paricke$oo largéo be @sorbed
by E. densg20, 57. The significant broadening in théV-Visible absorption of
the 15 nm AgNps seen in Figusesupports this conclusion. Finally, because the
total removal of silver plateaus in exposures greater than 0.5 ppm 15 nm AgNps, it
sugeests that the cells bem@ oversaturated with silver, likely due to the

breakdown of the cell membrane by larger AgKg®).
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15 nm AgNps Exposure in Water (ppm)
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Figure 10. Removal of 15 nnsilver nanoparticles fromvater withEgeriaDensa
after 48 hours. The blumars represent the mean + standard deviation of silver
removed from solution. The red bars represent the maximum concentration of
silver that can be removed By densan the two day exposure period.
There is a significant removal 05 hm AgNps in thdirst two exposuresf
nanoparticle¢2 and 4 day exposusg but there is a decline in silver removal after

day 4 Figurell). This suggests that the plants approach saturation |asdlg,

day 6, there is a noh lesser absorption of silver. If the plsuhtad 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 AdN25 and 0.5 ppnghow a
decline in silver absorption with each successive treatraegtiesting tat cellular
processes prevent the absorption of silver by the plahese 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 eaclsuccessive treatment, suggesting the plants are approaching

maximum saturation.
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Figure 11. Removal of 15 nnsilver nanoparticles fromvater withEgeria densa
over 7 days. Data is presented as the average of silver removed for each treatment.

Applications to Phytoremediation

The irteractions betweel. densand the silver species in the water
suggest thathe 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 silveemoval after 48 hrs in all 3 treatment€(0.86, p <
0.001). Thisshowsthat interactions between the plants and silver are significant
and that. densacan effectively contribute to the removal of silver from its
agueous environment. These propseriaggest its effectiveness for
phytoremediation of silver species.

In the2 nm and 15 nm AgNps exposures, there was significant removal of
AgNpsin the 0.25 ppm exposure, with greater ti@o of the silver removed from
solution (Fgures 8 and.0). Additionally, 87% of the silver cationsvereremoved
from solutionin the 0.25 ppm Agexposureindicating significant bioavailability
of Ag" in the water columiiFigure §. The silver cations enter the cell through ion
channels, which explains the greatenozal, compared to AgNps. The AgNps are
more bioavailable than expected, likely becausatefactions between the AgNps
and organic matter in the water coluf@6, 57) The NOMcauses aggregation and
changes the properties of AgNps, whoam make thersomewhatioavailable and
suitable for uptakeTherelatively equal amount d@filver removal in the 0.25 ppm
AgNps exposurewas also seen with similar sizefsgold nanopatrticles (4 and 18
nmgold nanoparticless. 2 and 15 nm AgNps in this studyhere herewere no
significantdifferences in totafjold absorption byE. densaafter24 hrs(20). This
was attributed to particles entering cells through pores for nanopastécla® in
diameter An alternate method through small pores used in the exchacgeboh
dioxide on the surface of leaves has been proposed for macrophytes in general, but

E. densaloes not have these featuréarther,small nanoparticlegere not
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translocated into thE. densan this study, which suggests thhe significant
reactivty of small nanoparticles and the release of cationsribmte most to the
removal of metal from aqueous environmeBiscause the present study measure
the removal of silver from solution, adsorption of AgNps to the leaves dénsa
is probable, in adition to sedimentatioand aggregation. The particles atso
altered by natural organic matter in the w#g#). This can caussubstatial and
misleadingncrease the removal ofotal silver from solutionand needs to be
confirmed with measurement$ absorbed and adsorbed silver. The reduction in
the bioavailability of the AgNps results in lower total silver absorption ifEthe
densaplants, reducing the toxicity of the AgN(E5).

It must be noted that overall, the most total silver removed §alation
was seen in the AgxposuresKigure7). There are multiple reasons for these
results, including precipitatioof insolublesilver species, reducing the
bioavailability of silver cations t&. densaand some reduction of Ago AgNps
caused by rtaral organic matter in the wateolumn(26, 58). The toxicity of Ad
is a result of itgransport through sodium and copper ion channels, which makes it
morereadily availabldor uptake, and would contribute greatly to the greater total
silver removal senin the Ag” exposureg11).

Overall,E. densademonstrates the capacity to remove significant amounts
of Ag® in exposures of @5-1.25 ppm, and 2 nm AgNps from its environment at
0.251.25 ppm within 48 hrs of exposure. Though the surface area ofplaede is

less than common phytarediants (i.e. duckweeds), there is the potential for the
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plants to become rooted at the bottom of wads's, which allows for precipitated
silver species tbe absorbe®6). Duckweeds grow on the surfaces of water and
are very small, allowing them to absorb significant amounts of sjR&r55, 58

60). Further, these species are recommeifidedhytoremediatiofbecause they
have a low salinity tolerance, reducing the ability of the plants to exclude larger
nanoparticlegrom its cells when compared b densaandmore evolved
waterweed£20). The capacity foE. densaand other waterweeds to grow
underwater because of rooting also allowshigher accumulation of metals
compared to shoots because of translocationthmstalk itsel{35). It has been
observedn similar aquatic organisms thatiropiumcan be adsorbed to the roots
by carboxylates, recommending them for lanthanide ren{6dal The advantage

to these systems is that most of the heavy metal remains rodhcell§rom
sediments andiater. h most casesvaterweeds liké&lodeacanadensiga similar
plant toE. densacan sequester heavy methistranslocting theminto the cell

wall, which forms a barrier betwedhe plant and the environmerithe cellwall
alsoprevents the subsequent release of metalsibaxthe environmentThe
translocation of cerium into the cell wall was observed in a subcellular analysis of
ceriumnitratetoxicity to E. canadensi§2). Finally, E. densashootsproduced
thiol-enriched complexing peptides and lamolecular weight chelators in response
to cadmium catiorexposure$32). Thissuggests that the potential for gelation

is also probable becausestfongsilver-sulfide birding. Therefore E. densacan

serve as anfiective phytoremediant for silver species in aquatic environments, as
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the plants can remove and detoxsfiverin sediment through adsorption and
absorption mechanisms in its roots, as well as absorb silver from the water column

throughits leaves.

3.3. Silver Absorption by Egeria Densa

The absorption of total silver in the whole plant, leaves, and stem were
measuredor each silver speciesxposureln all cases, there were dedependent
increases in total silver absorption with increasing sitegrcentréion in the
treatment solutiond~gures 1214). This demonstrates that the removal of silver
seen after 48 hrs and theven dayhytoperiod correspond gbmesilver
absorption bye. densalt must be considered that natural processes in the water
column such as sulfidation, nanoparticle aggregation, and precipitation of silver
salts decrease the bioavailability of sily&R).

