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Chapter 1: Introduction

1.1 Trichloroethylene Contamination and Fate in the Environment

Trichloroethylene (TCE) is a hazardous environmlezsgataminant due to its
widespread use in industry, tendency for long-rangasport, resistance to natural
attenuation, and potential for adverse toxicoldgidects’® Many environmental
regulations target the release of this chemicdljritoduction into the environment
is a continued ecological problem because of iteresive use as an industrial solvent
and degreasing agefl. TCE is often found as a groundwater contaminfat a
being released into the environment, because ialt@sdency to form dense, non-
aqueous phase liquids. According to the Agency for Toxic Substance ariseRse
Registry (ATSDR), the extent of this pollution isdespread. The ATSDR estimates
that TCE can be found in between 9 and 34 perdeait 0.S drinking wells, with
many sites above the legal drinking lifhifTCE is also listed as the most common
groundwater contaminant in U.S. superfund sitetf) aii least 861 locations targeted
for long-term cleanup® TCE contamination can cause extensive adverdthhea
effects in humans and aquatic &' The contaminant is a suspected carcinogen and
a known central nervous system depressant; itlsancause liver and kidney damage
with high levels of exposurg:**

TCE can be degraded via step-wise dechlorinatiamstdichloroethenedis-
DCE), vinyl chloride (VC), and eventually ethelfé® The schematic diagram below

depicts this chemical process, which is typicadlydrable in most reducing systems.
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Figure 1.1 — Reductive dechlorination of TCE and its darggecies. Gibbs free energy values

are from Dolfing (2000) and are listed in KJ/mbl.

Only ethene exists as a non-toxic endpoint, sils®CE has a toxicity similar to
that of TCE, and VC is known to be extremely dangerand carcinogenfe:*®
Therefore, complete dechlorination is necessaradi@quate remediation. However,
these reactions are slow in most natural envirortsnefbiotic degradation via
hydrolysis is extremely slow and often ignored haiglf-lives as long as 1@r
10Pyears®*® Aerobic biodegradation via oxidation is often ddesed insignificant as
well, with slow reaction rates and an unlikelihazfccomplete dechlorinatioh?
Anaerobic biodegradation via reductive dechlormtihowever, has been shown to

significantly degrade TCE to ethene in some natsetings™>

1.2 Anaerobic Biodegradation of Trichloroethylene

Anaerobic dechlorination of TCE can occur via ohéhecee distinct biological
pathways. The first pathway is through the usehédroorganic compounds as both
carbon and energy sources. Although this react@mnsuccessfully degrade TCE, its
occurrence in natural systems is extremely uncomm®wonly a select group of
organisms are known to be involvEd?® Instead, most organisms use cometabolic
pathways for biochemical transformation. Cometabolinvolves the indirect

modification of a compound by enzymes or cofactbas normally catalyze other



reactions. In the case of TCE, methanogens afatsueducers are arguably the
most prevalent groups involved due to their abundam most anaerobic systems and
diversity of species that can participate in retwectlechlorinatiort® During
methanogenic-coupled reductive dechlorination, TEduced by hydrogen
released from methyltransferase and methyl-coen2yimeductase activity.

Similarly, in sulfate reducers, sulfite reductasvaty releases hydrogen, which
catalyzes the reductive dechlorination of TCE tigiothe electron carrier ferredoxin.
Although these cometabolic reactions are commarataral systems, their rates are
often slow!’ Processes that are energetically useful for éliece typically more
effective at degrading TCE.

Dehalorespiration is the last biochemical pathwasived in the
transformation of TCE. This process uses halogehadmpounds as electron
acceptors for microbial growth. More specificalyectrons are transferred from
hydrogen to TCE during the synthesis of ATP throalggmiosmosis. As a direct
result of this electron transfer, TCE is reducyveéchlorinated to DCE*® A

schematic diagram for this process is depictedvielo
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Figure 1.2 — Depiction of the processes involved in dehadmat®n. The dechlorination reaction
is catalyzed by a reductive dehalogenase enzyme that contains coladtid¢dactors (Co) and

iron-sulfur clusters (Fe/S). Image taken from Fantroussli ¢1998) with minor alteratiors.



Recently, thédehal ococcoides group of bacteria has been implicated in the
dehalorespiration of TCE. This genus, which isclosely related to any other
microbial class, has become central to the studgadiictive dechlorination. It
contains the only known organisiehal ococcoides ethenogenes 195) that can
completely dechlorinate TCE to ethene via a remiygprocess> ' The rate of this
reaction is typically much quicker than cometabgpliocesses (provided that
conditions are anaerobic and there is sufficienlrbgen, acetate, and vitamin B12 to
sustain growth§! The reaction rate is also affected by a numbettuér factors.

&422ahundance

Typically, it increases with increasing strengthreducing condition
of electron shuttles (i.e. natural organic mattéf)number of chlorine atoms on the
chemical*??* and quantity of microorganisms involved in dectation*°

However, if conditions are unfavorable towards ettve dechlorination, or if the

extent of contamination is too high, then enginde@utions are often required for

remediation.

1.3 Engineered Remediation of Trichloroethylene Using Zero-Valent Iron

The United States government spends billions dadobhnnually on
traditional remediation methods for TCE contamidageperfund sites. The most
common of these is the “pump-and-treat” method ctiworks by pumping water
from the contaminated site into a storage basiatiig and/or stirring the water to
promote volatilization of the harmful chemicalsdaeturning the treated water via
another system of pump3.This method is inherently inefficient, invasiasd

expensive for cases of groundwater contamin&tiéh.Therefore, less expensiire



situ remediation methods are increasing in populai@ye such method is the
installation of a permeable reactive barrier, whechlled with a chemical medium
that reacts with and degrades contaminants as flates through the systefi. This
chemical medium can also be injected into the coimated water through a method
referred to as direct injection. This reducesdltation costs by eliminating the need
for a barrie® In either case, zero-valent iron (ZV1) has emeraea relatively
cheap and effective chemical medium for contaminamediation, including TCE
dechlorinatiorf®>?®

ZV1 enhances the degradation of TCE and othertfdted contaminants by
acting as an electron donor. The pollutant adsoniis the surface of the iron, Fe(0)
is oxidized to Fe(ll) as electrons are transfetoethe chlorinated chemical, the
pollutant is reduced, and a chlorine atom is rerdow&hen this reaction goes to
completion, chlorine and ethene remain as non-temctpoints, and the water is
effectively remediate@® Because this reaction is believed to be surfaceiates,
zero-valent iron nanopatrticles (nZV1) are oftendusger macro-scale iron (bulk Fe)
due to the increased specific surface area ancheataeactivity> 3! However,
many problems exist with this new technology. Bauéhe highly reactive nature of
these particles, oxygen exposure can cause pasesiviam the formation of an iron
oxide surface layet*> Furthermore, when nZV!I is injected into contantéua
groundwater, the particles tend to aggregate, wieciieases the surface area and
reduces reactivity>*® The addition of a polymer surface modifier addessthese

issues by protecting the outer iron shell from akioh and increasing the repulsive



forces between particlé§>° Nevertheless, other issues remain, such as teetjsit

toxicity these particles could exhibit on ecosysteand human healffi:**

1.4 Potential Toxicity of Zero-Valent Iron Nanoparticles

Despite the growing popularity of nanoparticlegréhare still many
unknowns when considering their toxic effect. hnfiation regarding the health and
environmental risk of manufactured nanoparticldagking, and no single parameter
has been established as the source of biologicahde!**® Physical and chemical
characteristics (i.e. composition, size, surfa@aareta potential, etc.) may all play
unique roles in the manifestation of toxictty*® Therefore, it is difficult to generalize
or predict the potential risks of nanoparticleshiea environment.

Regarding nZVI toxicity specifically, recent resgahas revealed an apparent
bactericidal effect during exposure to differentrabial populations under varying
conditions™*">! The following studies are of particular importand_ee et al.

(2008) found a linear response between the indaivaf E. coli and nZVI dose in
the absence of oxygen, with a bactericidal actit¢tynparable to that of silver
nanoparticles”. Furthermore, no significant bactdal effect was observed for other
iron-based compounds, such as iron powder or guggygesting a unique
nanoparticle-based toxicify. Xiu et al. (2010) observed a similar bactericieléct

for bare nZVI during exposure f@ehalococcoides microbial communities. The
researchers detected significant down regulaticheticeA, andvcrA genes, which
are responsible for dechlorination activityLastly, Fajardo et al. (2012) observed

dose- and species-dependent nZVI toxicity duringosure to soil microcosms. In



summary, they found limited morphological chandpes,significant changes to the
phylogenic composition of the microbial commurmty.

