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Abstract

This work is motivated by the need to understand the environmental risks posed by
antimicrobial silver and copper nanoparticles, from consumer products and pesticides, and
surfactants, used for oil remediation. Silver and copper nanoparticles have biocidal properties,
and surfactants have similar chemical structures as autoinducers, molecules bacteria use to
communicate (known as quorum sensing), which may alter bacterial communication. The
introduction of both classes of chemicals may pose different threats to bacterial populations to
affect normal ecosystem functions.

The dissertation addresses the role natural organic matter and bacterial concentrations
play to serve as silver and copper sinks to mitigate toxicity and probes the effects that surfactants
have on bacterial quorum sensing.

Pseudomonas fluorescens was used as a model biofilm forming bacterium to understand
the role natural organic matter (NOM) and bacterial concentration play on bacterial survival and
colonization of AgNP-decorated surfaces. It was seen that both NOM and P. fluorescens serve as
silver sinks and the critical amount of bacteria-bound silver necessary to inhibit growth was on
the same order of magnitude for each initial bacterial concentration. An increased silver
sensitivity was observed when NOM was present.

Escherichia coli was used as a model Gram-negative bacterium to study Cu?* toxicity in
the presence of NOM. NOM increased bacterial tolerance to Cu?* over ten-fold. Copper
responsive genes were measured with and without NOM at the same initial bacterial
concentration and it was observed that copper sensitive gene expression was lowered with NOM.

Vibrio harveyi was used as a model quorum sensing bacterium to study the effect of

Tween 80 surfactant on quorum sensing. Bioluminescence is one form of quorum sensing



response for V. harveyi, and the addition of Tween 80 caused a decrease in luminescence for
similar bacterial concentrations. Liquid chromatography-mass spectrometry was used to study
interactions between Tween 80 and N-butyryl homoserine lactone (Al-2). A decrease in
autoinducer Al-2 signal was observed with Tween 80 suggesting that there is some interaction
between the surfactant and Al-2 that may result in a decrease of available signal. These results

indicate that further studies should be performed to better understand these observations.
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Chapter 1. Introduction

1.1 Motivation

1.1.1 Metal nanoparticle presence in the environment

A nanoparticle is a particle with at least one dimension less than 100 nm.* Nanoparticles
have gained interest for their different properties compared to their bulk counterparts? and have
applications in a wide range of areas. Titania nanoparticles are used in sunscreens and paints,
silver and copper nanoparticles are used as pesticides, iron nanoparticles are used for
groundwater remediation, fullerene particles are used in cosmetics.™* In the past two decades
there has been a large increase in the use and production of nanoparticles for consumer
products.* The difference in properties and reactivity between nanoparticles and bulk materials
of the same composition is one main reason for the surge in nanoparticle usage.>° In 2006, only
200 products were reported to contain nanoparticles and this number has jumped to almost 2000
products in 2015.3™ The volume of nanoparticles produced has also risen from hundreds to
thousands of tons per year.'? Nanoparticle production has exponentially increased and it is
predicted to continue to rise for the next few years.*3 With rising nanoparticle production it is
expected that environmental exposure will also increase.™®

In 2010, between 260,000 and 309,000 tons of nanoparticles were disposed in landfills;
this accounted for 63 to 91% of the nanoparticles released and the remainder entered the
environment.* With the large production of nanoparticles and their potential for release into the
environment, there is a growing concern for the impact this can have in the environment
especially on the organisms.6® Although there have been studies on nanoparticle toxicity there
are still uncertainties for the impact nanoparticles have on the environment especially with the

changing amounts and types of nanoparticles produced.12%-22
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Two nanoparticles of concern are silver nanoparticles (AgNPs) and copper oxide
nanoparticles (CUONPs). Products including fabrics, personal care products, catheters and
pesticides incorporate these nanoparticles primarily for their antimicrobial properties.®23-3®
Extensive usage of these products leads to increased nanoparticles in wastewater runoff.
Wastewater treatment sludge is typically used as fertilizer, providing another potentially
significant route for nanoparticle entry into ecosystems in agricultural regions.2437-40
It is believed that the main mode of toxicity, for each type nanoparticle, is the release of their
ions.35,41417

Several models have indicated the possibility of nanoparticles and their ions
accumulating in soils.*®°2 Garner and coworkers estimate that some nanoparticles and their ions
could reach concentrations above the minimum toxicity threshold.>® In the environment bacteria
are essential for nutrient recycling,*1°** and the potential for biocidal nanoparticles entering the
environment via waste streams represents an environmental risk.243%4% |t is therefore important
to study factors that affect metal ion and nanoparticle toxicity on bacteria in environmentally
relevant conditions to better understand the potential risk nanoparticles pose to microbial

communities.

1.1.2 Artificial surfactants released into the environment

In 2010, 1.8 million gallons of dispersants were released in response to the BP Deepwater
Horizon spill.>® The dispersants used were Corexit 9527 and 9500A which are blends of several
synthetic surfactants including Tween 80, Tween 85, dioctyl sodium sulfoccinate (DOSS) and
Span 80.%° These dispersants are used as a quick response to oil spills so oil is finely dispersed in

water and larger surface areas of oil are available for bioremediation.>” However, studies have



shown that these surfactants when released into the environment can persist for long periods of
time up to 4 years.>%%°

The presence of surfactants for periods longer than needed could pose a threat on aquatic
life,>" %! especially with studies showing that Corexit is toxic to some aquatic life.%2% It is also
possible that these long-lasting surfactants could interfere with the regular functions of bacteria.

Quorum sensing, a means by which bacteria chemically communicate to each other to
identify the population density, could be affected by the addition of surfactants to the
environment. The chemicals produced for quorum sensing are called autoinducers and are
usually amphiphilic.®* With the addition of surfactants it is possible that these autoinducers could
be solubilized by micelles and alter the communication amongst one or more bacterial
populations.® Several studies have shown that Corexit can have stimulating or inhibitory effects
on bacterial populations.®®-"° Evidently, there is an uncertainty on the impact dispersants can
have on bacterial populations in areas of oil spill remediation, and there is a need to investigate

the effects these surfactants have on bacterial populations and quorum sensing.5!
1.2 Background

1.2.1 Bacterial Lifecycle and Quorum Sensing

Bacteria are ubiquitous in any ecosystem’"2 and are essential for recycling nutrients such
as carbon, nitrogen and phosphorous. 4% Bacteria will transform compounds with these
elements into forms that can be metabolized by other organisms such as plants and other
bacteria.* Microbial communities are diverse to allow a division of functions amongst the
different species of bacteria.” "