Figure 2 shows thdotal silver absorption b¥. densaxposed to 0.25
1.25 ppm Ag. There aresignificantcorrelationsetwea the silver cations
exposure and total silver absorptior=(0.71,p < 0.001 for the whole plant;=
0.45,p < 0.05 for the leaves;=0.71,p < 0.001 for the stemHowever, there is no
correlation between silver absorption in the stem and leavef.05).1n the 0.25
and 0.5 ppm Abexposuresthere is more silver absorbed in the leaves than the
stem, which is logial because the leaves absorb heavy metals much faster than the

stem(18). In exposures greater than 0.75 ppni Abere is relatively agpl total
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silver absorption b¥e. densan the stem and leaves, which suggests that there
severedegradationo the regulating pathways in the stem, allowing for more silver
absorption. These results are consistent with the effects’afmNgotamogeton
crispus and suggest that there is competitimtween the uptake of silver and the
balance ofmportant nutrients like sodium, potassium, iron, copper, and(3ijc

It has been established that silver cations bioconcentrate in organisms through
sodiumand copper ion transportgkl). As seen irP. crispus therearealso
significant declines in the AT&ontent in the celkhich indicates damage to the
mitochondria(31). These results demonstrate that there is a-dependent
accumulation of total siker byE. densahe stem and whole plants, and that there is
a doseindependent accumulation in the leaves. This also verifie&thadnsacan

accumulate significaramounts of silvecationsfrom its aqueous environment.
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Figure 12. Total silver absorption bgeriadensawhole plants, leaves, and stems
exposed to silver cationBata represent the mean + standard errer §). 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 leavep ¢ 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 shas the total silver absorption Iy densan 2 nm AgNps
exposures in the water column. Thare dosedependenincreases in total silver
absorption in the whole plant € 0.84, p < 0.001) and the leave§ =0.51,p <
0.01) The leaves absorb the moster in each exposure, which is logical because
the leaves absorb heavy metals more readily than the(8nThere is not a
correlation between the AgNps exposure concentrations and the total silver
absorptionf > 0.05).Overall, these results demorage thate. densaabsorbs
some of the silver from its aqueous environment. This also suggests that there are
changes the nanopatrticles in the water column, such as precipitation and

aggregation, which significantly decreases their bioavéiiialind redwges the
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toxicity athigherexposure concentration&s observed in the TEM and DLS data
(Table 1, Figure 1), there is significant aggregation of the AgNps, reducing their

toxicity to the plants
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Figure 13 Total silver absorptioby Egeria densavhole plants, leaves, and stems
exposed to 2 nm silver nanoparticlBsta represent the mean + standard errer (
5). Means followed by the same letters do not dsfgnificantly according to the
Tukey HSD testf < 0.05). There weremsignificant differences observed in the
total silver absorption in th&tem(p > 0.05). The datavas transformedsing a root
transformation to meet the assumptions of ANOVA.

Figure 14 shows the total silver absorptionEbylensan the 15 nm AgNps
exposures. There are significant, dakpendent increases in total silver absorption
in the whole plant and leaves<0.89,p < 0.001 for the whole plant amd= 0.76,

p <0.001 for the leaves). Theneere no significant chang&s silver absorption in
the stem§ > 0.05). Overall, these results demonstrate that there is some removal of

silver from the 15 nm AgNps solutions. Compared to theakgl 2 nm AgNps

exposures, there is generally less total silver removed. As seen in the nanoparticle
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stability stdies (Table 2, Figure 2ihere 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 dfefgased by the
AgNps during breakdown and/{®) small nanoparticles can enter the plants

through poreg20).
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Figure 14. Total silver absorption bigeria densavhole plants, leaves, and stems
exposed to 15 nm silver nanoparticlBsta represent the mean + standard €rror
= 5). Means followed by the same letters do not d#fgnificantly according to

the Tukey HSD tesp(< 0.05). There were no significant differences observed in
the total silver absorption in tletem(p > 0.05). Thewhole plantdatawas
transformedusing a root transformation to meet the assumptions of ANOVA.

Comparison of Silver Species Absorption
Figures 1214 demonstrate th&. densacan effectively accumulate silver
frequentlyin adosedependent mannerhis was demonsited by sigificant

correlatiors between concentrations of silver speaiethe water andbtal silver
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absorptiorby whole stalks oE. densgp < 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 absorptioim the Ag exposures, there were significant

differences in the absorption of silver in the stem, but not in the leaves. This
suggests that the lees became saturated with silver cations and reached a
maximum absorptiorof silver. The additional silver absorption was through the
stem, which showed a dedependent increase with silver cations concentrations in
the water. The stem absorbs nutrienta siower rate than the leaves, which
suggests that translocation of silver from the leaves to the stem is passitdan
explain the significant increases obseryes.

The 2 and 15 nm AgNps exposures showed relatively equal total silver
absorption i E. densgFigures 13 and 14). In nature, engineered nanoparticles can
undergo a series of reactions that result in aggregatitsorption tanatural
organic matter, surface oxidation to &y and the release of A¢LO, 21) These
reactiors reduce theibavailability of silver nanoparticles and contributeatower
total silver absorption b¥. densaAn additional factor in the removal of total
silver by plants is the adsorption of the nanoparticles to the surfdéedeEnsaThe
plant hasexposeded surfaceswith similar surface areas to common
phytoremediants for heavy metaésy( duckweeds), which isleal for silver
nanoparticle adsorpticandresuls in aggregatiorof AgNpson the surface of the

plant through interactions between the nanagad andcell wall. The adsorption
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of AgNps to the cellsauses the degradation of extracellular protamsinduces
oxidative stresand the overproduction of RO$his alsadisrupts to the cell
membranecausingsignificant damage tthe mitochondrigphotosynthetic system,
and respiratory chai(21). In the nanoparticle exposures, there were significant
increases in total silver absorption in the leayes @.01), whichreflectsthe
adsorption mechanism described. An additional concern with silvepaditle
adsorption to cells is the release of Aghich causes significant damage to the

pl ant 6 s o Rssshoan by Shereaad-cbofkers, silver nanoparticle

toxicity is dependent on the dissolved silver cations in solution media, which is
suggeted by the significant increases in silver content in leaf ti&k)eFurther,

E. densaxposed to similar sizes of gold nanopatrticles (4 and 18 nm) at 0.25 ppm
did not show translocation of particles into the ¢&ll). The duckweedzolla

carolinia did absorb the two sizes of nanoparticles in the gold nanoparticle study.
Glenn and caworkers attributed the differences in uptake between macrophytes to
a greater salinity tolerance Bf densacompared t@\. carolinia, as well as

exclusion mechanisms agat large particles. These mechanisms are likely the
same for the silver nanoparticles and suggest it is unlikely that the AgNps are
aborbed by the plants, as seen by significantly lower total silver concentrations
compared to the AgexposuresThe 15 nmAgNps are roughly 420 times larger

than the 2 nm AgNps, which would cause significantly more silver to be absorbed
on a mas#asis for the larger nanopatrticles. As seen in Figures 13 and 14, the total

silver absorption is on the same order of magniarderoughly equal between the
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two sizes of nanoparticleBinally, the direct release of Agn 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 SilverSpeciesToxicity

A visual analysis oE. densastalks 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*A§igure12-14). 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 intatty, and oxidative stress respon$é3). 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 @ifeerences between the control plants and
highest silver species treatment, such as shriveling and the browning of leaf tips,
which demonstrates the toxicity of silverEodensa

Silver cations have the most significant effect on the plants, as geen b
chlorosis in exposures of Ags low as 0.25 ppm (Figui®). The leavedecome
clear and transpareas the concentration of Agn the exposures increases, which

is indicative of significant silver toxicity to the leaves. This suggests silver is
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absorlked 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 Ad’, there issignificant 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 @énsasuggest that

silver is much more toxito the leaf tissue than stems. Tisi®ecause 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 lea\&s).