These three studies demonstrate the potential dam&gl could have on
microbial communities when used for groundwaterediation. If the bactericidal
effect is strong enough, then nZVI could inhibidpterm contaminant degradation
by inactivating microbes responsible for dechldiima However, it is unknown
whether the bactericidal properties of nZVI wilMeaany effect on microbial
populations in complex environmental systems. Ssiueies have shown that
dissolved oxygen and natural organic matter greatiyce bactericidal activity via
passivation of the nanoparticle surfat& Other studies have shown that
nanoparticle surface coatings exhibit a similaspaion effect, with coated nZVI
displaying little to no bactericidal activify:>**?> Overall, there are many unknowns
surrounding nZVI toxicity. The general consensughat more studies are needed to
evaluate the potential toxicity of bare and coat2¥| to naturally occurring

microbes in different settings:*>>%>*

1.5 Research Questions and Experimental Overview

This study attempts to address some of the quesséind contradictions
involving nZVI microbial toxicity. Most significathy, it is still unclear as to whether
these particles will exhibit the same toxicity iatural systems as that observed in
laboratory studies using deionized water and aBarthermore, the source of this
observed microbial toxicity is still unclear. Sostedies have suggested a unique

nanoparticle-based effect, while others have prepadternative factors (i.e. iron



ions and oxidant generation). Finally, most stsd®amine only one type of iron
nanoparticle, but there is evidence that bare arfdce-modified particles can
possess different toxic potentials. Therefores sildy compares the toxicities of
bare nZVI, coated nZVI, and bulk Fe in laboratoopditions mimicking a TCE-
contaminated groundwater environment and atteropdgstern the source of toxicity.
The experimental procedures used to accomplishakisare depicted in
Appendix A and are summarized briefly. An anaer@irichment culture was
created using groundwater from a TCE-degradingaou@sm. This culture was then
transferred into separate vials and spiked initapé with either additional culture
(for the experimental blank), modified DI waterr(tbe negative control), silver
nanoparticles (for a positive control), bare nZ&ated nZVI, or bulk Fe. Aliquots
were taken, pH and ORP were measured, RNA wasotadiaand cDNA was
synthesized for each of the experimental samplé& cDNA was then analyzed with
gPCR forDehalococcoides spp., total Bacteria, total Archaea, methanoged, a
sulfate reducing bacteria populations. The resudie evaluated using a Welch
ANOVA to test for statistically significant differees between the experimental
treatments. Microbial toxicity was determined gamparison to the blank and
negative control. Finally, these findings wereduseassess for possible relationships
between microbial response and nanoparticle charsiits, ion release, and water

chemistry.



Chapter 2: Materials and Methods

2.1 Sample Collection

Soil samples used in this study were taken froenstiturated zone portions
(2-12 ft. in depth) of soil borings collected franl CE contaminated superfund site
(Beaverdam Road Landfill) on the Beltsville Agrittubl Research Center (BARC).
These borings were collected by BMT Entech in M&@h1 and stored in a freezer
until use. Groundwater samples were collectedandinber 2012 from the same site
using monitoring wells previously established by BEntech. All water samples
were stored at 2°C prior to use. For a detailestidgtion of the superfund site, TCE
contamination, boring and monitoring well locatipaad soil and groundwater

characteristics, please refer to the final reppBMT Entech (20085°

2.2 Microcosm Preparation

Three soil-groundwater and three sand-groundwatenocosms were created
as part of a larger experiment for testing theatiffeness of different biowall
compositions on the remediation of TCE. These ogizsms were prepared in sterile
1-L jars, which contained roughly 500 mL solidslfer site soil or autoclaved
concrete sand) and 250 mL site groundwater. Tiseyare evacuated, and 50.0 mL
TCE (Sigma Aldrich reagent grade powder in DI wait@tial concentration of
600 ppb) was added for a final concentration of 4o in each jar. After the TCE

addition, the jars were re-pressurized with nitroge16 psia. The microcosms were



then incubated in the dark at 12°C for one yeamitate groundwater conditions.
Measurements were taken periodically by MarylandcBjpl Services (Baltimore,
MD) via GC-MS headspace analysis. The decrea$€ concentration over time
was used to assess the dechlorination activityol gar. One of the soil-
groundwater jars exhibited a TCE removal of >99.8%c¢compared with an average
removal of ~55% for the sand-groundwater jars. Jdrisvas determined to contain
the most active dechlorinating microbial commuiaiby was used for preparation of

an enrichment culture.

2.3 Enrichment Culture Preparation

Groundwater that was previously collected fromeehtWell 4 was
transferred to a 1-L jar, sterilized in an autoel@Wlicrobiology International Systec
VE-150), sparged with analytical grade nitrogenifdrour at 20 psi, and placed in an
anaerobic chamber (COY Industries) that was filgith a gas mix of 90% }

5% CQ, and 5% H(Airgas, certified standard grade). The water thas mixed
overnight at 1000 rpm using a magnetic stir platpromote gas exchange and
minimize the concentration of dissolved oxygen.

Afterwards, approximately 300 mL of this groundwates transferred to the
microcosm jar that exhibited the greatest degregeohlorination activity. The jar
was then shaken vigorously for 30 min to promaaedfer of the microorganisms
into the aqueous phase. It was then set asid&fbours to allow the solids to settle.
After this period, the clear liquid portion of thecrocosm was pipetted into an

autoclaved, 1-L culture flask. This process ofiagdyroundwater, shaking

10



vigorously, settling the solids, and pipetting wepeated until a total of 500 mL of
liquid had been transferred from the microcosm th#culture flask.

Next, sodium acetate (Sigma Aldrich, molecular &gyl grade>99.0%) and
TCE (Sigma Aldrich, analytical standard grade, 5Q@0nL in methanol) were added
to the culture flask for a final aqueous concerraof 10.0 mM and 0.04 mM,
respectively, in an effort to enhance thehal ococcoides spp. population. The flask
was then stored in the anaerobic chamber at roomperture in the dark for three
weeks before use in the toxicity study. Substagdition was repeated at the two
week mark for a totaddded concentration of 20.0 mM sodium acetate and 0.8B m
TCE (although the actual aqueous concentration dvbelless due to metabolism
during storage and gaseous escape upon openifiggke A half-dose of sodium
acetate was also added immediately before theitpsitidy to reduce stress on the

bacteria; the finahdded concentration of sodium acetate was 30.0 mM.

2.4 Nanoparticle Preparation and Characterization

2.4.1 Commercial Supplies

Iron nanoparticles were supplied by NANO IRON,csas either an
agueous dispersion (20.0% nanoparticle weight constabilized by a
biodegradable organic and inorganic modifier (NANEBF25S), or an air-
stable powder consisting of surface stabilized particles (NANOFER
STAR). More information regarding the chemical ghysical properties of

these patrticles can be found at www.nanoiron.Eolyvinylpyrrolidone

11



(PvP)-coated silver nanoparticles (20-30 nm, 99.9%tty) were purchased

from Sky Spring Nanomaterials, Inc. (Houston, TiX}he powder form.

2.4.2 Solution Preparation

For preparation of a 5 g/L silver nanopatrticle sioly, 500 mg of the
PVP-coated silver nanopowder was accurately weigttedan autoclaved,
100-mL volumetric flask. The flask was then tramstd to the COY
anaerobic chamber, where it was filled to the nwétk autoclaved,
N.-sparged DI water. Ethanol (Fisher Scientific, exollar biology grade,
70%) was then added for a final concentration 2%&(wt/wt) to help
stabilize the particles. Finally, the particlesr@v@urther stabilized by adding
concentrated sodium hydroxide (Sigma Aldrich, reageade, 50% in water)
drop-wise to raise the pH of the solution to apprately 10. Under these
conditions, the nanoparticles exhibited settlingravme, but were easily and
completely dispersed into solution upon shaking3f@seconds.

To prepare a 50 g/L bare iron nanoparticle solut8thO g of the
NANOFER STAR nanopowder was accurately weighed ans®0-mL
beaker, which was then transferred to the anaeddt@imber. Next, 120.0 mL
of autoclaved, Btsparged DI water was added to the beaker, anchitterre
was blended &10,000 rpm for 1 min. This process was suggesydtdo
manufacturer for the activation of the particlasthés ratio and speed, the
nanoparticles collide into one another, resultmgartial removal of the oxide
shell. After the activation process, a volumepijget was used to transfer

30.00 mL of the nanoparticle slurry to a 100-mLuroktric flask. The flask

12



was then filled to the mark with autoclaved;$parged DI water, ethanol was
added for a final concentration of 4.2%, and thew#s raised to
approximately 10 using sodium hydroxide. The in@amoparticles exhibited
similar settling and re-suspension characteristicthe silver nanopatrticles
under these conditions.

A 50 g/L coated iron nanoparticle solution was prep by
transferring 37.50 mL of the NANOFER 25S nanopéet&turry to a 100-mL
volumetric flask inside the anaerobic chamber. flésk was then filled to
the mark with autoclaved, Msparged DI water, and ethanol and sodium
hydroxide were added to replicate the compositiwh @H of the other
nanoparticle solutions. The nanoparticles wereeexdély stable under these

conditions; no settling was observed after an katirout agitation.

2.4.3 Zeta Potential Determination

Each of the nanopatrticle solutions were diluted gL in autoclaved,
N2-sparged DI water. These dilutions were them usdill three disposable
capillary cells (Malvern Instruments). Zeta potiahtelectrophoretic
mobility, and conductivity measurements were penkx in a Nano ZS90
(Malvern Instruments). A refractive index of 2.£254, or 1.33 and an
absorption value of 0.20, 0.20, or 0.01 were usedhie bare iron
nanoparticles, coated iron nanoparticles, and PgPa#nopatrticles,

respectively.

13



2.4.4 Transmission Electron Microscopy

The previously prepared nanoparticle solutions wddrged to
1000 ppm in ethanol (Fisher Scientific, moleculeldyy grade, 70%). A
10.0 pL aliqguot of each solution was then placeid @400-mesh copper grid
coated with a thick carbon film (Pacific Grid Techfter the grids were dry,
they were then transported to the Maryland Nano&entlanoparticle images

were obtained by the NispLab using a JEOL JEM-21D8M.