There are three stages in the lifecycle of bacteria which are: the planktonic state (in

suspension), surface colonization and biofilm formation.”® A biofilm is a network of bacteria



that are surrounded by organic material produced by bacteria called extracellular polymeric
substance (EPS).”""8 The EPS serves as a protective barrier between bacteria and toxic agents.’®
Biofilms are reported to increase the tolerance of bacteria, in a biofilm, to external agents up to
1000 times as much as bacteria are in the planktonic state. 768081

As a part of the bacterial lifecycle, bacteria release hormone-like molecules called
autoinducers that serve as chemical signals for communicating amongst each other to determine
the cell population. This process is called quorum sensing® 384 and representative molecules are
shown in Table 1.1. The more bacteria that are present the higher the autoinducer concentration
is, and when there is a sufficient autoinducer concentration bacteria will change their gene
expression to perform a different function.®*84 Quorum-sensing is a way bacteria can function
like a multi-cellular organism by expressing a gene in unison with other bacteria of its species at
an appropriate time. Some products from bacterial quorum sensing include biofilm formation,

virulence and bioluminescence. 828

Table 1.1 Representative autoinducer molecules found in V. harveyi®24

K CHa(CHz)7CHy H—° i i
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homoserine lactone homoserine lactone | hydroxy-4-quinolone 4-one

1.2.2 Silver-Bacteria Interactions

Silver is toxic to microorganisms in both the forms Ag* and AgNP.234785-9 previous
research has thoroughly investigated AgNP toxicity to planktonic bacteria 8587942 a5 well as to
bacteria in biofilms.®”-1% Silver can significantly damage a bacterium through a variety of

mechanisms including Ag* binding to DNA and proteins in the cell, formation of cell wall pits or

4



other cell wall damage that degrades its performance as a transport barrier, and production of
reactive oxygen species (ROS).8>8:101-107 Although bacteria in biofilms are still vulnerable to
Ag" and AgNP toxicity, bacteria in biofilms have significantly higher resistances to
antimicrobials in general compared to their planktonic counterparts,’®8%8 and this includes
increased tolerance of AgNP exposure, %108

In addition to studies of pre-established biofilm susceptibility to AgNPs, bacterial
colonization on AgNP-decorated surfaces has also been investigated by a number of
groups.2>26:109-116 sing glasst3114116 and a variety of other types of surfaces, such as TiO, or
AgNP-impregnated plastics,?>26:10%-112115 these investigations address the question of whether or
not bacteria are capable of colonizing a surface in the presence of nanoparticles, but they do not
indicate particular factors that promote or inhibit colonization. The effects of humic acid on
bacterial colonization in the presence of AgNPs were not considered. Wirth and coworkers!®
showed that Pseudomonas fluorescens freely colonize directly on AgNP-decorated surfaces.
Surface colonization was shown to depend significantly on planktonic bacterial inoculum
concentrations. This inoculum effect was attributed to the decreased availability of silver ion
bound to cells at sublethal levels. In addition to bacterial cells serving as silver sinks, in the
environment there are numerous materials such as natural organic matter (NOM) that can bind
silver and reduce the amount that is free to interact with bacteria. Several forms of organic matter
have been observed to increase bacterial tolerance of silver nanoparticles in the planktonic
state.%699117.118 Natural organic may serve as a silver sink to promote bacterial colonization on
nanoparticle coated surfaces. The critical aspect of a silver sink effect is how silver binding to
that sink decreases the concentration of silver ions that are free to bind to bacteria and could

provide insight to evaluating toxicity.



1.2.3 Copper-Bacteria Interactions

Copper has well-known antimicrobial effects and copper-based pesticides have had
known uses for centuries or even millennia. 2’3211% Copper-based pesticides are attractive
because of low development of resistance and they are accepted for “organic agriculture”
applications.?® Commercial scale pesticides typically contain copper salts such as Cu(OH), or
CuSO4 and more recently copper based nanomaterials such as CuO nanoparticles (CUONPs)%,

There is strong evidence that the main source of toxicity for CuSO4, Cu(OH),, CuO and
CUONPs is the cupric ion.341-4512L122 A Ithough copper-based products applied to crops are
effective at reducing plant disease?’ ! studies demonstrating that they can affect the microbial
communities have raised concerns for potentially harmful impacts.*>74121123-125

The presence of NOM and other compounds in the environment that are capable of
binding metals will decrease the bioavailable copper concentration. Previous investigations have
established that NOM decreases silver and copper toxicity to bacteria %117.118.124126.127 g that
microbial communities are affected to different extents by metals when exposed in soils or media
with large amounts of organic material than when they are exposed under more pristine
laboratory media conditions.!1:74125128.129 |t has also been demonstrated that both silver and
copper toxicity can depend on initial microbial inoculum concentrations.116:1261%0 Quantitative
tracking of copper ion partitioning among the aqueous solution, cells and NOM has not been
performed and thus the possible physicochemical origins of the NOM and inoculum effects on
Cu?* microbial toxicity have not been established.

Some mechanisms that have been identified for copper toxicity to bacteria include Fe-S
cluster enzyme inactivation®®!, DNA damage*?, membrane damage!?***2, inhibition of nucleotide

synthesis'®3, mismetallation of enzymes®***** and differential protein expressions.'*® While the



role of reactive oxygen species (ROS) in copper toxicity to bacteria remains a subject of
debate, 131137138 several publications suggest that elevated ROS contributes to copper toxicity,
and ROS production is still commonly monitored. 42132138139

The bacterial response to metal ion stress agents includes characteristic alterations in
gene expression.t*142 Moore and co-workers observed significant increases in E. coli gene
expression for copA, cueO, cusC and cpxP after 30 minutes of Cu?* and CUONP exposure.'* The
copper-responsive genes (copA, cueO, and cusC) code for copper-regulating proteins: copA for a
transporter that shuttles cystoplasmic Cu* to the periplasm**, cueO for a protein that oxidizes
Cu*to Cu?, its less toxic form!*, and cusC codes for part of an efflux pump that transports Cu*
from the periplasm to outside the bacterium.'*® copA and cueO are on the same operon while
cusC resides on a separate operon.**” cpxP is also induced by elevated levels of copper. This
particular gene targets misfolded periplasmic proteins.X*8A study of gene responses when
bacteria are exposed to different copper sinks could provide a better mechanistic understanding

of copper toxicity to bacteria.