- -
0 ppm 0.25 ppm 0.5 ppm 0.75 ppm 1 ppm
Figure 15. Toxicity of silver cations tdgeria densafter 7 days.

Changes to the leavesef densavere not as appant in the 2 nm AgNps
exposuregndlittle can be concluded from comparisons between the control and
treatment groups (Figutb). The ability of the plants to maintain their vibrant,

green color suggests that there is a maoualer toxicity to the overall structure and
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function of the stalks. There is some slight lightening of the stem afidddar in

the 1 ppm exposure, which suggests tham AgNps can be toxic to tipdants at

higher concentrationg his is expected because the plants can accumulate silver
through different pthways depending on its specam®l absorption through pores

in the leaves may ke dominanabsorptiormechanismn waterweedslt is

important to note that while the plants do not show significant damage due to silver
exposures, there are effects ba tmolecular 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 tgeria densafter 7 days.

The 15 nm AgNps show some toxicity to the plants at exposures as low as
0.25 ppm (Figurel?). There is some browning of the leaf tips observed in the 0.5
ppm exposures andenconpassesheentire leaves in the 1.25 ppm exposure
This shows the expected concentratitmpendent toxicity of silver species to

plants. Further, the stem of the control appears the vibrant green color expected,



60

whereas the 1 and 1.25 ppm exposures shsliglat browning in color. These
effects are not as significant as those observed in thexapsures (Figure )5
due to different mechanisms of silver translocation into the @éiks.15 nm
AgNps appear to affect the physical appearand&e densamore than the 2 nm

AgNps,which suggests different interactions between the plants and AgNps.

Oppm 0.25ppm 0.5ppm 0.75 ppm 1 ppm 1.25 ppm
Figure 17. Toxicity of 15 nmsilver nanoparticleso Egeria densafter 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 generallgignificantly declinaunde heavy metal stress.
Measurements of chlorophylbncentrations can indicate the presence of toxins
because pigment concentrations are linked to environmental stré&ddorsphyll

is the major photosyntheticgment and consists of a centnagnesiuncation
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which gives rise to its tetrapyrrole struct4d). Thedivalentmagnesiuntenter
plays a critical rte in the photosynthetic system becausalaws for astable
excitation state, which transfers egyefrom the antenna pigment complexes to the
reaction center4). Heavy metal interference with these systems results in the

degradatiorof pigmentsand a breakdown of the photosynthetic process.

Degradation of Chlorophyll a and b

Chlorophyllais themain photosynthetic pigment, while chlorophlylls an
accessory pigmeri@t3). Both chlorophylla andb consistof heterocyclic paraffin
rings that differ by one functional group (chlorophg/tontainsa methyl group
whereashlorophyllb containsan ala&ehydegroup otherwise the structures are
identica). These pigmentare 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 the photosynthetic system is the
carotenoids, or structurabmponents of the chloroplasthichinclude a variety of
pigments that varyyogrowth conditions and stresghe major arotenoids are
hydrocarbon chains with terminal rings substituted witthyl, epoxy and
hydroxyl groupsWhen plants undergo oxidative stress, the carotenoids can act as
antioxidants and termate free radicaleactiong65).

Significant declines in chlorophydl andb were observed for plants
exposed to silver cations and batizes of silver nanoparticles (Figui@®.1
Chlorophylla declined more significantly than chlorophlllas demonstrated by

strong correlation coefficients for the 15 nm AgNps and (g -0.83,p < 0.001
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andr =-0.85,p <0.001, respectively). A lessdeclinein chlorophylla was seen in
the 2 nm AgNpsr(=-0.45,p < 0.01). At low concentrations of 15 nm AgNps (0.25
and 0.5 ppm), there was significantly more chloropaytesent in the leaves than
the other silver species exposunes (0.05). Howeveras the concentration of 15
nm AgNps increased(0.75 ppm), it showed damage similar to that of fop
0.05). In general, the 2 nm AgNps did not show as significant declines in
chlorophylla content at concentrations greater than 0.75 ppm. The trésdsved
can be summarized as follows: the 2 nm AgNps show40386 reduction in
chlorophylla content independent of silver exposure concentration; there is a 68%
reduction in chlorophyla content from 0.5 ppm 15 nm AgNps exposure to the 0.75
ppmexposureand there is a dosgependent, gradual decline in chloroptayll
concentration from Agexposures.

The decline in chlorophyb is similar to that of chlorophyh in the Ag
and 15 nm AgNps exposuras< -0.69,p < 0.001 and = -0.78,p < 0.001,
respetively). There is not a significant decline in chlorophtlontentin any of
the 2 nm AgNps exposurgs ¥ 0.05). This suggests two possibilitieshlorophyll
b production remained relatively unaffected by AgNps exposures and/or there is a
reasonable gacity for recovery at higher exposures of 2 nm AgNps. A
conentrations of 2 nm AgNpgreater tha®.75 ppm, there are significant
differences seen between the plant responses to 15 nm AgNps and 2 nm AgNps,

suggesting differences in the mechanism breastowgn chlorophyll in these plants.
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Figure 18. Effects of different concentrations of silver species on dry weight (DW)
chlorophylla (A) and chlorophylb (B) content inEgeria densdeavesData

represent the mean * standard ernor 6). Means followed by the same letters do
not differ significantly according to thBukey HSD tes{p < 0.05).The

chlorophylla datafor the Ag* exposuravas transformed using a root
transformation to meet éhassumptions of ANOVA.

Generally, all three silver species shoveaahore rapid decline in

chlorophylla thanb, whichis consistent with a reduction in photosystem Il (PSII)
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activity (31). Spirodela polyrhizaa freshwater duckweed that floats on thdamer

of water, has adaptations making it more resistant to heavy metal toxicity than
submerged waterweeds like densabutlike-declines in chlorophyk content

were seen in 0.5 ppm AgNps exposures, demonstrating that the effects seen at
lower concentriions of AgNps are plausible for this speqi®S). The effectsare a
result ofchlorophylla declines in the presence of silver nanoparticles, as seen in
Figure 15.