2.4.5 X-ray Photoelectron Spectroscopy

Samples of the NANOFER STAR and PVP-Ag nanopowdsew
packed into individual 1-mL vials. A sample of tinediluted NANOFER 25S
slurry was allowed to air-dry in the anaerobic cbanfor several days. The
resulting nanopowder was packed into a 1-mL vidlictv was then sealed
inside the anaerobic chamber. The three samplestiven transported to the
Maryland Surface Analysis Center, where XPS anslysis performed using
a high sensitivity Kratos AXIS 165 spectrometar.all cases, the samples
were analyzed with high resolution XPS for metéh@r Ag or Fe depending
on the nanoparticle sample), carbon, and oxygerposition. Additionally,
the bare and coated nZVI samples were analyzesllfoon and sodium
composition, corresponding to components in comewface stabilizers.
The bare and coated nZVI samples were also examitedour ion
sputtering surveys to analyze the composition [@®in relation to

nanoparticle surface depth.
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2.5 Toxicity Sudy

2.5.1 Enrichment Culture Spiking

The 1-L flask containing the previously preparedadmment culture
was placed on a magnetic stir plate and mixed oatisly at 1200 rpm to
create a vortex. Volumetric pipets were then usddansfer 22.50 mL of
culture into each of eighteen sterilized 50-mL gqrioap vials. Next, the vials
were spiked with 2.50 mL of one of six solutiorihe different treatments
included a blank (additional enrichment culturefegative control (b
sparged and autoclaved DI water, 4.2% ethanol, @Halpositive control
(5 g/L PVP-Ag nanopatrticles), bulk Fe [negative ttcohwater + 125 mg iron
filings (Fisher scientific, -70 mesh, >99% purityppre nZVI1 (50 g/L
NANOSTAR bare iron nanopatrticles), and coated nB0 g/L NANOFER
surface-modified iron nanopatrticles). Each treatimeas performed in
triplicate. This resulted in a concentration aj/k for each of the iron
treatments, corresponding to the median dose coryrapplied for nZVI
groundwater remediatioti. The same concentration could not be used for the
PvP-Ag NPs treatment due to decreased particldistabo the value was
reduced by a factor of 10. After spiking, the sialere sealed with crimp

caps and stored in the anaerobic chamber at rompet@ture.

2.5.2 Solution Sampling

During sampling of a solution, the pH and redoxeptial of a 2 mL
aliquot were measured with a Thermo Scientific @al Star pH/ISE

Meter using a low maintenance pH electrode (TheBaientific, Orion) and a
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low maintenance Redox/ORP/Temp epoxy triode (TheBeientific, Orion,
Ag/AgCl internal reference with Pt redox sensofhese measurements were
performed in triplicate, and the solution was dided after use. Additionally,
5.00 mL of the solution was transferred into a labbesterile centrifuge tube.
The microbial cells were pelleted in a Sorvall REogntrifuge (Thermo
Scientific) for 10 min at 5,500 xg at 4°C. The sumatant was then discarded
and 350 pL of a 100:1 mixture of lysis buffer RLQiggen RNeasy Mini Kit)
andp-mercaptoethanol (Fisher Scientific, 14.3M) waseatitb the tube. The
tube was vortexed vigorously for 5 seconds, anddhlelting suspension was
transferred to a sterile 2-mL safe-lock tube w30 mg glass beads (Fisher
Scientific, 425-600 pum, acid-washed). Next, therobial cells were
disrupted and homogenized in a FastPrep-24 (MP &ilirals) at 5.5 m/s for
1 min. The safe-lock tube was then centrifugediLfbsec at max speed in a
Legend Micro 21R centrifuge (Thermo Scientific)h€elresulting supernatant
was transferred into a new sterile 2-mL safe-latdet which was stored at
2°C for future RNA extraction. This sampling prdaee was performed for
six representative samples of the enrichment aifturuse as the three test
samples and three time-zero measurement pointsth&@4, 72, and 168 hr
time points, this procedure was performed for egdhe samples (three

replicates for each treatment).

2.5.3 RNA Extraction

RNA extraction was performed for all samples witBthhours of

disruption and homogenization by following the @agupplementary
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protocol forPurification of total RNA from Bacteria using the RNeasy Mini
Kit (RY26 Nov-06)*° To summarize briefly, all necessary materials
(excluding reagents and samples) were placed isidéd PCR Workstation
(UVP) and sterilized with UV light for 30 minutegfter this time, all
materials and surfaces were cleaned thoroughly RiNas&ap Wipes
(Ambion). Next, 350 pL of ethanol (Thermo Scieintiimolecular biology
grade, 70%) was added to each of the disruptedhamibgenized samples,
and the resulting lysate was transferred to a seghptNeasy Spin Column in
a 2-mL collection tube. The tubes were then cluged for 15s at

10,000 rpm in a Legend Micro 21R centrifuge (Thei®oentific), and the
resulting flow-through was discarded. Next, theuoms were washed with
three cycles of buffer addition, centrifugationddlow-through removal
using the supplied Buffer RW1 and Buffer RPE solusi. After the final
wash step, the columns were transferred to new Zolkction tubes
(supplied), and were centrifuged for 1 min at 10,88m to eliminate any
possible ethanol carryover. Finally, RNA was elubg transferring the
columns to new 1.5-mL collection tubes (suppliediling 50 uL of RNase-
free water (supplied), and centrifuging for 1 manat 10,000 rpm. The
resulting RNA pellets were resuspended via genbeng.  Then, the RNA
solutions were transferred to individual 1-mL Crye& tubes (Globe
Scientific, sterile, RNase/DNase/ ATP/Human DNAefrewhich were stored

at -80°C for future cDNA synthesis.
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2.5.4 cDNA Strand Synthesis

Complimentary DNA (cDNA) was synthesized from tix¢racted
RNA for each sample using RevertAid H Minus Firsb8d cDNA Synthesis
Kits (Thermo Scientific). The reactions were peried according to the
manufacturer’s instructions, which are summarizeeffly below.

All necessary materials (excluding reagents andotespwere placed
inside the UV PCR Workstation and sterilized witl light for 30 minutes.
Afterwards, all materials and surfaces were cleahecbughly with
RNas&ap Wipes. A master mix was then prepared on ice dxysfierring the
required amounts of 5X Reaction Buffer, RiboLockd&®H Inhibitor, 10 mM
dNTP Mix, RevertAid H Minus M-MuLV Reverse Transutase, Random
Hexamer Primers, and Nuclease-Free Water (all sagdor a total volume
of 50 pL per cDNA synthesis reaction. The masterwas then mixed
gently via pipetting, spun down to remove bubbées] stored on ice.

Next, 35 pL of master mix was transferred into eaell of a 96-well
twin-tec real-time PCR plate (Eppendorf, PCR clgdaged into a 0°C PCR
plate cooler (Eppendorf). The plate was then cavevith adhesive PCR film
(Eppendorf, PCR clean), spun down for 20 secondsHER plate spinner
(Labnet MPS 1000), and returned to the PCR platéeco Afterwards, 15 pL
of template was transferred into each well of tlaégp The template consisted
of either extracted RNA for each of the experimkeséanples, extracted RNA

for three test samples, or nuclease-free watehfono template control.
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Additionally, an RT- control was prepared by tramghg all of the
individual master mix components (excluding the &&%id H Minus M-
MuLV Reverse Transcriptase) into a separate wetherPCR plate and
adding 15 pL of RNA template from one of the teshples. This was done
to ensure there was no genomic DNA contaminatidherextracted RNA
samples.

The completed reaction plate was then placed iresttiermal cycler
(Eppendorf Mastercylcer realpf§xand was run for 5 minutes at 25°C, 60
minutes at 42°C, and 5 minutes at 70°C. After tini®, the resulting cDNA
synthesis products were quantitatively transfetoettmL CryoClear tubes
and diluted with the supplied nuclease-free wate dilution, cDNA
product: HO). The cDNA products for the test samples, ngplate control,
and RT- control were stored at -20°C for future @Digaction verification.
The cDNA products for the experimental samples wéreed at -80°C for

future gPCR sample analysis.

2.6 Quantitative Polymerase Chain Reaction Analysis

2.6.1 Preparation of Standards

Linearized and purified plasmid DNA standards facgrial and
Archaeal 16S rRNA, dissimilatory sulfate reductas®] methyl coenzyme M
reductase were supplied by Dr. Stephanie Yarwoauv@sity of Maryland —
Environmental Science & Technology Department)e Tbncentration of

each standard was determined using a Qubit dsDNA&RyY with a Qubit
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1.0 fluorometer (Invitron). The plasmids were stbm Tris buffer (10 mM
Tris-HCI pH 8.5) at -20°C.

A plasmid DNA standard fddehalococcoides spp.16S rRNA was
obtained from a culture streaked onto an LB/AMPr gdate that was supplied
by Cynthia Swift from Dr. Frank Loeffler’s lab (Urersity of Tennessee —
Microbiology Department). This culture consistddeocoli with plasmids
cloned from &Dehalococcoides sp.BAV1 strain using primers 8F/1429R
inserted into the pCR2.1 vector with TOPO 10 chaflyaccompetent cells.

To extract the plasmids, liquid cultures of thecoli were prepared
from the provided agar plate. In short, two séetilbes were placed in a UVP
Sterilizing PCR Workstation and were filled with [dBlution. An isolated
colony was then selected, and a portion was trenesférom the agar plate to
each of the LB tubes using sterile inoculating apd flame aseptic
techniques. The tubes were then closed looselypkeed in a shaker at 37°C
for 24 hours. After this time, plasmid DNA was mdted from the two
culture tubes using a GenElute HP Plasmid Minifgpand the
concentration was determined using a Qubit dsSDNAABRay with a Qubit
1.0 fluorometer (Invitron). Finally, plasmid stards were stored in the
supplied elution solution (10 mM Tris-HCI pH 8.5)-20°C.