1.2.4 Corexit Toxicity to Bacteria

After the Deepwater Horizon Spill there was a surge in the amount of research
surrounding the toxicity of the dispersant Corexit to aquatic life, particularly for microorganisms.
Previous research has shown a variety of effects surfactants can have on marine
bacteria.®1:6366.70.14%-153 gome groups such as Hamdan and Fulmer have seen Corexit is toxic to
various levels for different species of marine bacteria and some species of bacteria such as
Marinobacter have high sensitivities to Corexit and experienced nearly 100% reduction in
viability.*>® Others like Overholt et al. have seen differing responses between bacterial speciesfor

where some such as Acinobacter are inhibited by Corexit while other species like Alcanivorax



experienced enhanced growth with the presence of Corexit.® All of this work reveals a variety of
inhibitory and stimulatory effects that Corexit has on bacterial growth. However, to our
knowledge no prior work has investigated the impact that dispersants such as Corexit may have
on quorum sensing for different bacterial species. Quorum sensing is a tool that some species of
bacteria use to communicate. If dispersants interfere with this chemical signaling it may affect
microbial populations. There is therefore a need to assess in addition to toxic effects of Corexit
but also effects on quorum sensing to better understand the impact this can have on marine

bacteria.

1.3 Dissertation Objectives

The overall objective of this work is to investigate the impacts of metal species and
surfactants on bacterial populations and community behavior. Pseudomonas fluorescens, a model
biofilm forming bacterium commonly found in soils, was used to assess AgNP and Ag* toxicity.
Escherichia coli, a model bacterium with a well characterized genome, was used to study Cu?*
toxicity. Lastly, Vibrio harveyi was used to identify potential effects of Tween 80, a component
of Corexit, on bacterial growth and quorum sensing. Specific aims and hypotheses are described

in more detail below.

1.3.1 Determine silver toxicity in “environmentally” relevant systems and how this impacts
bacterial colonization on surfaces coated with silver nanoparticles

The prevalence of AgNPs in the environment leads to a concern for disrupting the
lifecycle of bacteria especially during the colonization process which has been studied to a lesser
extent than the other parts of the bacterial lifecycle.*> The first objective for this dissertation is
to identify factors that affect AgNPs and Ag™ toxicity to bacteria especially during the

colonization process. We hypothesize that AGNP and Ag* toxicity will be dependent on the
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initial inoculum concentration, and that natural organic matter such as humic acid could
considerably reduce bioavailable silver and mitigate silver toxicity.

Prior literature concerning organic compound effects on silver tolerance does not
quantitatively evaluate silver ion partitioning between solution, bacteria-bound and organic
matter-bound states, and as a result it is not known whether there is a critical lethal threshold of
silver binding to bacteria. One of the goals of this work is to develop silver binding isotherms
for P. fluorescens and humic acid and perform a material balance around the system to identify
silver partitioning. We also plan to use minimal inhibitory concentrations and minimal
bactericidal concentrations to supplement the binding isotherms and determine toxic amounts of

silver.

1.3.2 Determine how initial inoculum concentration and the presence of humic acid affect
copper toxicity and identify potential mechanisms for mitigation

Similar to AgNPs in the environment there is a large amount of copper in both the
nanoparticle and salt forms added to the environment both intentionally and unintentionally. 2"~
32119 Since copper, like silver, is an antimicrobial agent, the applications of copper, especially in
agricultural soils, could affect the microbial communities. Thus, the second objective for this
dissertation is to investigate copper toxicity on bacteria with environmentally relevant
compounds and the effects copper sinks have to mitigate toxicity.

The goal of this work is to quantify copper bioavailability and identify how the initial
inoculum concentration and the presence of humic acid affect copper toxicity. We hypothesize
that, similar to silver, the initial inoculum concentration and the presence of humic acid will
considerably increase bacterial tolerance to copper. Copper binding isotherms to E. coli and

humic acid will be obtained to estimate copper partitioning to each component. Minimal



inhibitory and bactericidal concentrations will be measured to provide additional information
about the copper partitioning. Furthermore, gene expressions and oxidative stress levels will be

measured to identify changes induced due to increases and decreases in bioavailable copper.

1.3.3 Determine the impact that surfactants in commercial dispersants used for bioremediation
can have on bacterial growth and quorum sensing

The third objective is to investigate how surfactants, especially ones used for oil spill
remediation, can affect bacterial populations. V. harveyi is a model quorum sensing organism
and will be used to probe the effects Tween 80 has on bacterial growth and quorum sensing.
Luminescence will be measured to indirectly assess potential effects on quorum sensing since
bioluminescence is a gene expression induced by quorum sensing for V. harevyi. Since most
autoinducers are surfactant-like®* we hypothesize that surfactants in commercial dispersants will
interact with autoinducers to disrupt quorum sensing.

There is a major concern for the impact that these surfactants can have on microbial
populations especially in light of the current studies revealing that these surfactants may persist
for years in the ocean. %8° [f these surfactants are toxic to bacteria or interfere with quorum

sensing that could severely affect aquatic communities and the bacterial diversity.

1.4 Outline of this dissertation

Chapter 2 will include detailed materials and experimental procedures used in this work.
Detailed characterization of AgNPs will be included. The culturing procedures for the different
species of bacteria along with protocols to determine the minimal inhibitory and minimum
bactericidal concentrations will also be included.

Chapter 3 addresses parts of objective 1.3.1. This chapter identifies the dependence of

AgNP toxicity on the initial inoculum concentration. It briefly discusses P. fluorescens binding
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silver to reduce its bioavailability. The material presented was published in the Journal of
Colloids and Interface Sciencs under the title “Inhibition of bacterial surface colonization by
immobilized silver nanoparticles depends critically on the planktonic bacterial concentration,”
written by Stacy M. Wirth and co-authored by Alex J. Bertuccio, Feng Cao, Gregory V. Lowry,
and Robert D. Tilton. 116

Chapter 4 further addresses objective 1.3.1 by providing a mechanistic understanding to
explain inoculum effect present for silver and the role the inoculum effect plays on bacterial
colonization on AgNP-decorted surfaces. This chapter also identifies the role humic acid serves
in mitigating silver toxicity and how it affects bacterial colonization on glass surfaces. The
material presented in Chapter 4 was published in Environmental Science and Technology under
the title “Silver Sink Effect of Humic Acid on Bacterial Surface Colonization in the Presence of
Silver Tons and Nanoparticles,” written by Alex J. Bertuccio and co-authored by Robert D.
Tilton.1?

Chapter 5 addresses objective 1.3.2 by investigating the role that initial inoculum
concentrations and the presence of humic acid play on copper toxicity. This chapter explores the
contributions of humic acid and E. coli towards removing free copper. It also delves deeper into
a mechanistic understanding to explain how humic acid and initial bacterial concentration
mitigate copper toxicity by measuring gene expressions and oxidative stress levels.

Chapter 6 addresses objective 1.3.3 by probing V. harvyi growth and luminescence when
exposed to Tween 80, a component of Corexit. Growth and luminescence are measured for a
range of Tween 80 concentrations. A proposed mechanism to explain how Tween 80 affects
quorum sensing is also provided.