Further, chlorophyll biosynthesis is hindered by increasing heavy metal
uptake in plantsdrause silver cations displace the-bter in chlorophyll
Aquaticplants grown irheavy metaknriched media with divalent cadmium,
copper, lead, mercury, nickel, and zinnssaw changes in the chlorophyll
structure(64). The result was a replacemefithe centramagnesiumon in
chlorophyll by respective heavy metals, which led to the degradation of chlorophyll
molecules. Further, it was observed that sisdstituted chlorophyll molecules
resembling the Mgubstituted structures are highly unsalds confirmed by
fluorescence studies, the Magbstituted chlorophyh 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 chldirophy
degradation and a breakdown of photosynth@&¥ Further declines in
chlorophyll can be expected because of silver denaturing enzymes involved in the
photosynthetic process, inhibiting chlorophyll productiédn.additional concern is

that when lighis absorbed by antenna or accessory pigments, like chlordphyli
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and carotenoids, it is then transferred to reaction centers in the chlo(8ghast
When oxidation occurs in antenna chlorophyll under heavy metal stress, there are
declines seen in chloroplh b content (Figurel8B).

An expected result of the declines seen in chloroghgtidb is achangan
the ratio of the pigments within thedves. Declines in this ratio suggest
devastating effects on photosynthesis aattlictiondn photosystem | and
activity (44, 55) Submerged plants generally have chloropayt b ratios of 2
2.5, as seen in a similar waterweEthdea canadensi§7).

The ratio of chlorophylé/b significantly declined for all three silver
speciesas seen by strong corretats between silvaxposuregFigure19). The
greatest decline in chlorophylbwas seen in the silver cation exposures {

0.89,p < 0.001),followed by the 2 nm AgNps exposurre=-0.67,p < 0.001).

There was #&esserchange in theatio in the 15 m AgNps exposure -0.75,p <
0.001).These changes are consistent with symptoms of heavy metal toxicity and
suggest thathlorophylla has a greater sensitivity to silver than chlorophy29,

37). At higher concentrations of Agthe ratio of chlorphyll a/b approachesa

value of1, whichindicates at least 50% of the chloropheylh healthy planthias

been degraded. In all exposures, the ratio of chloropftlyBhows a significant
declineat 1 and 1.25 ppm, which suggests that there are confomahthanges to
the polypeptide components of P& chlorophyll synthesis is declini(g?).

There is minimal klorophyll fluorescencen silver-substituted moleculesvhich
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suggests that this mechanism of damagpaigsible for silver cations toxicitgs

well (64).
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Figure 19. Effects of different concentrations of silver species on chlorophyll a/b
ratio in Egeria densdeaves. Data represent the mean + standard errobj.
Means followed by the same letters do not difignificantly according to the
Tukey HSD testf < 0.05).Ag" exposure data was transformed using a root
transformation to meet the assumptions of ANOVA.
Degradation ofTotal Carotenoids

Carotenoidsre a diverse group of photosynthetic molecufesuding the
photochemically activéhylakoid in the chloroplag@é3). The total carotenoids are
divided intotwo maingroups:oxygenfree molecules called carotenomisd
molecules containing epoxy and hydroxyl chains catktbphylls. Total
carotenoids resenthe sumof carotenoid and xanophyll molecules in plafiise

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 sipgamies
exposuregFigure 20. Similar to the declines seendhlorophyll content, the Ag
exposure had the greatest effect on the plants because of itstaldiitgctly
penetrate the cells, resulting in significant declines in carotenoids cntent
0.84,p< 0.001). The 2 nm AgNps had a moderate effect on the carotenaids (
0.45,p < 0.05) and the 15 nm AgNps were most toxic in concentragoeeter
than0.75 ppm £ =-0.86,p < 0.001).These declinebave similar implications to
those of chlaophylls, as carotenoid degradation also resullsssphotosynthetic
activity. As the chlorophyla is broken down by silvethere is significant stress
placed on the cells, which resultstive breakdown of the thylakoid membrane and

deactivation of rgulatory enzymes.
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Figure 20. Effects of different concentrations of silver species on total carotenoids
content inEgeria densdeavesData represent the mean + standard errer %).

Means followed by the same letters do niffed significantly according to the

Tukey HSD test{ < 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 beagdka highest silver
exposure for the thespecies. The silver catiohsive the most drasteffect on
carotenoids overall, which is consistent with their effects on chloroplayitib. In
the 15 nm AgNps exposurdle mosidegradation occur@ concentrations greater
than 0.5 ppmThis suggestthere is some resistartoethe toxicity caused by these
nanoparticles, likely due to their interactions with the plant at lower exposure
concentrations. The2 nm AgNpsexposures have tlsame effect as the 15 nm
AgNps, just at lower concentratioressteep decline is seen in exposure
concentrations up to 0.5 ppm, then there is a plateau in carotenoids csient.
cations toxicity resulted inanformational changes the chloroplasin the
submerged macrophyke crispus(31). Thissuggests that thtexicity seen in the
silver cations exposures is a resultfoflakoid membrane breakdown, which
further allows incoming silver tdeactivate enzymes and proteins related to cellular
homeostasisThe same effects can b#erredin the silver nanoparticlesxposures,
stemming from the release of free Agns. The toxicity of the silver nanoparticles
can also be caused bhgnaizeholespunctured in thenembranedy nanoparticles,
which allowsmore nanoparticles and silver cationgider the chloroplast§). If
theseeventsoccurredthe carotenoid content would approach a valuelddcause
the nanoparticles would adsorb to the thylakoid membaadedisrupt the
photosynthetic system.

The ratio of total chlorophyll to carotenoids can be used to indizateage

to the plahand its photosynthetic systemhich results irfaster degradation of
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chlorophylls than carotenoid44). Typicalratiosare 4.25 for most sun plants, and
a decrease below 3.5 indicates a reduction in cell division, called seneJdece.
ratio of chlorophyll to carotenoids . densas typically around 4but can vary
based on environmental factqB).

Figure21 demonstrates the effects of silver species on the
chlorophyll/carotenoids ratio iB. densdeaves. There is a signifiocg positive
increase in the ratio of chlorophyll to carotenoids in the silver cations exposures (
=0.56,p < 0.05), but no correlations were observed in either AgNps expgsere (
0.05). This suggests that the silver cations have a more significasttaifethe
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 relatinstgrdan
2 nm AgNps exposures less tHa25 ppm. The 15 nm AgNps showed significant
fluctuations in the ratio of chlorophyll to carotenoids, but there was not a
significant trend observeg & 0.05). The 1.25 ppm exposure favored an increase
in the ratio ofchlorophyll to carotenoids, while exposurkess tharl ppm
demonstrated a negative trend. This suggests that to some extent, the 15 nm
AgNps have the same effeets the 2 nm AgNpsyhile thesilver cationgeact

differently.
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Figure 21. Effects of different concentrations of silver species on
chlorophyll/carotenoids ratio iBgeria densdeavesData represent the mean =
standard errom(= 5). Means followed by the same letters do not differ
significantly according to the Tukey HSBst p < 0.05).There were no significant
differences observed the 2 nm AgNps exposurp ¥ 0.05).Ag" exposure data
was transformed using a root transformation to meet the assumptions of ANOVA.