Serial dilutions of each plasmid standard weretecefor use as gPCR
standard curves. First, the stock solution ofrpldsstandard was allowed to
thaw at 2°C, after which the solution was vortef@d?0 seconds. Next, four

1:100 serial dilutions were prepared on ice bydfaming 2 puL of standard
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into a 2-mL safe-lock tube (Eppendorf, PCR cleaitih @98 pL of UltraPure
water (Invitrogen, molecular biology grade, DNadé¢&Re-free). The
dilutions were then vortexed for 20 seconds andrifeged for 10 seconds at
4000 rpm to spin down the contents and remove arbuables. A fifth
standard was then prepared via the same processkipg a 1:10 dilution of
the lowest concentration standard. This procesdtes in plasmid standards
with concentrations on the 40L0%, 10%, 10°, and 10 orders of magnitude
(ng/uL). Gene copy numbers were then calculatedyube equation in

Appendix B. All standards were stored at -20°C.

2.6.2 Verification Reactions

Unless otherwise stated, all gPCR runs were exdaigi|mg a
Mastercylcer realpléx 96 well twin-tec real-time PCR plates, and adiesi
PCR film (Eppendorf, plates and film were PCR cjeafhe qPCR solution
was either Power SYBR Green PCR Master Mix (AppBsasystems) for
Bacterial and Archaeal 16S rRNA, dissimilatory atéfreductase, and methyl
coenzyme M reductase, or TagMan Fast Advanced MiBke(Applied
Biosystems) foDehalococcoides spp.16S rRNA. Prior to protocol
optimization, thermal cycler conditions and prinpeobe concentrations were
taken from the master mix protocdls?® Primer sets were synthesized by

Eurofins MWG Operon and are listed in the tableel
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Gene Forward primer | Reverse primer | Probe Source
(5t03) (5t03)

Bacteria 16S Eub 338 — Eub 518 — N/A Fierer et
ACT CCT ACG | ATT ACC GCG al.
GGA GGC AGC | GCT GCT GG (20055°
AG

Archaea 16S A915 — A1059 - N/A Yarwood
AGG AAT TGG | GCC ATG CAC etal.
CGG GGG AGC|CWCCTCT (2010§°
AC

Dissimilatory dsrAl- dsrA 500 — N/A Wilms et

sulfate reductase| ACS CAC TGG | CGG TGM al.
AAG CAC G AGY TCR TCC (2007§*

TG

Methyl coenzymeg mcriRD F — mcriRD R — N/A Lever

M reductase TWY GAC CAR | ACR TTC ATB (2008§?
ATM TGG YT GCRTARTT

Dehalococcoides | Dhc1200 — Dhc1271 — FAM-TCC | Sung

spp. 16S CTG GAG CTA | CAACTT CAT | TCAGTT | (2005)°
ATC CCC AAA | GCAGGC CGG ATT
GCT GGG GCA GGC

TGA A-
TAMRA

Table 2.1 —Primer sets for the six gPCR assays. A Tagktdne pvas only used for

Dehalococcoides spp. 16S, because all other assays were performed using SYBR gP

Primer, standard, and sample viability tests werfopmed for each of
the target genes. These were done via qPCR qiréwiously prepared
standard dilution series, previously synthesizetl&Drom the three test
samples, and no template controls. Fluorescericevavere analyzed using
the provided software (Eppendorf Mastercylcer gipplex 2.2). Successful
amplification of the standards and test samplel nat or little amplification
of the no template controls was viewed as verificator the validity of the
gPCR assay. Unfortunately, no amplification waeded for the test

samples when using the methyl coenzyme M reducta®ehal ococcoides
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spp. 16S primers. Because the standards for gresers amplified in the
expected range, it was concluded that the methanageDehal ococcoides
spp. starting microbial populations were belowdle&ection limit and could
not be measured. As a result, these two gPCR semilyere excluded from
further study.

The success of the previous cDNA synthesis reaxtias analyzed
via Bacterial 16S rRNA gPCR of the test samplegenaplate control, and
RT- control. Fluorescence values were analyzeagus$ie provided software.
Successful amplification of the test samples amatdid or non-existent
amplification of the controls was viewed as vestion for the validity of the

previous cDNA synthesis reactions.

2.6.3 Protocol Optimization

The reaction conditions of primer concentratiomealing
temperature, and extension time were optimize@doh target gene with
regards to gPCR sensitivity, linearity, and efficg. First, the optimum
primer concentration was determined according aptdr four of the Power
SYBR Green PCR Master Mix User Guide. To summébieefly, nine PCR
master mixes were created with all possible contlmina of 50, 300, and
900 nM forward and reverse primer concentratiddext, 18 pL aliquots of
the various master mixes were transferred intoviddal wells in a 96 well
plate. Finally, 2 uL of either positive (1-10 niggmid DNA) or negative
(nuclease-free water) template was transferredaatth well. The resulting

reaction plate contained triplicates of both p@sithtnd negative controls for
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each of the primer concentration combinations. flage was then placed
into the thermal cycler and run with the standd?€R conditions listed in the
user guide. The reaction with the smallest pricogrcentration that had both
a low threshold cycle (Ct) for the positive contaold a very high or absent Ct
for the negative control was chosen as the optimppumer combination (see
Appendix C for values).

The optimum annealing temperature and extensioa wans
determined by analyzing the sensitivity, linearapd efficiency of a standard
curve. First, gPCR reactions for the previouskpared standard serial
dilutions and no template controls were run usirgdptimized primer
concentrations and the standard two step cyclimglitons listed in the
Power SYBR Green user guide. The results weredhatyzed using the
provided software. Sensitivity of the assay wasemeined to be the lowest
concentration of standard that had a significasithaller Ct value than the no
template controls. Linearity was determined frém tegression of the
standard curve, and efficiency was determined filoerslope; both were
calculated using Eppendorf’s built-in CalQplex algon. Annealing
temperature was then reduced by 2-5°C, and the qB&fons were
repeated using a three step cycle (denature fee@dnds at 95°C, anneal for
30 seconds at X°C, and extend for 30 seconds &)60Fhis process was
repeated until the value resulting in optimum s@nsy, linearity, and
efficiency was discovered. If a single value cooudd be found to optimize all

of the qPCR properties, then sensitivity was pezfeally selected over
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efficiency. Next, extension time was increased 0y, and the gPCR
reactions were repeated using the optimized amgetmperature. Again,
this process was repeated until the value resultimgptimum sensitivity,
linearity, and efficiency was discovered. Thesgropm settings were then

used for all subsequent gPCR assays (see Appendixvalues).

2.6.4 Test for Inhibition

Because iron is a known inhibitor of gqPCR reactjtiifs selected
experimental samples believed to have the higlestentration of dissolved
iron were analyzed for SYBR signal inhibition. g¥jrthe cDNA solutions of
the experimental samples were separated into &tegories based on hue:
brown (believed to have the most iron), orangdpyelpale yellow, and clear
(believed to have little to no iron). The samples corresponded well with
expected dissolved iron content based on the tippiking solution used in
the toxicity study. Consequently, three randomeeixpental samples from
each of the brown, orange, and yellow groups wkosen for inhibition
analysis. For each of the groups, 5-uL aliguoteevt@ken from the three
random samples and pooled into a single samplen,&erial dilutions were
created from each pooled sample to create 1:2, 1:%0, 1:250, and 1:1250
dilutions in nuclease-free water.

A Bacterial 16S rRNA gPCR assay was then useddtyas the extent
of inhibition in each dilution. The test was perfeed with three replicates of
each of the following: serial dilutions for eaclogp, the same serial dilutions

spiked with a known amount of Bacterial 16S rRNAgphid standard,
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nuclease-free water spiked with the same amoustiaofard, Bacterial 16S
rRNA standard curve, and no template controls. filwescence data was
analyzed with the provided software, and the stahdarve was used to
calculate gene copy numbers for each sample. ifteeethce between the
expected concentration in the spiked samples (ledémifrom the summation
of the gene copy numbers in the corresponding ikedmilution and the
spiked water control) and the observed concentratidghe spiked samples
(calculated from the fluorescence data) was use@termine the degree of
inhibition in each serial dilution. Significanthibition was observed for each
group. A 1:10 dilution was sufficient to prevenhibition of the yellow
group, whereas 1:50 and 1:1250 dilutions were rediuor the orange and
brown groups, respectively.

This inhibition test was then repeated with theitoid of bovine
serum albumin (BSA). BSA has been shown to sigaifily reduce the
inhibitory effects of iron in qPCR assa&ysTherefore, 0.4% (wt/vol) BSA
(Thermo Scientific Fermentas, 20mg/mL BSA in Tri€lHmolecular biology
grade, DNase/RNase-free) was added to the SYBRemast, and each of
the previously described samples were analyzed)jasBacterial 16S rRNA
gPCR assay. The fluorescence data was examinkdheifprovided
software, and the degree of inhibition was cal@dats previously described.
A 1:2 dilution ratio with 0.4% BSA resulted in thmvest threshold cycles
with no evidence of gPCR inhibition for any of tteemples. Therefore, these

conditions were used for all subsequent sampleyassa
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2.6.5 Analysis of Experimental Samples

Before beginning the gPCR analyses, aliquots of¢hetion materials
were created to avoid excess freeze-thaw cycléss step was performed for
the previously prepared cDNA samples, plasmid stahdilutions, primer
sets, and BSA solutions. The aliquots were state@0°C until their single
use in a gPCR assay. The master mix solutions stered at 2°C to avoid
freeze-thaw degradation due to repeated use thootighe assays.