A summary of conclusions for this work and future directions are discussed in Chapter 7.
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Chapter 2. Materials and Methods
2.1 AgNP —PVP 55K Synthesis

The AgNPs used in these studies were sterically stabilized with poly(vinylpyrrolidone)
(PVP) of a molecular mass of 55 kDa. These particles were synthesized by Stella Marinakos in
the Department of Civil and Environmental Engineering at Duke University. The detailed
synthesis was reported by Ma et al.* Briefly, 1.5 g of PVP (MW 55, 000) was dissolved in 280
mL of water. 9 mL of 0.1 M silver nitrate was added. The solution was stirred for 5 minutes and
then 11 mL of 0.08 M ice-cold sodium borohydride was added. The PVP-stabilized nanoparticles
were centrifuged 3 times for 1 h at 112,000 g (Beckman Optima L-100XP equipped with a Type
45 Ti rotor) and resuspended in water. As part of their synthesis AgNPs were washed so no
further washing was performed. The reported diameter of these particles was 9.3 = 2 nm based
on TEM (Figure 2.1). Particles were obtained as an aqueous suspension and stored in the dark at
4°C. All experiments using AgNPs were diluted from stock suspensions of 750 ppm AgNPs and

182 ppm PVP.
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100 nm

Figure 2.1. TEM micrograph of AgQNP-55KPVP. Scale bar is 100 nm. Particles are 9.3 + 2 nm.
Image is courtesy of Stella Marinakos

2.2 Nanoparticle Characterization Techniques

2.2.1 Dyanmic Light Scattering

A Malvern Zetasizer Nano ZS equipped with a He-Ne 633 nm laser was used to perform
dynamic light scattering (DLS) measurements. DLS is generally used for particles that range in
size between 10 nm and 10 um. DLS relies on the constant, random movements of Brownian

motion for suspended particles. A light is shined on the suspension and the fluctuations in light
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scattering from the suspended particles are measured and applied to an autocorrelation function
which is then fit to a group of exponential decay functions using a NNLS (Non-Negative Least
Squares) algorithm. The diffusion coefficient is proportional to the lifetime of the exponential
decay, so multiple exponential functions are employed in order to obtain the particle diffusion
coefficients for each particle size in the sample.?®1%8 The smaller the particle is the higher the
diffusion coefficient will be.> After a diffusion coefficient is obtained, the particle is assumed
to be spherical and the Stokes-Einstein relationship is used to determine the corresponding
hydrodynamic diameter. The hydrodynamic diameter accounts for an additional water layer that
forms around the surface of particles and is higher than a diameter obtained through TEM
imaging.®’

Intensity distributions will favor larger particles™® due to the fact that light scattering is
proportional to the radius of the particle raised to the sixth power.®® Thus, to more accurately
represent the particle size population, intensity distributions can be converted to number
intensities. In order to make this conversion, the real/imaginary parts of the refractive index for
the particle are used. For AgNPs these values are 0.135/3.99 (real/imaginary).'® The number
intensity for the sizes of the AgNPs is shown in Figure 2.2. These numbers are meant for AgNPs

and do not account for the adsorbed layer of polymer. However, it has been found that this

relationship is empirically weak.
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Figure 2.2 DLS hydrodynamic diameter number distribution for AGQNP-55KPVP in minimal
Davis media (described in section 2.5).

2.2.2 UV-VIS absorbance Spectroscopy

The small size of metal nanoparticles gives them different properties compared to their
bulk counterparts. For example, AgNPs in suspension have a yellow-brown hue while bulk silver
is gray. The difference in color is attributed to the different electronic properties of the two forms
of silver. The small size of AgNPs (the radius of the nanoparticle is less than 10% of the incident

light), has a large contribution from the surface electrons. Oscillations in electrons from incident
light are enhanced by the small size and cause a change in the absorption and scattering patterns

of the nanoparticle. This is known as localized surface plasmon resonance (LSPR) and can be

observed with noble metals such as silver and gold in nanoparticle in the visible light
ra‘nge.2,162,163
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The UV-VIS spectrum was recorded with a microplate reader (Spectramax M2) at 23+
2° C. The 4.5 mL macro cuvette (VWR) with a pathlength of 10 mm was filled with 2 mL of a
10 ppm AgNP dispersion in DI H20 and minimal Davis media (described in section 2.5). The
characteristic LSPR peak of AgNPs used in these studies from UV-VIS spectroscopy is expected
at 392 nm?*41%5 and was observed with the AgNPs used in this research (Figure 2.3). Shifts in the
absorption peak are signs that the nanoparticles are aggregating. When AgNPs are dispersed in
MDM (ionic strength of ~50 mM), there are no shifts in absorption peak wavelengths indicating

these nanoparticles are stable in MDM.
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Figure 2.3 AgNP-55KPVP ultraviolet-visible spectrophotometry spectrum in DI H2O (black
line) and minimal Davis media (red line).
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2.2.3. Darkfield Microscopy

Darkfield microscopy is an optical technique used to image opaque materials. With this
technique, a patch stop is used to prevent any light from being directly shined onto the sample
being imaged. Oblique rays of light are condensed through a condenser lens and shined onto the
sample. Any light that is scattered by the sample enters an objective lens to form an image.1%6:1¢7

Representative darkfield images of AgNPs on glass coverslips are shown in Figure 2.5.
These images were taken with a ZeissAxioobserver Z1 inverted microscope equipped with a
HAL 100 halogen illuminator and a 0.8 NA dark-field condenser. Darkfield images were
collected using either a 40 x LD Plan-NEOFLUAR objective (Zeiss) with an NA of 0.6 or a 20 x
LD Plan-NEOFLUAR objective (Zeiss) with NA 0.4, with images collected at 1 s (AxioCam
MRm). The images are not representative of the AgNP size, they are only scattered light.
(Particles are below the diffraction limit). AgNPs can be imaged because the LSPR and small
size make AgNPs extremely efficient at scattering light.*681%° The software used for analysis was
the Fiji tool developed for ImageJ (National Institute of Health) by Schindelin and coworkers.1®
(http:/fiji.sc/). Images were analyzed using the “analyze particles” function under the “analyze”

tab.
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Figure 2.4. Representative darkfield microscopy images of AgNP-decorated coverslips.
AgNPs appear as bright spots due to resonance Rayleigh scattering associated with the
localized surface plasmon resonance. The AgNP area densities on these images are 3.34
(A), 4.01 (B) and 3.39 (C) x 10° particless/mm?. Circular features are out of focus objects.