The chlorophylito carotenoids ratio is an indicatfii gr eennesso i n pl
(44), which is directly related to the conclusion drawn in the visual analysis of
toxicity (Figuresl5-17). Overall, it was observed that the chlorophyll to
carotenoids ratiincreasednost significantly in the Agexposures, and the
plantsshowed signs of chlorosis at exposwaedow a$.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 thacdhetenoids,
and that the carotenoids were dexensitive 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. Fintillgtuations in
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the ratioin the 15 nm AgNps exposures axplained by adverse effects of the
nanoparticles on the plantherefore, the results of this test support the visual
analysis performed and provide insight into the degradation of photosynthetic

pigments when plants undgrheavy 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 GC double bond. Becaugelyunsaturated fatty acids contain multiple C
C double bonds, free radical oxidation can produce multiple different compounds,
most of which are toxic. This process occurs more rapidly when plantegonde
oxidative stress, caused by the increassipeoxide and hydroxide free radical
content Fatty acidsare broken down by ages ofreactions, includinghe
formation ofalcohol, ketone, aldehyde, and esterivatives(68). The reaction is
catalyzed by a free radicedrbon in the lipid chairLipid peroxidation is measured
in maldondialdehydéMDA) equivalentg45). Lipid peroxidation is an oxidative
stress response to free radical oxidation of fatty acids in plants, which indicates cell
damage and degradation.

Figure22 shows the effects of silvepscies on MDA concentrations in the
E. densaln all three cases, there is a significant decline in lipid peroxidation with
increasing silver treatment € -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 &gposures, respectively). In
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most cases of heavy metal toxicity, increases in Mdéumulation i®bserved
because of the breakdown of polyunsaturated fatty acids into the shorter carbon
chains, disruption of the thylakoid membrane involved in photosgighand
deactivation oenzymes involved in chlorophyll biosynthegl8). Significant

declines in MDA accumulation were observed in &gposures t®. crispus(31).

These declines were attributed to a decraasiesi 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 oncentrations of silver species on lipid
peroxidation inEgeria densaData represent the mean + standard errer ).
Means followed by the same letters do not differ significantly according to the
Tukey HSD testff < 0.05). There were no significantfi@irences observed in the 2
nm AgNps exposure(> 0.05).The 2 nm AgNps data was transformed using a
root transformation to meet the assumption8 OVA.
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The 15 nm AgNpg&xposureshows no significant differences in MDA
content in the presence of AgNfms> 0.05).When exposetb 6 nm AgNps, less
than 1 ppm, the duckwe@&pirodela polyrhizahowed nalifferences in MDA
accumulatiorafter 72 hrs, suggesting similar mechanisms maysved in the
15 nm AgNpgoxicity (59). Because the 15 nm AgNps breddwn into 8 nm
AgNps after 2 days in Hoagland soluti@figure2), a similar mechanism of lipid
peroxidation iplausible As explained by Jiang and aworkers, there were no
changes in lipid peroxidation observed until the concentration of AgNps reached 5
ppm. It should be notetthat in thé 10 ppm AgNpsxposure, there wasdecline
in lipid peroxidation. This decline was attributed to cell death, which prevents the
accumulation of MDAAnN additional explanation for the lesser differencebés
declinesweresolely caused by silver cation interactions watiyunsaturated fat
moleculesresulting in indistinguishable differences between treatmehis.is
also plausible because over half of the total silver content in the eadt@nnis in
theform of Ag®, as seen in the nanoparticle stability tests.

The 2 nm AgNps exposure showed a significatease of MDA of over
200% (compared to the contral)0.25 ppm and a subsequent declimereafter.
The increase in lipid peroxidation is expected underyheaatal stress, and
attributed to the limited introduction of silver species into the plant ddiks 50%
decline seen in the carotenoids conta#n from the control to the 0.25 ppm
exposurgFigure 20 supportghis claim. Because carotenoids aractural

component of the thylakoid membratiggycan bedegraded in the presence of
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0.25 ppm 2 nnAgNps,which explaingheaccumulation of MDA(18). It also
known that these membranes are susceptipid peroxidation because tifeir
polyunsaturged fat compnents and interactions witliver isdamaging to cells.
The declinan lipid peroxidationobserved irexposures to 0.5 ppm 2 nm AgNps
and greater suggests tliatdensehad undergone necrosis or death, reducing MDA
accumulation(59). This isjustified by declines seen in tielorophyll and
carotenoidgontent in the plants (Figurd8 and 2). Studies of 30 nneupricoxide
nanoparticles oi. densashowed significant declines in lipfkroxidation in
concentrations greater than 1 ppm andattrébuted to toxic activity caused by
copper binding witlproteins containinghiol groups(37). Silver exhibits a strong
affinity for thiol group bondingwhichcould result irsimilar effects

Silver degrades phospholipid fatty acids in soil as wellckvsupports

explanations that lipid peroxidation declined because of decreased availability of
polyunsaturated fais the cell(69). Silver ion chromatography is used to separate
lipids based on the association of silver with double bonds in polyunteatdiads
(70). The complexation with double bondees not appear to change the properties
of thecarboncarbon doubléond compared to free olefirls. situations withhigh
concentrations of silver, disilver complexes form. This complexation between the
silver ions and polyunsaturated fats aplain 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 peroxidai®a rearrangement o

carlon-carbon double bonds in the hydrocarbon chain, generating a free radical
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(71). However, if the silver ionare present about the double bonds and prevent the
change in structure, then there will be less lipid peroxidation because of
interference inthe propagatiorfree radicareactionsFurther, the lipid peroxidation
caused by free radicals can be terminated by antioxidants and scavenging
moleculeq72). The reduction in lipid peroxidation in the cells results in less MDA
formation.