Each gPCR assay was performed in the UV PCR WaidstaAll
equipment and surfaces were sterilized with UVtligih 30 minutes. All
plastic-ware was certified PCR grade (DNase/RNese-free of genomic
DNA contamination and PCR inhibitors).

First, a master mix was prepared according to thveeP SYBR Green
Protocol by combining the 2X SYBR solution, forwanad reverse primers,
BSA, and nuclease-free water. The primer conceotrsfor each assay are
listed in Appendix C. BSA was added for a finahcentration of
0.4% (wt/vol). This master mix was then mixed ¢yewia inversion, spun
down to remove any air bubbles, and stored on Agel18-pL aliquot of the
master mix was transferred into each well of andbglprf white well plate
placed into an Eppendorf PCR plate cooler (0°Q)e plate was then covered
in PCR film, and the contents were spun down inRBR plate spinner for 20
seconds. Next, 2.0 uL of either cDNA, plasmid DMAnuclease-free water
was transferred into each well of the plate, cgroesling to the experimental

samples, standards, and no template controls,ctsglg. Each plate was
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run with four replicates of each of the following template control, between
9 and 12 experimental samples, and| 10%, 10, and 1& ng/pL standard.
Additionally, the dissimilatory sulfate reductassays contained four
replicates of a I0ng/pL standard, due to the increased sensitivitiiie
assay.

The completed reaction plate was then covered M@R film, the
contents were spun down in the PCR plate spinnerilee plate was loaded
into the Eppendorf Mastercycler realpfleXEach assay was run using a three-
step protocol with a 10 minute activation stag8=iC, 45 PCR cycles, and a
20 minute melting curve analysis. The denaturasiep was consistent across
the various gPCR assays (95°C for 15 seconds). eMenythe annealing and
extension temperatures and times varied betweetathet genes (see
Appendix C). After conclusion of the gPCR run, thsults were analyzed
using the provided realplex software.

The Ct value for each of the gPCR samples wasrdeted using
Eppendorf's CalQplex algorithm and drift controttsegs. The melting curve
was used to determine the presence of primer-dinfeasnples without a peak
in the expected melting range were removed frorméuranalysis, because
the fluorescence could not be attributed to thgetagene. Lastly, Ct values
were corrected for varying efficiency (E) using MaltiD GenEx equation:

Ct e=100%= Ct(g) * [log(1+E)/log(2)]°®” Although efficiency only varied by
< 2% between the different runs, this correctionutth increase the accuracy

and reliability of the statistical comparisons.
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2.7 Satistical Analysis

The Ct values for each of the gPCR samples wiltbaat three remaining
replicates were examined with Dixon’s Q test at38&o confidence level. Any Ct
values that were identified as outliers were rei@étom further analysis. After
removal of all outlying data points, the interni@relard curve was used to calculate
gene copy numbers (GCNSs) from Ct values for thesrpental samples and no
template controls on each gPCR plate. In all cabes® value of the standard curve
was greater than or equal to 0.98, indicating & gend linear fit. The GCNs of the
replicate gPCR samples were then averaged to obtsimgle value for the different
target genes of each experimental sample and n@aetontrol. For experimental
samples that did not amplify or for those that wexeluded based on the melting
curve analysis, GCNs corresponding to the lowestdstrd on the qPCR plate were
used rather than a value of zero. This was doneflect the detection limit of the
gPCR assay and to avoid conformation bias when aamptreatments.

An ANOVA was used to test for statistically sigo#&nt differences between
the various treatments used in the toxicity stu@iie GCN for each experimental
sample was entered into IBM SPSS Statistics 2@ VHiues were then separated into
six groups of three replicates each based on fheedf/spiking solution used in the
toxicity study. Before performing a one-way ANO\&Aalysis, six assumptions were
tested to ensure statistical validity: (1) the defsnt variable must be measured at the
interval or ratio level; (2) the independent valeaimust consist of two or more

categorical, independent groups; (3) the obsematust be independent of one
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another; (4) there should be no statistical ow]i€5) the dependent variable must be
approximately normally distributed for each categgirgroup; and (6) there must be
homogeneity of variancés.

The dependent variable, GCN, is measured on tleleakel, because it
consists of continuous values with a clear debtnitof zero. The independent
variable, treatment type, consists of six groujpsg #ne mutually exclusive with an
arbitrary order. Furthermore, the dependent viasalyere measured independently
within and between the treatment types. Theretbeefirst three assumptions for a
one-way ANOVA are met. To satisfy the fourth asption, Dixon’s Q test was
applied to the GCNs in each treatment type fordifferent target genes. Any value
that failed the Q test at the 90% confidence levas rejected as a statistical outlier
and removed from analysis. To test the fifth agsiion, a Shapiro-Wilk test for
normality was performed in SPSS for each treatrgemip. In all cases, the results
were insignificant at the 90% confidence level (18). Therefore, the alternative
hypothesis was rejected, indicating a normal digtion of data. The sixth and final
assumption was examined in SPSS using Levene’fordsbmogeneity of variances.
In all cases, the results were significant at % Yevel (p<0.10). Thus, the
alternative hypothesis could not be rejected, aeddaita fails the assumption of
homogeneity of variances. As a result, a one-wisl{DXA could not be used to
analyze the data, and a Welch ANOVA was used iplése. This test is statistically
valid despite heteroscedasticity, because the nemanseighted by the reciprocal of
the group mean varianc& The Welch ANOVA was performed in SPSS using a

Games-Howell post-hoc test at the 90% confidenesl.le
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Chapter 3: Results

3.1 Nanoparticle Characterization

3.1.1 Zeta Potential

Zeta potential, electrophoretic mobility, and cociikity were
determined with the provided Zetasizer Nano soféwdalvern Instruments
Ltd). The average values for each of the nanagarsolutions are recorded

in the table below.

Test Solution Zeta potential | Electrophoretic mobility | Conductivity
(mV) (Umcm/Vs) (mS/m)
PvP-Ag NPs -38 (£ 6) -3.0 (£ 0.5) 44 (£ 2)
Bare nzZVI 8 (£ 6) 0.6 (x0.3) 26 (£ 1)
Coated nzVI -16 (£ 3) -1.2 (£ 0.2) 24 (£ 1)

Table 3.1 — Zetasizer measurements for the three nanoparticleorsmlusilver
nanoparticles (PvP-Ag NPs), uncoated iron nanoparticles (bakd),nZnd iron

nanoparticles with an organic and inorganic surface modifier (coZiét).

Zeta potential describes the tendency of partiddkcculate in
solution. Values greater than £30 mV are generatlicative of stable
suspensions, whereas values between +5 and +3ftareconsidered
incipiently unstable suspensiofis Electrophoretic mobility, on the other
hand, is related to the ability of the chargedipl@s to move in solution.
Particles with values less than #2mcm/Vscan be described as having low-

charged surfacés. Conductivity is simply the ability to conduct etecity
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and is related to the salt content of the solutignlues between 5 and

50 mS/m are typical for most freshwater soufées.

3.1.2 Transmission Electron Microscopy

TEM images taken by the Maryland NanoCenter weegl tis
determine particle size, aggregate state, anddastructure for each of the
nanoparticle solutions. Specific surface area (S®As calculated from the
particle diameter (d) and material densjty, @ssuming a perfect sphere:
SSA = surface area/mass =p3t{), wherep = 1.05E7 g/mfor silver and
7.80E6 g/m for iron.”® Images are displayed and explained on the foligwi

pages.
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Figure 3.1 — TEM images for the PvP-Ag NPs. A) Low nesoh showing the aggregate
structure; B) High resolution image of an aggregate shovhiedattice structure of the

individual particles.

From the above TEM images, the silver nanopartiolation appears
to consist of small particles with diameters ofrd and specific surface areas
of 143 nf/g. These particles are crystalline in nature, tand to form larger

aggregates with diameters between 20 and 50 nm.

33



20 nm

Figure 3.2 — TEM images for the bare nZVI. A) Low reseoluitshowing the particles and
aggregate structure; B) High resolution showing the lattinectsire of an individual

particle.

The above TEM images for the bare nZVI show indiaidparticles
with a diameter of 60 nm that are overlapping, wibime forming large plate-
like structures. The particles are crystalline atune (as seen in the high
resolution image) and have specific surface argaaléo 12.8 filg. The
plates match other descriptions seen in literatumd,correspond to the

formation of iron oxide$*
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Figure 3.3 — TEM images for the coated nZVI. A) Low resofushowing the aggregate

structure; B) High resolution showing the lattice structifran individual particle.

The TEM images for the coated nZVI reveal partiolgh properties
that are very similar to the bare nZVI. The coatg¥| particles are slightly
smaller (55 nm diameter), but form similar overleygpstructures. These
particles are also crystalline in nature, with sfiesurface areas of 14.0%g.
Surrounding the particles is an amorphous mataratching the description

of an organic surface coating seen in a previougyst
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3.1.3 X-ray Photoelectron Spectroscopy

High resolution surveys and ion sputtering deptfilas from the

XPS assays were provided by the Maryland Surfacdysis Center. The

surveys yield detailed information regarding thetipkes’ surface

composition. The results may be seen in Appendiard are summarized

below.
A) % metal % C 1s % O 1s % Si 2s % Na 1s
PvP-Ag 35.04 55.23 9.74 N/A N/A
NPs
Bare 12.44 32.83 44.43 10.30 N/A
nZvi
Coated 13.16 35.55 46.60 0.81 3.88
nZVl
B) C1ls O1s

% C-CIC-H | % C-O | % COOH % 0> | % organic O
PvP-Ag 85.99 14.01 N/A 26.14 73.86
NPs
Bare 80.13 13.00 6.87 44.35 55.65
nZVvl
Coated 54.71 N/A 45.29 94.76 5.24
nZvl

Table 3.2 — High resolution XPS data from A) particle sysvand B) element specific

analyses. “% metal” corresponds to metallic Ag in the cadeed?¥P-Ag NPs and to Fe

2p in the case of the nzVI particles.