2.2.3.1. Coverslip cleaning

Glass coverslips (22x22 mm, No. 1.5, Fisher Scientific) were used as substrates for
AgNP imaging and bacterial colonization. However, one of the disadvantages to using darkfield
microscopy is that any dust or dirt that is present on the surface of the glass coverslip will also be
diffracted and cannot be differentiated from the desired sample. Thus, an intensive glass cleaning

procedure is implemented to remove any dust or dirt present on the glass coverslips. Coverslips
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were thoroughly cleaned before each experiment. Coverslips were cleaned by 30 min of bath
sonication (Branson 1200 Ultrasonics Corp.) in a 10% solution of RBS 35 detergent concentrate
(Thermo Scientific) in water, 20 min in Nochromix (Sigma-Aldrich) dissolved in sulfuric acid
(technical grade, 93-98% , Fisher Scientific), 20 min in 6 N HCI (BDH chemicals), and 30 min
in 10 MM NaOH (= 98%, Fisher Scientific). Between each step and after the NaOH step the
coverslips were washed with copious amounts of ultrapure water (Barnstead Nanopure, > 18 MQ
cm resistivity) and then dried with a nitrogen stream. Coverslips were sterilized under UV light

(Spectroline Model EN-180L, 365 nm, 0.2 A) for 15 minutes prior to use.
2.3 Inductively Coupled Plasma — Mass Spectrometry (ICP-MS)

An Agilent 7700X ICP-MS was used to measure silver and copper concentrations in
samples. All samples were prepared by adding concentrated HNO3z (67% purity, Aristar Plus
trace metal grade BDH chemicals) and 30% H20- (Fisher Scientific). For a 5 mL sample 300 pL
of HNOz and 150 pL of H>O> were added. After adding these oxidants samples are heated at
100° C for 15 minutes (VWR International).>’* Nitric acid and hydrogen peroxide are used to
digest metal samples because they are excellent oxidants and will convert metals into their ionic
forms so they can be detected through ICP-MS.1"2

For analysis the ICP-MS nebulizes and ionizes samples with an argon plasma. lons are
passed through a vacuum chamber at room temperature to reduce collisions with gas molecules.
Afterwards the quadripole mass filter uses oscillating radio frequencies to control the mass to
charge ratio (m/z) and selects the desired value for the element being measured. The desired
isotope will strike a dynode electron multiplier that will release electrons. Electrons from the first

multiplier will strike another dynode detector and the process continues until a measurable

19



electrical pulse is produced.'’® Representative calibration curves for copper and silver can be

found in Figure 2.5.

63 Cu [HEH=] 107 Ag [HEHe]
=107 | y=10003.8680 " x + 190385275 x105] y=8401.6705x +146.6750
R=0.9985 -
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Figure 2.5. Representative ICP-MS calibration curves for copper-63 (A) and silver-107 (B).
Calibration curves relate the counts per second measured by the detector and convert those to the
appropriate concentrations.

2.4 Humic Acid

Humic acid (HA) is one type of natural organic matter that is commonly found in the
environment that originate from decayed organic matter and thus encompasses a large family of
organic molecules instead of only one chemical. Humic acids are characterized as the substances
that precipitate out of solution when the pH is decreased below 2 and are known to have
carboxyl, phenol and aromatic moieties.*’*

A stock of ~200 mg C/L of Pahokee Peat humic acid (International Humic Substances

Society, St. Paul, MN) was prepared in ultrapure water and the pH of the solution was adjusted
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to 7.1 with 0.1 M KOH (Fisher Scientific) and magnetically stirred overnight at 23 + 2°C. The
pH was again adjusted with 0.1 M KOH to a pH of 7.1 the following day. The solution was then
aseptically filtered with a 0.22 um cellulose acetate filter (VWR) to achieve sterility and to
remove undissolved material. The concentration of the resulting stock HA solution was
determined as total organic carbon using a Sievers Innovox Laboratory TOC analyzer (General
Electric Analytical Instruments) (Section 2.4.1.). HA concentrations are therefore reported as
milligrams of organic carbon per liter (mg C/L). Rivers and lakes have 2 -10 mg C/L while bog,
swamps and marshes have 10 — 60 mg C/L.1"® Experimental samples contained environmentally

relevant HA concentrations of 20 or 60 mg C/L HA.

Table 2.1 Elemental Composition (%w/w) in a dry, ash free sample of Pahokee Peat humic
acid*’®

Element C H O N S P

% Composition 56.84 3.60 36.62 3.74 0.70 0.03

2.4.1. TOC analyzer

A total organic carbon (TOC) analyzer measures the amount of dissolved organic carbon
present in water samples. Samples are first acidified with a 10% w/w phosphoric acid (100 g/L
H3PO4) to remove the inorganic carbon in the forms of carbonate and bicarbonate. A heated
sodium persulfate solution with a concentration of 100 g/L is then added to oxidize organic
carbon in samples. The temperature is elevated to increase the reactions of the sodium persulfate
to form sulfate radicals that allows macromolecules to be oxidized to form carbon dioxide

molecules.t”” All CO, formed is then detected using a non-dispersive infrared detector found
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within the analyzer. Since each different type of gas molecule has its own signature absorption
wavelength in the infrared region it is easy to measure the amount of CO> present. Several
infrared absorption wavelengths for COza are 2.7 pm, 4.26 pm, and 13 um.’® Light is
transmitted through the gas sample at one of the absorption wavelengths for CO> and then a
detector, with a filter to block all but one wavelength, will measure the final light intensity that
passed through the sample. The lower the final light intensity is the higher the CO> concentration
since there are more gas molecules that absorb the light and reduce the amount that passes.

When running this analyzer it is essential to run calibration standards in order to properly
determine the CO> concentration. Potassium hydrogen phthalate (KHP, CgHsKOs4) is commonly
used as the standard.}”” KHP is comprised of 47% carbon and concentrations of KHP are in units
of mg C/L. A stock solution of 1000 mg C/L KHP in ultrapure DI water was prepared by
dissolving 0.532 g KHP in 250 mL DI water. This was then diluted to 100 mg C/L KHP.
Standard concentrations of 2, 5, 10, 20 and 50 mg C/L KHP were directly made from the 100 mg
C/L KHP standard. No serial dilutions were performed as those can propagate any errors made
from diluting. The blank calibration was ultrapure deionized water.

A calibration curve between the measured values and the expected KHP external
calibration standards was created (see Figure 2.6). The measured values provided by the Sievers

Innovox TOC for HA samples were converted to mg C/L.
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Figure 2.6. A calibration curve generated from Sievers Innovox TOC Analyzer using prepared
KHP calibration standards at concentrations of 0, 2, 5, 10, 20, and 50 mg C/L KHP.