Finally,thereisa el ati onshi p bet wexaationofar bohydr ¢
fatty acids, which can be triggered @lyanges in carbohydrate cont€rd). Beta
oxidation of fatty acids generates twabon acetylcoA chains, which are
metabolized in the citric acid cyclBetaoxidation is typically associated with the
breakdown of fatty acids during digestion and energy conserving processes.
Though acetaldehyde is a known interfereoicthe TBARSassaythe significant
declines observed suggest that it was not present inrtifdess(74). The presence
of acetaldehyde would result in greater concentratio@8&RS (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 subséq
degradation into MDAThe combination o€omplexation of silvewith carbon
carbon double bonds in polyunsaturated thsguenching of free radical reactions
by scavengers and antioxidants a n d t h e -axidaton cah éxplanthe f b
dosedepardent decline in MDA production Hy. densawith increasing silver

speciegsoncentratioa
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Effects of Silver Species on Soluble Carbohydrate Content

Soluble carbohydrates include monosaccharatesdisaccharides such as
glucose and fructos@hese sugarare especially important to plants because
sucrose (composed of glucose and fructose) is involved in photosyr{t®sis
Soluble carbohydrates provide a useful measure of toxicity because algal species
and plantgeneratesoluble carbohydrateghen theyundergostressThese are
commonly measured in dinoflagellates after algal blooms, but can also be used to
identify toxic levels of heavy metals in the environmémt.increase in
cabohydrate synthesis has bedrservedn cadmium nickel,and copper
exposures to rice seedlings and bean plamisle a decrease in photosynthetic
activity was observedyhich is related to growth inhibition caused by the heavy
metal stres$75). Soluble carbohydrates are related to starch content in the plants
and are compsed of roughly 90% of the glucose equival@ii). Starch is directly
related to the photosynthetdility of plants. A tolerancef duckweedsS.
polyrhizaandLemna minoto nickel was coupled with an accumulation in stairch
thechloroplast, suggestirits involvement irsignaling pathways related to
photosynthesi§73, 77) Further, there is a connection between metabolic reactions
and ROS production and soluble carbohydrate content, which regulates
mitochondrial respiration, photosynthesis, and-ariilative pathways like the
oxidative pentos@hosphate pathway and carotenoid biosynth@8is As a result,
the duckweed. polyrhizeexhibitedincreases in soluble carbohydrate \gNps

exposures up to 1 ppm, which is suggested to act as protectiostagenotic
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pressurd55). Carbohydrates maiain the water balance in cells and when this
function undergoes interferences by oxidative stress, there can be a disruption in
carbohydrateynthesis by inhibiting photosynthesi$iese criticafunctions
indicate the importance of carbohydrates to plants and reflect their importance to
heavy metal phytotoxicity.

Figure B shows significant declines in soluble carbohydrate content seen in
the silver cations exposuras<-0.56,p < 0.01), but no differencesaxe observed
in the 2 and 15 nm AgNps treatmerns>(0.05). There is a 62% reduction in
soluble carbohydrate content from the 0 ppnm égposure to the 1.25 ppm
exposure. The decline seen in carbohydrates is attributed to oxidative stress causing
the degadation of photosynthetic pigments, reducing the conversion of carbon
dioxide and wateto glucose irphotosynthesis (Figureg), as well as significant
degradation of photosynthetic pathways, namely carotenoids and the thylakoid
membrane (Figur20). Theinhibition of photosynthesis decreases the production
of starch in high concentrations of metal exposures, as observed here with declines
in photosynthetic pigments asdncentratiorof glucose in the highest Ag
exposurg77). The interruption of aatenad biosynthesisand the oxidave
pentosephosphate pathway is shown by declines in of soluble sugar cénsent
Further, the increase in silver ion transport into the cell causes a shift in osmotic
pressure, reducing water content in the cells to reqahibrium 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 preoxidant and antioxidant balance mechanism, it is erpltttat the

as seen in exposures of duckweeds to nigk! 77)

saturation of tissue with heavy metal will result in degradation of {hetbevays,
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Figure 23. Effects of different concentrations of silver species on soluble
calbohydrates content iBgeria densaData represent the mean + standard error (
= 5). Means followed by the same letters do not differ significantly according to
the Tukey HSD tesp(< 0.05). There were no significant differences observed in
the 2 nmand15 nmAgNps exposurg(p > 0.05).
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The AgNps exposures had adverse effect&.ahensaln the 2 nm AgNps
exposuresoluble carbohycte contentvas relatively constarfEigure 23.
Changes in its content would be expegctesolublecarbohydrates aregulated in
response to oxidative stre3$he data suggests that, though treedeclines in the
photosyntheti@bility of the plants (Figure 38the soluble carbohydrate content
was unaffected or upregulatedpievent significant oxidative damage. TtHenm

AgNps exposure demonstrates a maximum soluble carbohydrate accumulation of
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150% of the controkt 0.75 ppmwhich demonstrates increased production of
carbohydrates to combat oxidative stress meshasin the plant. These results are
consistent wit a 1 ppm AgNps exposure $0 polyrhizaeanddemonstratéhat
carbohydrate synthesis is increased to protect against degradation of the
photosynthetic pathway and control osmotic presgabg This mechanism also
explains the fluctuations seen in the 2 AgNps exposureverall, theresults of
this assaguggesthat soluble carbohydrate accumulation fluctuates in theqrese
of AgNps at concentrations less tHR&5 ppm to potect against oxidative stress.

In contrast, therare significant declinem like-Ag™ exposuresresulting from
minimal photosynthetic capability under significant oxidative stressigmificant

osmotic pressure.

Antioxidant Activity of Scavengingand Chelating Molecules

Scavengingnolecules are important in the ROS respolyséesn. One of
the common free radicals that results fromtpkynthesis is singlet oxygewhich
is continuoushproduced by PSI28). Snglet oxygen is very reactive and can be
generated in excess in cases of light stress during pmthesis, caused bheavy
metals(30). The excited state is generated in conjunction with triplet state
chlorophyll as part of the photosynthetic process, but carotenoids act as effective
guenchers against the triplet state of chlorophyll and formation of singlet oXygen.
consequence of ROS generation is the oxidation of proteins involved in chlorophyli

and subsequent inhibition of photosyntheSisavenging molecules, such as
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antioxidants likelavonoidsand carotenoidgreventhe degradation of important
components of #photosystem and cell structule order for the scavenging
system to be maintained and redelated stress on the chloroplast to be alleviated,
tightly-controlled concentrations of antioxidants must be present in cells to promote
glutathionebiosynthes (28). The redox states of antioxidants are controlled by
enzymes involved in the ascorbatietathione cycle, used to detoxify hydrogen
peroxideby reducing it tovater.Scavenging mechanisms are reqdito detoxify
ROS species and have enzymatic amatenzymatic components combat
oxidative stress.

Figure 21 shows the effects of silver exposures on-fiadical scavenging
in E. densaSignificant declines are observed in the AgNps treatmentsQ.68,p
< 0.001 and =-0.54,p < 0.01 for the 2 ad 15 nm AgNps, respectively). There is
not a correlation between silvestionexposuresnd scavenging abilityp(> 0.05).
The nanoparticle interactions are attributed to oxidative stress on the surface of
leaves, which is where silver absorption ocd@8. 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 needdoesgers to
detoxify the effects of silver. These were most pronounced with the smallest sizes
of silver nanopatrticles. The 15 nm AgNps exposures shoggative correlatiom
the scavenging abilit{p < 0.01),but the difference between treatments $s ldhan

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 pigs incurred significant damage to the photosynthetic system.
Finally, the 2 nm AgNps show a deselependent plateau in chlorophlgland
carotenoids concentrations (Figures 18 and 20, respectively), whereas overall
scavenging shows doskependent declin®r these species. This suggests that
chlorophyllb 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 densaData represent the mean + standard errer §). Means followed

by the same letters do not differ significantly according ¢oTthkey HSD testp(<

0.05).