Element specific analgsisot provided for

metallic Ag, Fe 2p, Si 2s or Na 1s, because these elementsangsponded to one

structure.

In the case of the PvP-coated silver nanopartithesabove data

corresponds well with spectra reported in othediss{*"® The surface is

composed primarily of an organic modifier with soexg@osure to the silver
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particle. Furthermore, the Ag that is presenthendurface has not been
oxidized and remains in the metallic state.

The bare and coated nZVI samples have very simi¢gr resolution
XPS results. The surface composition of both seamd largely organic in
nature, with only a small percentage correspontbrigpn. The iron on both
of the surfaces corresponds well with iron oxidiéely FeO)’° Additionally,
there are only minimal amounts of metallic irorttie bare nZVI and no e
in the coated nZVI. The oxygen composition diffeetween the two nZVI
samples. In the case of the bare nZVI, the oxygpetific analysis shows
similar percentages for metallic {{and organic oxygen. However, the
oxygen of the coated nZVI is almost exclusively allet in nature.

Depth profile assays were performed for the two hZamples in an
effort to better understand the core-shell strec{aee Appendix E for graphs
after four ion sputters). In each of the nZVI pdet surveys, Fe 2p increases,
C 1s decreases, and O 1s remains relatively statilelepth. The element
specific analysis revealed minimal changes in the €ébmposition and
fluctuations between increasing and decreasifg@ organic O
composition for each of the particles. The Fe Ralysis, however, varied
between the samples. In the case of the bare n@VEputtering revealed the
small metallic Fe peak to increase slightly witlpte possibly corresponding
to exposure of the zero-valent iron core. Thisrbtloccur in any of the
coated nZVI assays. Itis possible that the theskrof the surface

modifications on this sample prevented detectiothefF& core>’
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3.2 Water Chemistry

3.2.1 pH
Replicate measurements for sample pH were averfagesach
treatment type at the t=24, 72, and 168 hr timeatspihe t=0 time point
corresponds to the average of three measuremeatsepfesentative sample
of the enrichment culture. The data was then grdp@s pH vs. time for the

six treatments. Error bars represent the staralarzhtion of the replicates.

=¢==Blank

8.00 T ETE "|
’: =i—Negative
750 A i Control

—h—PVP-Ag
NPs
Bulk Fe

Sample pH
~
8

==ie=Bare nZVI

— =@=Coated
nzvi

6.00 - T T T
0 50 100 150

Exposure Time (hr)

Figure 3.4 — Sample pH vs. exposure time for the six expatal treatments. For the
t=0 exposure time point, the pH value was measured ilicaip using a representative
sample. For the remaining time points, the pH value was meghsutriplicate for each
of the experimental samples after 24, 72, and 168 hourstfreraddition of the spiking
solution. Error bars are shown, but are sometimes tod smsée; they represent the

standard deviation between the experimental replicates (n=3).
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The starting pH of the enrichment culture was shgacidic (6.15 +
0.01), which is in the range of expected valuegfoundwater sourcés.
After 24 hours from the addition of the spikingwgadn, the pH value for each
of the experimental treatments increased. Theegaluen appeared to
stabilize and remain relatively constant througttbatremainder of the
experiment. Comparatively, the blank had the Idyeés which is expected,
because all other samples were spiked with a psbliion. Conversely, the
iron nanoparticle solutions had significantly higpél values than the other
treatments. In all cases, the pH values of thferdiht treatment types were
moderately similar; the range was approximately(ith&uding the blank) or

1.0 (excluding the blank).

3.2.2 Oxidation-Reduction Potential

Sample ORP values (measured with an Ag/AgCl, sérence
solution) were converted to standard Replicate measurements were
averaged for each treatment type at the t=24,® 188 hr time points; the
t=0 time point corresponds to the average of thteasurements of a
representative sample of the enrichment cultutee data was then graphed
as k vs. time for the six treatments. Error bars repne the standard

deviation of the three replicates.
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Figure 3.5 — SampleBrs. exposure time for the six experimental treatments. hEdr=0
exposure time point, the ORP value was measured in triplicatg asrepresentative
sample. For the remaining time points, the ORP value wasuneglam triplicate for
each of the experimental samples after 24, 72, and 168 hoargHeoaddition of the
spiking solution. Error bars are shown, but are sometiotesmall to see; they represent

the standard deviation between the experimental replicates (n=3).

The starting Eof the enrichment culture was equal to -95 (x2),mV
corresponding to a reducing environment that ihérange of expected
values for groundwatéf. The reduction potential of the blank, negative
control, and PvP-Ag NP treatments were betweenatsld+250 mV
throughout the entirety of the experiment, indiocgtan oxidizing
environment. There was no significant differeneéneen these samples at
any of the time points based on their standardatiewvis. In contrast, the
reduction potentials of the three iron samples vbeteveen -300 and

-450 mV, indicating a highly reducing environmei.all cases, the iron
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nanoparticle samples had significantly lower redotentials than the bulk
Fe. Additionally, the bare nZVI treatment had loWg values during the
t=24 and t=168 hr time points. Based on the stahdaviations, this
difference was not significant at t=72. Overdik iron treatments caused a

drastic decrease in the redox potential when coeapaith the other samples.

3.3 Microbial Enumeration

The GCNs from the experimental samples (see $e2ti) were converted to
gene copies/mL culture using the equation in Appekd The values of the
experimental replicates were then averaged to pedisingle value for each target
gene at each time point for each treatment type.ekample, a single gene
copies/mL culture value was assigned for Eubactdt measured at 24 hours after
treatment with the negative control. These valmere then graphed as concentration
vs. time for the different target genes. Errorsbaere determined from the standard
deviation of the experimental replicates (n=3 ircakes, except for the negative
control in the Eubacteria and Archaea 16S rRNAassahere n=2 due to the
removal of a statistical outlier). The standardidg&ons were approximately 1 to 1.5
orders of magnitude less than the average valudedamples. This finding is
relatively consistent between the different samples time points, so it is likely a
reflection of the various procedural errors duraxgerimentation. Because the
Dehalococcoides spp. and methanogen microbial populations couldeaneasured
with the gPCR assays, microbial enumeration resuénly presented for the total

Bacteria, total Archaea, and sulfate reducing ectgoups.
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Eubacteria 16S rRNA
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Figure 3.6 — Eubacteria 16S rRNA gene copies/mL culturexgosure time for the different
experimental treatments. A) All samples displayed on the seate. sB) Magnification of the
same graph to show differences between the samples. Error bsieare but are sometimes too

small to see; they represent the standard deviation between ltbatesp
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Ribosomal RNA transcription determines the ratalmisome synthesis.
Therefore, increases in rRNA can be related toobiat growth, rather than
expression of a specific cellular functibi® Furthermore, the 16S portion of the
rRNA is highly conserved among different speciebaxteria and archaea. Primers
targeting a specific portion of this gene are céabacting as universal bacterial or
archaeal amplifier§”’® By measuring changes in the Eubacteria and AstHaS
rRNA gene copy number, we can determine how tred Rdacteria and Archaea
populations change over time and across treatmémtgseases and decreases in this
GCN can be linked to microbial growth and deatbpestively.

For the total Bacteria population in the samplessinmicrobial death
occurred within 24 hours after addition of the spgksolution. Microbial growth,
however, was gradual and occurred throughout thieegnof the experiment. The
only treatment that resulted in significant baetegrowth was the PvP-Ag NPs,
which was surprising, because this treatment wiginaily designed to be a positive
control for microbial toxicity. Samples spiked wihis solution experienced an
average GCN increase of 1.1 logs. Comparativebylts from the blank and
negative control were relatively consistent overej the GCNSs increased by less than
0.2 logs after 168 hours. All of the iron-spikedrgples experienced similar trends
and decreases in GCN (1.2-1.8 logs). This datgesig that each of the iron

treatments resulted in substantial bacterial death.
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Figure 3.7 — Archaea 16S rRNA gene copies/mL culture vsosexp time for the different
experimental treatments. A) All samples displayed on the saale. B) Magnification of the
same graph to show differences between the samples. Error bsieware but are sometimes too

small to see; they represent the standard deviation betweeaplicates.
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The total Archaea populations in the samples ézpeed very similar trends
in microbial growth and death as compared withEbbacteria 16S rRNA assay.
The only noticeable difference was the extent oNG@riation. The PvP-Ag NP
treatment resulted in a slightly greater incredse lpgs), the blank and negative
control were closer to the t=0 point (less thardB.lbgs difference after 168 hours),
and the iron samples caused a slightly smalleredeer (1.0-1.5 logs). Additionally,
the bulk Fe resulted in slightly less microbial hetlan the iron nanopatrticle

treatments, where the opposite was true for theaEteba assay.