2.5 Bacterial Strains and Culture Conditions

2.5.1. Pseudomonas fluorescens

Pseudomonas fluorescens is a model Gram-negative, biofilm forming, bacterium that is
an obligate aerobe and has the least hazardous rating of BSL-1. P. fluorescens is commonly
found in both water and soil environments'’® and is known to form biofilms on a variety of
surfaces.8°

P. fluorescens (ATCC 13525) was received in a freeze-dried pellet from ATCC. An
autoclaved solution of 8 g/L of nutrient broth (BD Difco) dissolved in ultrapure DI H.O was
used to revive bacteria. 0.5 mL of nutrient broth was added to rehydrate the pellet. The liquid

was withdrawn and added to 6 mL of nutrient broth in a UV sterilized polypropylene culture tube
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(Evergreen Scientific). Cells were orbitally shaken for 24-48 hours, until the media became
turbid.

100% glycerol (BDH chemicals) was diluted to 30% (v/v) with ultrapure water and
autoclaved with microcentrifuge tubes. 750 pL of 30% glycerol and 750 pL of revived cells were
added to microcentrifuge tubes and stored at -80 °C. Cells are stored at a 15% glycerol solution
to reduce ice crystal formation and protect the integrity of the bacterial cell wall when cells are
frozen. 181182

A frozen stock of P. fluorescens stored at -80°C was inoculated in 100 mL of minimal
Davis media (MDM) in a 250 mL Erlenmeyer flask and orbitally shaken overnight at 160 rpm
until the bacteria reached the early log-growth phase. MDM contains 0.7 g/L KoHPO4 (= 99%,
Acros Organics), 0.2 KH2PO4 (= 99%, J.T. Baker), 0.5 g/L sodium citrate dihydrate (= 99%,
BDH chemicals), 1 g/L (NH4)2SO4 (= 99%, Sigma-Aldrich), 0.1 g/L MgSO4-7H20 (Acros
Organics), and 1 g/L glucose (= 99.5%, Amresco) as the primary carbon source. The pH was
adjusted to 7.2 + 0.02 by adding 0.1 M H2SO4 (Acros Organics) and 0.1 M KOH (Fisher
Scientific).

For MDM, when sterilizing media using an autoclave, it is essential that a solution of
MgSO47H20 and a solution of glucose be separate from all other components of MDM. After
autoclaving, mix these ingredients when the media has cooled to room temperature. The
temperatures achieved through autoclaving are high enough that the MgSO4-7H20 and glucose
solutions will undergo Maillard reactions with other nutrients in MDM to form undesired
compounds that are metabolized differently than the original nutrients. 83184

This media was used in previous studies for AgNP toxicity.>°6-9%116 The potassium

phosphates serve as a buffer to help maintain the pH at 7.2 and a source for phosphorous, the
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(NH4)2S04 serves as the nitrogen source, the glucose is the primary carbon source but the citrate
is another carbon source metabolized by P. fluorescens. This media has been used in previous
studies and shown minimal nanoparticle aggregation.®>%% MDM does not represent any
ecologically relevant media and is solely used to identify critical parameters affecting silver

toxicity to P. fluorescens.
2.5.1.1 Determining bacterial concentration

A spectrophotometer (Spectramax M2, Molecular Devices) was used to monitor the
growth of bacterial suspensions. Aliquots were measured for their optical density at a wavelength
of 600 nm (ODsoo) to determine the amount of light scattered by the bacteria in suspension. The
wavelength of 600 nm was chosen because it is a wavelength well past interfering with AgNP
absorbance and it is a wavelength that bacteria absorb minimally so all changes in light intensity
are from bacteria scattering light. Previous studies have seen that there is a linear relationship
between bacterial concentration and optical density up to an ODgoo = 0.4.18% With P. fluorescens
the relationship between ODegoo and bacterial concentration is:

C = 10° x ODs0o (2.1)

Where C is the bacterial concentration (CFU/mL).

2.5.1.2 Spread plate method

8 g of nutrient broth (BD Difco) and 15 g of agar (BD Difco) were dissolved in ultrapure
DI H20 and then autoclaved. The autoclaved solution cooled at room temperature for 20 — 30
minutes and then aseptically poured into petri dishes (VWR). Once plates solidified they were

stored at 4 °C until needed.
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The conversion factor was determined by the spread plate method. The ODgsoo Was
measured and then bacterial samples were serially diluted in ten-fold increments until the
number of bacteria on the petri dish would be 30 — 300.8¢ A 100 pL aliquot was spread on a
plate of agar and this was done in triplicate. After spreading, petri dishes were incubated at room
temperature for 24 — 48 hours until individual colonies were visible to the naked eye. When
colonies are visible the colonies are counted. An individual colony is assumed to have originated

from one colony forming unit

2.5.2 Escherichia coli

E. coli is a facultative anaerobe that is a model Gram-negative bacterium. This is another
species of bacteria with a BSL-1 rating. E. coli (ATCC 11775) was grown and tested to assess
factors affecting copper toxicity on bacteria. E. coli was selected because its genome has been
well characterized and has several known copper-responsive genes.

E. coli were received in a freeze-dried pellet and were revived using the same steps used
for P. fluorescens (section 2.5.1). For experiments, E. coli was grown in a modified vitamin
supplemented minimal Davis media (VDMD) deficient of sodium citrate because the citrate
greatly reduces the solubility of the cupric ions. VDMD consists of 1.58 g/L KoaHPO4 (= 99%,
Acros Organics), 2.50 g/L KH2PO4 (= 99%, J.T. Baker), 1 g/L (NH4)2S04 (= 99%, Sigma-
Aldrich), 0.1 g/L MgS04-7H,0 (Acros Organics), and 4 g/L glucose (= 99.5%, Amresco) as the
primary carbon source. The pH was adjusted to 6.5 + 0.02 with the addition of 0.1 M H2SO4
(Acros Organics) and 0.1 M KOH (Fisher Scientific). The potassium phosphates serve as a
buffer to help maintain the pH at 6.5 + 0.02 and a source for phosphorous, the (NH4)2SO4 serves

as the nitrogen source, the glucose is the primary carbon source but the citrate is another carbon
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source. 5 mL of modified Wolfe’s vitamin and Wolfe’s mineral solutions were added to 500 mL

of media. The modified Wolfe’s mineral and vitamin solutions are 100 x concentrations. Tables

2.1 and 2.2 show the compositions for these solutions. These solutions were mixed in ultrapure

DI water and filter sterilized using a 0.22 um cellulose acetate filter. These supplemental

minerals and vitamins enable E. coli to grow to higher concentrations due to the extra nutrients

present.

concentration to be used )8’