The fluctuations observed in the silver cations exposures suggests that the
scavenging ability of the plants is hindered at low concentrations ‘olAigthe
significant oxdative stress observaebuld require upregulatioof these molecules
to remove toxic ROSThe significant decline in soluble carbohydrate content in
Ag" exposures suggests that at the highest concentrations dhage is a
disruption tocarbohydrateelated signaling pathwayeequiring increased
geneation of scavenger3his increase in scavenging molecules is based on the
lowest scavenging percent reached in the 0.5 ppfreAgosure, and subsequent
increases in scavenging observed in the-Q.25 ppm exposure$he greatest

decline in carotenoids waobservedbetween th®.25 and 0.5 ppm Agexposures,

which is consistent witthe significant declines in scavenging ability between 0
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and 0.5 ppm Afj However, as the silver concentration in exposures approached 1
1.25 ppm, there were significant deels in the carotenoids (Figure)2@hile a
relatively constant scavenging ability was maintairigds further validates
observations of upregulation of scavengers to counteract the degradation of
carotenoids in the chloroplast.

The flavonoids are a grougd 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 flavonoidsahdr scavengers is important to
plant health and prevention of additional stress on macromolecules. An additional,
significant purpose of flavonoids is in Yfotection(79). Degradation to plant
cells from UVlight exposure from sunlight can induce dedive stress. Declines
observed in flavonoids content indicate that the plants are undergoing significant
damage from the production of the hydroxyl radical and increaseligbty
exposure.

Figure 25 shows the effects of silver exposures on the flaveeoigtent in
E. densaThere are significant declines observed in the 2 nm and 15 nm AgNps
exposuresr(=-0.47,p < 0.01 and = -0.50,p < 0.01, respectively) and significant

changes to the flavonoids content in the &gatments.
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Figure 25. Effects of different concentrations of silver species on total flavonoids
content inEgeria densaData represent the mean * standard errer §). 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
exposuresf(> 0.05).Ag" data was transformed using a root transformation to meet
the assumptions of ANOVA.

In terms of hydroxyl radical scavenging, thends observed ithe
flavonoids suggests that the pl@antioxidant system is operatingeagected,;
there are declines in flavonoids concentratjavhichsuggesthatthere is some
guenching othefreeradical reactioa between hydroxide radicals and important
biomdecules These results are also evident in the lipid peroxidation tests; there is
a decline in MDA content ie. densaexposed to each silver species (FigR@e
and declines in thitavonoids contentThis indicates that the inhibition of lipid
peroxidaton was likely due to the flavonoidsienching the free radical reaction.
This is further demonstrated by significant declines in the flavonoids

concentrations in each silvepecies treatment (Figuré)2lt is proposed that the
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donation ofone of the pharlic hydrogers to the hydroxide free radical creates
water ands the mebanism of flavonoid scavengir{§0). Thereaction between
flavonoid radicalsvith each other, lipid radicals, and hydroxide free radicals
terminates the free radical reacti@i2). Changes to the structure of flavonoickn
alter their functions aninprove orreduce their efficiency in chelation and
scavengingFlavondds can alsacomplex metals like iron and copper, and the
metatcomplexedlavonoid can improve the free radical seaging by altering the
oxidation state on meta{81). The chelation described asoeffective against
AgNps toxicity when complexed wittpuercetin, a common flavongidnd suggest
a mode for silvesequestratiof82).

Additional measurements can be peniied to draw connections between
the scavenging and chelating systems in plars(Il) chelating represents the
ability of metal chelators to actively bind antioxidantsnvolved in heavy metal
sequestration and detoxificatioks previously discussk flavonoids can act as
scavengers and chelating molecules, in addition to phenBhesolic compounds
act as heavy metal detoxification agents by neutralizing oxidsttiges and
binding to cations. Direct measurement of these antioxidants, in adutittbe
chelating effect, is used to determine the effects of heavy metéte @helating
system. Iron(ll)chelating assays are used to determine the overall chelating ability
of plants because of their involvement in Eenton reaction, which involveke
reduction ofFe** to F&€" in the presence of the superoxide radical and subsequent

oxidationof F&* to F€"in the presence of hydrogen peroxide to form a hydroxide
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ion and hydroxyl radical83). The hydroxyl radical is then scavenged by
antioxidants such as flavonoid&imilarly, phenolic compounds can be oxidized by
peroxidase and are involvedhydrogen peroxidecavenging system$he
chelating ability is measured assuming all of the chelator molecules can bind an
iron(Il) ion, and declines imese abilities seen in Figure &6ggest that the
presence of silver cations and nanoparticles in the cell caused silver binding to

chelators as a sequestration mechanism.

ﬂ ‘ ‘au b ‘ I
0.25 0.75
Silver Exposure in Water (ppm)

100

(o]
o

(o2}
o

N
o

N
o

Iron(Il) Chelating (%)

o

m2 nm AgNps =15 nm AgNps = Ag+

Figure 26. Effects of different concentrations of silvgregies on iron(ll) chelating
ability in Egeria densaData represent the mean + standard ernrer %). Means
followed by the same letters do not differ significantly according to the Tukey HSD
test p < 0.05). There were no significant differences obsgimehe 15 nm AgNps
exposuresy> 0.05).

Significant declines in iron(ll) chelating were observed for all three silver
speciesr(= -0.74,p < 0.001 for the 2 nm AgNps exposures -0.62,p < 0.001 for

the 15 nm AgNps exposunes -0.81, p < 0.001 fa the Ag” exposurg The
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greatest declines were seen in thé Axposures at 1.25 ppm, as there wd@&%
reduction inchelating ability compared to the controhe dosedependent declines
observed in all three silver species suggests that the chelff¢ats/ely
sequestered silver and silver nanopatrticles by binding to antioxidant molecules, as
seen in reactions between 2and AgNps in flavonoid complex¢82, 84) The
reductionin iron(ll) chelating is caused by declines in the availability of active
chelation sites for the iron to bin@ihis decline is much more drastic than the
declines infree radicakcavenging for likesilver speciegFigure 2) because
chelators must retain the silver species for effective sequestration and
detoxification, wheremthe scavengers can be reused &taninating free radical
reactionq72, 83) An additional concern with significant declines in the chelating
ability is thepossibility of changes to the structures of chelating molecules in the
presence ofilver, anddegradation 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 doskependent decline in phenolics conterEirdensa
in the three silver exposurés=-0.72,p < 0.001 for the 2 nm AgNps exposures;
-0.36,p < 0.05 for the 15 nm AgNps exposures -0.58,p < 0.001 for the AJ
exposure). Flavonoids are a specific class of phenolics, which indicates there
should be a coetation between phenolics and flavonoids content and that they
should follow similar trends in antioxidant capadi®p). Phenolics content is

commonly measured in gallic acid equivalents. Significant correlations were
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observed between changes in flavosadd phenolics content in the exposures to
Ag’ (r =0.51,p < 0.01), 2 nm AgNpsr(= 0.48,p < 0.01), and 15 nm AgNps €

0.38,p < 0.05). The correlations between declines in the phenolics and flavonoids
content suggest changes to the structure of tined¢ecules, 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 antioxidaolecules. 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 Agand AgNps was roughly equal and independentioérsi

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

oxidativestress induced by the accumulation of silver.
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Figure 27. Effects of different concentrations of silver spedhestotal phenolic
contentin Egeria densaData represent the mean * standard emrer%). Means
followed by the ame 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 ANOVA.