Dissimilatory Sulfate Reductase
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Figure 3.8 — dsrA gene copies/mL culture vs. exposure fonghe different experimental
treatments. Error bars are shown, but are sometimes tootersak#; they represent the standard

deviation between the replicates.
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Unlike the Eubacteria and Archaea 16S rRNA germesgéene used for
assessing dissimilatory sulfate reductase is mettly related to microbial
population. Instead, dsrA corresponds to a kegtfanal gene involved in sulfate
reduction®® Therefore, changes in this GCN reflect changesuifate reduction
activity of the culture; this does not necessantjicate an increase or decrease in the
sulfate reducing bacterial population. The dsrAgResults revealed similar trends
in GCNs as both the total Bacteria and total Arehassays. The differences between
the experimental treatments, however, are muchpless®unced. For example, the
PvP-Ag NPs only increased the dsrA concentratiofi.Bylogs, and the iron samples
only decreased it by 0.1 logs. It also appearsthese differences may not be

statistically significant. The ANOVA analysis wased to address this possibility.

3.4 Analysis of Variance

Nine Welch ANOVA tests were performed consisting=@Ns from the six
treatment groups. These nine tests corresporigktthtee target genes (Eubacteria
16S, Archaea 16S, and dissimalatory sulfate redattaeasured over three time
points (24, 72, and 168 hours). Statistically gigant differences between the
treatment types for each target gene were detedntip@nalyzing the p-values from
the Games-Howell post-hoc tests. A value of lkas 0.10 was viewed as
significant, indicating a statistical differenceween two treatments at the 90%
confidence level. Results are presented in Appe@Gdand are summarized below.

There were several statistically significant diffleces between the Eubacteria

16S rRNA treatment types. At the 24 hr time paatlitpf the iron treatments
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decreased the bacterial population below that@btank, negative control, and PvP-
Ag NPs. There was no significant difference betw#ée three iron treatments, and
there was no significant difference between thalplaegative control, and PvP-Ag
NPs. Atthe 72 hr time point, all iron samplesréased the population below that of
the blank and negative control. The PvP-Ag NPttneat, however, was not
statistically different from any of the other tresnts. There was also no significant
difference between the two iron nanoparticle sas)e between the blank and
negative control. Finally, the bulk Fe treatmeati@ased the population below that
of the bare nZVI treatment, but not that of thetedanZVI. Similarly, all iron
samples decreased the population below that dfldrk and negative control at the
168 hr time point. Additionally, the PvP-Ag NPdtment was not statistically
different from any of the other treatments, anaehgeas no difference between the
iron nanoparticle samples. At this time point, lewer, the bulk Fe decreased the
population below that of both iron nanoparticleatreents, and the negative control
increased the population above that of the blank.

The results from the Archaea 16S ANOVA were sinmtitathose of the
Eubacteria 16S. At the 24 hr time point, the sénereds were evident, except that the
PvP-Ag NP treatment increased the microbial pomnabove that of all other
treatments. The same trends were also presdm @thr time point, but all iron
samples had the same statistical effect of deecrggmpulation. At the 168 hr time
point, the findings were similar, except all ireangples had the same statistical effect,

and the PvP-Ag NPs increased the population as a@dwith all other samples.
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The dissimilatory sulfate reductase ANOVA did nobdgluce many
statistically significant results. The only sigo#nt difference at the 24 hr time point
occurred between the PvP-Ag NPs and coated nZginrents. At the 72 hr time
point, there were no significant differences betwtee treatments. Finally, the only
differences at the 168 hr time point involved tv®Ag NPs. This treatment
increased the sulfate reduction activity as congpanh all iron treatments and the
blank. Overall, the Eubacteria and Archaea 16SARRCR results revealed many
statistically significant differences between tlagious experimental treatments.
However, the significance of these differencehmdissimilatory sulfate reductase

assay is limited.
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Chapter 4: Discussion

4.1 Comparison of Nanoparticle Properties

The characterization techniques revealed manyagitres between the two
iron nanoparticle solutions. In terms of theitgity in solution, the zeta potential
measurements and TEM imaging both showed thataheles were moderately
unstable and had a tendency to form loose aggeg&ierthermore, the individual
particles in these aggregates had similar sizesif-8ifference) and specific surface
areas (~1.1 ffg difference). In comparison, the PvP-coatedesihanoparticles
appeared to be stable based on the zeta potemtidbwa resolution TEM. However,
high resolution imaging revealed that the 20-50"particles” were actually tightly
formed aggregates consisting of individual Ag e with an average diameter of
4 nm and specific surface area of 14%gn This finding matches descriptions in
other papers and could mean an increased surfactvity for the PVP-Ag NP$’

In terms of their surface chemistry, the bare evated nZVI mainly consisted
of iron surrounded by a carbon, oxygen, and hydrqgetective layer. The total
percentages for each element were nearly iderietaleen the two samples. The
high-resolution spectra, however, revealed someitapt differences in
composition. The coated nZVI contained a much érigiercentage of COOH and
O” than the bare particles, which mainly consiste@-@/C-H and organic O. These
differences may be related to the stabilizatiomégeased during production and

shipment of the nanopatrticles: the different C dspositions could be explained by
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structural dissimilarities between the organic sisdys of the two samples, and the
increased © could be from oxygen bonds in the un-describedgaoic modifier (i.e.
SiO; or AlL,Os3) on the coated nZVI. The increasetl euld also result from greater
iron oxidation of the coated nZVI. This is unligehowever, because the iron
percentages and high-resolution spectra are alich@stical between the two samples.
In both cases, the iron high-resolution spectra b@selated with iron oxide (most
likely FeO), with no metallic iron in the coatedVizsample and only minimal
amounts in the bare nZVI. This characteristicrdd change significantly throughout
the ion sputtering analysis, although the totat ipercentage did increase with depth.
Conversely, the PvP-Ag nanopatrticles were soleliatiein nature, with no
evidence of oxidation. This is a significant drface between the iron and silver
nanoparticle samples, which likely impacts the acefreactivity in solution. Iron
oxide is known to inhibit reactions involving nZ\Although most studies refer to
FeOs, rather than Fe®. FeO can still react with materials through thelation of
Fef* ions. Additionally, the cores of the nanoparsicége likely protected from
oxidation and may remain in the zero valence stateerefore, the iron nanoparticle
solutions could exhibit significant reactivity déspsurface oxidation. Furthermore,
the iron oxidation on the surface may be a redut®drying process and subsequent
exposure to air, rather than an inherent failurthefsurface modifiers. It is possible
that the protective surface coatings are more & solution due to an increased

reducing atmosphere.

50



4.2 Relationship between Water Chemistry and Microbial Ecoloqy

Each of the iron treatments produced a pH incraadeORP decrease when
compared with the other experimental samples. dtreatments also resulted in
significantly lower microbial populations, as measliby the Eubacteria and Archaea
16S rRNA gPCR assays. Interestingly, these changgsemistry and microbial
ecology followed similar trends: observed changa=suoed within 24 hours after
treatment, they stabilized and persisted for thigedy of the experiment, and they
were very similar between the different iron treaints. Therefore, there may be a
connection between the observed pH and/or ORPrenchéasured microbial
populations.

With regards to pH, the increases from the ireatiments resulted in neutral-
slightly alkaline media. Because many anaerobarabies (i.e. methanogens and
sulfate reducers) have an optimum pH range of A5tBis increase is unlikely to
cause substantial damage and may even increaskalietates® Additionally,
anaerobic microbes are typically more resistastriessors than aerobic
microorganisms, so a change of 1-1.5 pH units shoat significantly impair their
growth or viability®® Furthermore, the negative control and silver pantcle
treatments resulted in similar pH values as the-ireated samples. These
treatments, however, did not cause significant oial death and instead increased
the population at some time points. Thereforehilgaer pH of the iron samples may
be a result, rather than a source, of the micrgbgdonse. This is supported by the

observation that microbial growth can decreasetisoipH2® Consequently, the
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iron-treated samples may have the highest pH vabezause they possess the
smallest population of microbes capable of relepbydrogen ions through growth.

Regarding the oxidation-reduction potentials,dbeerved decreases in the
iron samples can be explained by redox chemidt¥hen zero-valent iron and FeO
enter the system, Fe(0) and Fe(lIl) have the petetatibe oxidized to Féand/or F&*
ions. Therefore, the iron creates a reducing enmirent, which is characterized by a
negative ORP value. This decrease in the redupbential may be sufficient to
explain the observed microbial death. Microorgansigre sensitive to chemical
changes in their environment, and certain typasethbolic processes can only occur
under specific redox conditiofi$®> Therefore, changes in ORP can interrupt cellular
respiration and decrease the microbial populatibme observed microbial death
could also result from iron oxidation via reductimimanother material (i.e. TCE).
This redox reaction would release iron ions intliigon, where they may generate
reactive oxygen species via the Fenton reactioas@lspecies can then disrupt the
cellular membranes of microorganisms via lipid p@tation, resulting in cell lysis
and deatt™>*

It is also possible that the observed changes iR @R a result of microbial
activity. Microorganisms can impact the reductpmtential of a system through
respiration and growt?f. Therefore, the positive ORP values in the blaigative
control and PVP-Ag NP samples may be from theiaignemicrobial populations.
Conversely, the ORP values of the iron treatmemnisdcbe a consequence of the
microbial death in these samples. While this adBon may have occurred to an

extent, it is unlikely the primary source of thastic decreases in ORP. A relatively
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large concentration of iron was added to eacheddtsamples, so a significant drop
in the systems’ redox potentials should be obserVethere is any correlation
between ORP and population, it is more plausitéé thicrobial death resulted from

the reducing environment and/or the release ofivas.