Table 2.2 Modified Wolfe’s media mineral solution recipe (concentration is 100x the

Chemical

Concentration

Supplier

MgSQOs- 7 H20 30 gL Acros Organics
MnSQO4- H>O 0.50 g/L Fisher Scientific
NaCl 1.0 g/L Amresco
Co(NO3)2 - 6 HO 0.1 g/L Alfa Aesar
ZnS04 -7 H0 0.178 g/L Aldrich Chemical
AIK(S04) anhydrous 0.01 g/L Fisher Scientific
H3BOs3 0.01 g/L Fisher Scientific
Na;MoOq - 2 H.0 0.01 g/L MP Biomedical
Na>SeOs 0.001 g/L Acros Organics
Na,WOQ; - 2 H.0 0.001 g/L Sigma Aldrich
NiCl> -2 H>O 0.020 g/L Fisher Scientific
FeSQO4 - 7 H,0 0.1 g/L Fisher Scientific

This is a modified version of Wolfe’s mineral solution. EDTA and copper were removed so

copper toxicity could be better understood since EDTA chelates copper ions and it was desirable

to not expose control samples of E. coli to any copper.
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Table 2.3 Modified Wolfe’s media vitamin solution recipe (concentration is 100x the
concentration to be used)*®®

Chemical Concentration | Supplier

Folic Acid 0.002 g/L Fisher Bioreagents
Pyridoxide hydrochloride 0.010 g/L Fisher Bioreagents
Riboflavin 0.050 g/L Fisher Scientific
Biotin 0.020 g/L VWR

Thiamine 0.005 g/L Fisher Scientific
Nicotinic acid 0.005 g/L Acros Organics
Calcium Pantothenate 0.005 g/L ICN biomedicals
Vitamin B12 0.0001 g/L VWR
P-aminobenzoic acid 0.005 g/L ICN biomedicals
Thiotic acid 0.005 g/L Fisher Bioreagents
Monopotassium phosphate 09 g/L Fisher Scientific

The ODsoo was measured to monitor bacterial growth. The same techniques described in sections
2.5.1.1 and 2.5.1.2 were employed, and it was determined that the conversion between ODgoo and
bacterial concentration for E. coli was:

C =10° x ODs0o (2.2)

Where: C is the bacterial concentration (CFU/mL).

2.5.3 Vibrio harveyi

V. harveyi (ATCC BAA-1116) is a model Gram-negative bacterium used for quorum
sensing.’® It is a marine organism that is non-pathogenic towards humans and is BSL-1. V.
harveyi are also a facultative anaerobe and when they reach a quorum they luminesce to produce
a vibrant turquoise-blue hue.

V. harveyi were received in a freeze dried pellet. A solution of marine broth was prepared
by dissolving 37.4 g of marine broth (MB, BD Difco) in DI water and then autoclaved. 0.5 mL of
MB were deposited on the freeze-dried pellet. Once the pellet was fully hydrated it was

withdrawn and added to 5.5 mL of MB in a culture tube. The culture tube was then orbitally
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shaken at 30°C at 200 rpm for 24 hours. Afterwards, 750 puL of V. harveyi is added to 750 uL of
30% glycerol in a microcentrifuge and then stored at -80°C.

For experiments V. harveyi was grown in autoinducer bioassay medium (AIM). When
making AIM, 17.5 g NaCl (Amresco), 12.3 g MgSO4 (Sigma Aldrich), and 2.0 g Casamino acids
(BD Bacto) were dissolved in 960 mL of ultrapure water, and the pH was adjusted to 7.5 + 0.02
by adding 3 M NaOH (Fisher Scientific). Separately, solutions of potassium phosphate, L-
arginine and glycerol were prepared. A 1 M potassium phosphate solution at a pH of 7.0 was
prepared by mixing 24.6 mL of 1 M KoHPO4 (= 99%, Acros Organics), and 15.4 mL KH2PO4 (>
99%, J.T. Baker). The pH was adjusted by adding 0.1 M NaOH (Fisher Scientific) or 0.1 M
H2SO4 (Acros Organics). 0.1 M L-arginine (Alfa Aesar) was prepared by adding 0.348 g L-
arginine in 20 mL ultrapure water. A 50% (v/v) glycerol (BDH chemicals) solution was prepared
by mixing 15 mL of glycerol with 15 mL ultrapure water. All solutions described were then
autoclaved and allowed to cool to room temperature. Once solutions are cooled 10 mL of 1 M
potassium phosphate, 10 mL L-arginine and 20 mL of 50% glycerol to the stock solution.

A white polystyrene opaque-bottomed polystyrene 96 well-plate and a black polystyrene
clear-bottomed well plate were used to monitor luminescence and bacterial growth, respectively,
when V. harveyi were exposed to a range of Tween 80 concentrations. Both plates were sterilized
for 15 minutes under a UV light (Spectroline EN-180L, 365 nm, 0.2 A). The white well plates
were used to measure luminescence while the black plates were used to measure optical density.
Luminescence and optical density are measured differently and therefore require different plates
in order to obtain the correct measurements.

For Tween 80 exposure experiments a frozen stock of V. harveyi were inoculated and

grown overnight at 30°C and rotating at 200 rpm. This culture was diluted from an ODego = 0.4
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to 0.5 down to a final ODgoo = 0.001 when added to wells. An 80 mM stock solution of Tween
80 (Sigma Aldrich) was prepared by dissolving Tween 80 in AIM. This solution was then filter
sterilized with a 0.22 um cellulose acetate filter. Tween 80 concentrations ranged from 0.08 mM
to 40 mM. Two-fold serial dilutions from 20 mM down to 0.08 mM were performed. One
column was used as a surfactant control with a 0.08 mM Tween 80 and no bacteria to ensure
there was no contamination and one column was a surfactant-free control to monitor normal V.
harveyi growth. Plates were then shaken at 200 rpm for 10 hours at 30°C.

Additional experiments were performed to monitor where, the autoinducer N-butyryl
homoserine lactone (Al-2, >97%, Cayman chemicals) was used to probe V. harveyi response to
autoinducers in media with surfactants. A stock solution of 8 mM Al-2 was prepared
immediately before testing and then was diluted to a final concentration of 0.4 uM for the
experiment. The Al concentration was diluted by performing adding Al-2 to the suspension of
bacteria right before adding them to the well-plates. For these experiments half of the plate was a
control and bacteria were not exposed to additional Al-2 and the other half of the bacteria did

receive additional Al-2 so the final concentration in the well was 0.4 pM.