The relationships between ROS scavenging and chelating systems are
indicative of the activity of enzymes involved in these pathw@gdls are
equipped with norenzymatic ROS scavengers, such as ascorbic acid, flavonoids,
and carotenoids, as well as enzymes capable of scavenging ROS, such as
superoxide dismutase, catalase, ghuathione reductag@8). Catalases the
enzyme responsible for reducing®4to H,O and Q. Hydrogen peroxides toxic
to plants in large quantities and must be removed efficiently to prevent cellular
degradationSuperoxide dismutase (SO@prks withcatalase and forms
molecular oxygen or D, from the superoxide radicgdOD controls superoxide

levels in the cell and is widely distributed in aerobic organi@é} Finally,

glutathione reductassonverts oxidized glutathione to the antioxidant folsing
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NADPH. These enzymes are necessary to remove oxidized compounds and prevent
stressincreases in glutathione biosynthetic enzymes and glutathione levels are
generally seen in plants that undergo pathogenic at(@8k<Declines in ascorbic

acid and/o glutathione makelants hypersensitive &iress. These declines were

seen inP. crispusexposed to Agand indicatehe plants are susceptible to free

radical damagé€31). Therefore, the declines in scavenging and chelating pathways
and capabilitiess expected, as thgptake 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 R2016awas used to generate spider plots demonstrating the
effects toxicity of silver species #®. densaThese plots summarize the effects of
silver species o&. densand 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 studiedBgeriadensa Data was normalized to the
control (0 ppm AQ) exposures.

Figure 28 shows that silver cations have a significant,-dependent effect
on the photosynthetic pigments (chloroplaylb, 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). Thedeclines 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 tquenchits production(65). Further, degradation of the thylakoid

membrane byROS(seen in declines in the carotenoids contangthe decline in
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lipid peroxidation suggests silver has adverse effects on polyunsaturated fats and
likely degrades these molecule&dditionally, a lesser decline in scavenging
potential is seen, whickuggests that the plants have some antioxidant defense
mechanisms that can conttbk toxic effects of silverAn interesting adaptation in

E. densavas seen in exposures to cadmium ions, in which the plants developed
low molecular weighthiol-containingchelators 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 accumulatiorEindensaThe declines observed in
chelating and scavenging suggest that there was significant amounts of ROS
generated and the equilibrium betwd¥@S generation and freadical scavenging
was interrupted. These results mirror thosB.ierispuswith declines seen in
different major antioxidantmvolved in free radical scavengifgl). In addition,

the ability of theflavonoidsto bond to silver cations has been obseriraticating

the antioxidant system can chelate and sequester some of the insdwgng
stressor$82). The effects on the ROS scavenging system and metal chelators are
expected, as silver cations act as sulfhydryl blockeks atensg23). The

interaction between silver cations and the cell membrane proteins increases the
permeabiliy of the ions and lead to the activationogfdative enzymes while
simultaneously triggering electrolyte leakage. To combat these effects, there are

someincreass in soluble carbohydrates lower exposuresf silver cations
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becauseheycontrol osmotigressure in cells and play a significant role in
oxidative stress respong@%).

Overall,E. densashows significant degradation in the presence of silver
cations because its ability to bond with sulfur and phosphorous on proteins,
enzymes, and DNA, wbh renders the cells inactiy&2). 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 regoigitsystems in the cell membrane and
subsequent induction of oxidative stress, which lead toetthéctionsn
physiological activity observed at concentrations of silver catjoeater than 0.75
ppm These highly toxic effects raise ethical questionsuatite proper disposal of
silver wasteand 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 studiedbigeriadensa.Data was normalized to the
control (O ppmAgNps) exposures.

Figure 29 demonstrates the effects of 2 nm AgNps on the physiological

activity of E.

into the cell.

densaThe effects of these nanoparticles are much diffehemt

those tserved for the silver cations becausdifferent methods of translocation

Theplant must undergo endocytosis to transfem@ugoparticlesnto

the cell andas seen by Glenn and-emrkers,E. denséhas asizeexclusive

mechanism that prevented the uptake of 4 nm gold nanopar{R0gsThis

suggests that the toxicity of t2enm AgNpsis solely due to the release of Agto
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the cell and negative consequences of silver nanoparticles adsorbing to the surface
of the leaves. fiis theory is justified by significant increases in silver absorption in
the leavesFurther photosynthesis occurs in the leaves, as they most directly
exposed to sunlighand the activity of the system is measured based on chlorophyll
content(43). The geatest declines were observed in the chloroghgtid

carotenoid content in the leaves, which suggests there was significant oxidative
stress induced fra theadsorption of silver nanoparticles to the surface of cells
The nanoparticles can then direatiyease silver cations into the cell, deactivating
ion channels through unfavorable binding interactions and introducing significant
amounts of silver into the cellhe declines in scavenging and chelating can be
attributed to increases in singlet oxygaerd free radical reactions due to stress on
the photosynthetic systefhese changes also justify declines in phenolics and
flavonoids as antioxidant moleculés.addition to detrimental effects on the
photosynthetic systenhére is an increase in lipgkroxidationat low

concentrations of AgNps. This is causediyadsorption of AgNps tthecell
membrane, whicdegrades the extracellular membrane gewkeratereactive

oxygen speciesThis causes the degradatioripids into maldondialdehyde and
other, short hydrocarbon chaiasd may increase the nanopatrticle content in plants
(31, 55, 59)Changes in carbohydrate content also supgusérvations thahe
photosynthetic system degradingas starch and other carbohydrate molecules are
necessaryo counteract increases in osmotic pressmckmaintain 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 thetgdynthetic system, and

caused declines in dashydrates and antioxidants.

Figure 30. Spider plot demonstrating the effectsl&fnm silver nanoparticles on
the physiological parameters studiedEgeria censa.Data was normalized to the
control (O ppm Adlps) exposures.

Figure 30 shows the effects of 15 nm AgNps on the physiological condition
of E. densaThere are significant declines in the chloropladindb content, as
well as the carotenoiddemonstratinglevastating effeston the photosynthetic

system. Thee effets ae 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








































