4.3 Impact of Experimental Treatment

The methanogenesis activity alddhalococcoides spp. population were
below the detection limits of the gPCR methyl cogne M reductase and 16S rRNA
assays, respectively. Treatment impacts involtirege two microbial groups could
therefore not be measured in this experiment. #aldhlly, the sulfate reduction
activity in most samples was only slightly greatean the detection limit of the
dissimilatory sulfate reduction assay. Consequeittivas difficult to discern any
significant trends in the data, and the ANOVA asal/revealed limited or no
statistical differences between the various treatrhgpes.

The Bacterial and Archaeal 16S rRNA assays, howegeealed many
significant differences between the total Bactand Archaea populations in the
different experimental samples. Regarding the $asrtpeated with the negative
control, there was no statistically significant mepat either the 24 or 72 hr time
points, as compared with the blank. At the 168rhe point, however, this treatment
significantly increased the bacterial populationt thecreased the archaeal one. The
reason for this differing effect is unknown, buisipossible that the pH increase or
ethanol addition stimulated bacterial activity vehilindering archaeal growth due to

differences in the microbial metabolisms. It ca@cbncluded that the negative
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control (pH 10, 4.2% ethanol DI water) generallgt dot interact significantly with
the microorganisms in the groundwater samplesydreh an interaction did occur,
the impact was limited and inconsistent betweerdtfierent microbes.

The silver nanoparticles were originally desigasd positive control due to
their demonstrated toxicity to a wide array of rammganisms (including some
anaerobic specief}® The gqPCR results, however, revealed a trendavéasing
bacterial and archaeal GCNs over time when treatddthe PvP-Ag NPs. In all
cases, the average microbial populations in tiversiianoparticle-treated samples
were distinctly greater than those of all other gles1  Although these increases were
only statistically significant in two cases (Arclaat6S rRNA at t=24 and t=72), it
was evident that the PvP-Ag NPs were not toxidiéoniicrobes. This is especially
surprising considering the extremely large dosgpiing solution used in this
experiment (the final concentration was approxityat80 times greater than that of
most other studie$}:®*°* These results agree with a few recent studigshtnze
found silver nanoparticles are not toxic in ana&remvironment$*®® Researchers
hypothesize that the absence of oxygen prevents sdns from being released into
solution?*® Therefore, there does not appear to be a unigoneparticle-based
toxicity in this or other studies. Instead, silv@ns appear to be responsible for
microbial death.

Finally, analysis of the iron-treated samples réae¢hat all experimental
treatments decreased the bacterial and archaealgtiops below that of the blank
and negative control. These findings were sigaiftat the 90% confidence level

and indicate an apparent microbial toxicity thaimsquely iron-based, rather than pH
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or ethanol-related. Furthermore, the three treatrtypes (bulk Fe, bare iron
nanoparticles, and coated iron nanoparticles) batparable impacts on the
microbial communities. There were only statisticalgnificant differences between
these treatments in two cases: Eubacteria 16S r&ddAy at the t=72 and t=168 hr
time points, where the bulk Fe treatment decrettsetacterial population below
that of one or both of the nanoparticle treatmef®m these results, there does not
appear to be a unique nanoparticle-based toxidmstead, the toxicity seems to
result either from the release of iron ions anddpmtion of reactive oxygen species,

or from the drop in redox potential and disruptadmmicrobial metabolisms.

55



Chapter 5: Conclusion

5.1 Sgnificance

This study produced some interesting findings tioatld have implications for
future nanoparticle applications. Surprisinglye glver nanoparticles in this study
did not exhibit any microbial toxicity. The PvP-Agtually increased the bacteria
and archaea populations in the anaerobic systdns finding supports the theory
that Ag" ions are the source of silver toxicity, rathemtl@gaunique nanoparticle-based
effect. Therefore, silver nanoparticles cannotibed as bactericidal agents in
anaerobic systems. nZVI, however, may be an adganus replacement.

Both bare and coated nZVI were toxic to the andergtbundwater microbes
in this study. This toxicity was equivalent tottle@iron filings when applied in
equal concentrations. Consequently, the toxiaefias likely a result of iron ion
release or redox shifts, rather than a unique reaicfe-based toxicity. This
conclusion is supported by other studies, but tisestill some controversy over the
mechanism of toxic action. Regardless of the canigd¥l exhibits bactericidal
properties in anaerobic environments, making ifulder a wide array of industrial
applications in addition to its current uses iniemvmental remediation. These
particles, for example, could be used in disinfetsdor the removal of microbial
pathogens, or in wastewater treatment plants fptkevention of microbial build-up

on filtration membranes.
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5.2 Future Work

The findings presented in this study suggest tleeaiial toxicity of both
bulk and nano zero-valent iron. However, the meonechanism of this toxicity
could not be determined. Other studies are netddidcern the source of toxicity
and confirm the absence of a unique nanopartiééetef Inoculation of microbes
with ferrous and ferric salts could determine d@inirions are responsible for the
observed toxicity. Oxidant scavengers could alsadided to the experiment to see if
reactive oxygen species are required for celludatll. Furthermore, measuring
microbial death at varying Fe concentrations andP@Rlues could allow for a
statistical comparison of correlation. Using tajgroach, it could be possible to
determine which factor has a greater impact orcityxi

This study raises some important questions invgltinte use of zero-valent
iron for contaminant removal. The results sugtfest iron filings, bare nzZVI, and
coated nZVI are toxic to anaerobic microorganisifiserefore, the use of these
materials for the remediation of groundwater caddse noticeable damage to the
native microbial communities. More studies aredegkto investigate the extent and
permanence of this damage in natural settingsield $tudy involving the addition of
ZV1 to contaminated groundwater that measures theti CE concentration and
microbial populations over an extended period moktwould provide valuable
information for a cost-benefit analysis of this esiation technique. As the current
research stands, there are still many uncertaistissunding zero-valent iron
nanoparticles in the environment, but there israd@&ence of toxicological action

that could be of ecological concern.
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Appendices

Appendix A: Experimental Diagram

The experiment consisted of four basic components:
the enrichment culture preparation (green), theparticle preparation and
characterization (yellow), the toxicity study (plap and the gPCR analysis (blue).
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Appendix B: Gene Copy Number Calculation

GCN = (g DNA * Avogadro’s number) / (base pairs of tiene * avg. mass of DNA)

GCN = (g DNA * 6.02E23) / [(3956 + base pairs of theert)* 660]

Appendix C: Optimum gPCR Conditions

Assay Primer Concentration, | Annealing Step, Extension Step,

forward:reverse (nM) | temperature — time | temperature — time
Eubacteria 16S 300:50 57°C - 30s 60°C — 30s
Archaea 16S 300:900 57°C - 30s 60°C — 30s
Dissimilatory 900:300 55°C - 30s 60°C — 60s
sulfate reductase

Appendix D: XPS Surveys

PvP-Ag NPs: High-Resolution Survey

x10
=
Name Pos. Area At% i
Cls 2848180  2460.129 5522
10 01s 5300180 1217350 9.74
AgMetallic 368.5180 33623274 35.04
8|
cl
o
cr
w6 3 =0 |
& = % ‘;:t
M3 2
S 4 |
W N g s |
4— " 2 b o |
\'*'J: o waM\'wr'w\J‘. ) |
\ D e Vo M |
et W |
2 v g
o by
| )
[N . PRPR———— | T i |
t‘-ﬂxl"
1 [ I I I [ I
1200 900 600 300

Binding Energy (V)

59



PvP-Ag NPs: C 1s
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Bare nZVI: C 1s

<10}

90 |
] Name Pos. TFWHM LSh  Area %Area =
] COOH 2887767 13020 GL(30) 78033 687 0
o C-C/C-H  284.8383 13020 GL(30) 909445 80.13
1 @0 2863433 13020 GL(30) 147653 13.00

70

60]

v ]

=

~ 50

40

30

EOLW\N\'\’.\/\/‘/\/“VWJ\,\’\/

300 296 292
Binding Energy (eV)

Bare nZVI: O 1s

x 10

16 Pos. FWHM L.Sh Area  %Area
5324966 1.8363 GL(30) 1978.099 4435
5304130 1.8363 GL(30) 2482223 5565

|
536
Binding Energy (V)

T
540

62



Bare nZVI: Fe 2p
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Coated nZVI: C 1s
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Coated nzZVI: Fe 2p
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Appendix E: XPS Depth Profiles
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Bare nZVI lon Sputter 4: C 1s
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Bare nZVI lon Sputter 4:

Fe 2p
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Coated nZVI lon Sputter 4:

Fe 2p
x 102
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Appendix F: Sample Concentration Calculation

Gene copies/mL culture= GCN / volume gPCR sample * dilution factors *
extraction volume / sample volume

Gene copies/mL culture= GCN /2 pL * (40/3) * 50 uL /5 mL

Appendix G: Welch ANOVA Results

Mean plots from the Welch ANOVA analysis using Gam&Howell post-hoc tests
are presented in the following format:

a) The number on the x-axis refers to the type ofiggikolution used in the

toxicity study: 1=blank, 2=negative control, 3=PXB-NPs, 4=bulk Fe,
5=bare nzZVI, and 6=coated nZVI
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b) The y-axis corresponds to the mean gene copy nuailiee experimental

replicates for the Eubacteria 16S, Archaea 168issimilatory sulfate

reductase gPCR assay at the T=24, 72, or 168 kBrgomt

c) Any number above a data point on the plot corredpdn a treatment type

Mean of T24Eub16S

that is statistically different at the 90% confiderievel (i.e. a number 4 above
the spike 1 data point indicates that there isassically significant

difference between the means of the bulk Fe antkiteatments)
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