2.6 Minimum Inhibitory Concentration and Minimum Bactericidal

Concentration

A black polystyrene clear-bottomed well plate (Corning Costar) was sterilized under a
UV light (Spectroline EN-180L, 365 nm, 0.2 A) for 15 minutes. Well-plate lids were rinsed,
prior to sterilization, with 70% ethanol and DI water and dried under a pre-pure nitrogen stream.

For both copper and silver toxicity, one column was used a cell free control to monitor

contamination and another was a metal free control to monitor normal bacterial growth. The
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other ten columns were dosed with different concentrations of silver or copper. Those
concentrations were adjusted by performing two-fold serial dilutions. For both of these
experiments the final bacterial concentrations were ODgoo = 0.0001, 0.001 and 0.01 which are
approximately bacterial concentrations of 10°, 10°%, 10’ CFU/mL respectively. These
concentrations were checked by the spread plate method. The specific concentrations of silver
and copper can be found in the appropriate section (for silver Chapters 3 and 4 and for copper
Chapter 5). Once media, metal agent and bacteria were added to all wells, the initial optical
density was measured with a plate reader. Plates were orbitally shaken for 160 rpm at 25 + 2 °C
and the minimal inhibitory concentration was determined to be the lowest concentration where
there was no significant change in optical density after the allotted time of 24 hours for silver and
48 hours for copper.

To determine the MBC, agar plates were prepared with an autoclaved mixture of 4 g
Difco Nutrient broth (BD Diagnostics) and 7.5 g Bacto Agar (BD Diagnostics) in 500 mL of
ultrapure water. 100 pL samples were taken from wells of the MIC experiments, corresponding
to the highest concentration below the MIC and all higher concentrations, and plated. The plates
were observed for growth over 24 h. The MBC was determined as the minimal concentration

yielding no colonies on agar after 24 h.

2.7 Microscopic Analysis of Bacterial Surface Colonization

A Zeiss Axio Observer Z1 inverted microscope equipped with HBO 100 illuminating
system was used to image bacteria adhered on the coverslips. LIVE/DEAD® BacLight™
Bacterial Viability staining (Life Technologies) was used to aid visualization and assess adherent

bacteria viability based on membrane integrity. Previous work has demonstrated that BacLight
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staining intensities and percentage viability determinations are not affected by the presence of
AgNPs.% The field of view was 37,300 um?,

To prepare the coverslips for imaging they were gently rinsed of non-adherent bacteria by
immersing in two separate centrifuge tubes containing 40 mL of 1 mM NacCl and then stained
with 300 pL of a LIVE/DEAD BacLight solution containing 10 pM SYTO-9 and 60 puM Pl in 1
mM NaCl. Coverslips were then stored in the dark for 20 min and then gently rinsed by
immersion in a centrifuge tube containing 40 mL of 1 mM NaCl. The underside of the coverslip
was then gently blotted dry with a laboratory tissue (Kimwipe). Coverslips were wetted with 100
pL of 1 mM NaCl and imaged using the Zeiss Axio Observer Z1 microscope with a 40 X LD
plan-NEOFLUAR objective (Zeiss). Images were collected at a 400 ms exposure (AxioCam
MRm) and gain of 2. At least ten randomly selected locations on each AgNP-coated coverslip
were imaged and analyzed to determine viability and the number of adherent bacteria per unit
area. Four images, at 5 second intervals, were recorded at each location alternating between the
AF488 and AO Filter.

Discrete bacterial cells were identified and counted using the Fiji tool developed for
ImageJ (National Institute of Health) by Schindelin and coworkers.1’® (http://fiji.sc/). The four
images taken for each location were processed in the following way: The first pair of AF488 and
AO filter images were added together and thresholded. The second pair of images were treated
the same. The first image was analyzed with the “Analyze particles” function and the size setting
was 10 to infinity pixel units. The regions of interest (ROIs) created were superimposed on the
added product of the second pair of images. If the location of a bacterium shifted by more than
one cell length between successive images, it was deemed non-adherent and not counted.!*

Next, the background was subtracted from the first pair of images with a rolling ball radius of 50

32



pixels and smoothing was disabled. The pixel intensity for each ROI under the AF488 and AO
filters were obtained by performing an image analysis and redirecting ROIs to the original
images. The intensity ratio between the AF488 and AO filter was calculated and each ROI with
an intensity ratio of 1.73 or greater was deemed a viable bacterium based on prior work by Wirth

et al.1!® Figure 4.3 shows four representative Live/Dead Images.

Figure 2.7. Representative Live/Dead Images of P. fluorescens on AgNP-decorated coverslips for
10" CFU/mL in MDM (A) and MDM with 60 mg C/L HA (B), 10 CFU/mL in MDM with 60 mg
C/L HA (C) and 10% CFU/mL in MDM (D)
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2.8 Reactive Oxygen Species Assay

Reactive oxygen species (ROS) are chemically reactive molecules and radicals
containing oxygen. When bacteria experience elevated levels of ROS they are in a state of
oxidative stress. The fluoroprobe 2°,7° dichlorofluorescein acetate (H.DCFDA) is a non-
fluorescent molecule that freely enters a bacterium and is hydrolyzed by esterases to remove the
DA group and further reacts with ROS groups to form the fluorescent molecule
dichlorofluorescein (DCF).1%%1%! The higher concentrations of ROS should react with more

H>DCF molecules to form more DCF molecules resulting in higher amounts of fluorescence.

2.8.1 H.DCFDA Probe

Methods modified from ones previously described were used to monitor ROS.1921%3 g,
coli suspensions in the early log-growth phase were diluted to ODgoo = 0.10 and 0.01, and 1 mL
samples were centrifuged for 10 minutes at 8000g (Eppendorf Centrifuge 5415 D) and the
supernatant was decanted. A phosphate buffered saline solution (PBS) was prepared and contains
8 g/L NaCl (Amresco), 2 g/L KCI (Fisher Scientific), 2.68 g/L NaHPO4-7H>0 (Fisher Scientific),
0.24 g/L KH2PO4 (JT Baker). The pH of PBS was adjusted with 0.2 N HCI (Fisher Scientific) to
pH 7.4.

A stock 2 mM of 2°,7’-dichlorofluorescin diacetate (H.DCFDA, Sigma Aldrich ) probe
solution was prepared in 200 proof ethanol (Pharmco-AAPER) and diluted down to a
concentration of 10 uM with phosphate buffered solution (PBS) at a pH of 7.4; 1 mL of 10 uM
H>DCFDA was added to the decanted E. coli samples. The samples were briefly vortexed,
wrapped in aluminum foil to protect from light and then orbitally shaken at 160 rpm for one hour

at room temperature. Bacteria were then centrifuged for ten minutes at 8000g and the supernatant
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was removed. 87190192 1 mL samples of media, either MDM or MDM with 60 mg C/L HA were
added to centrifuge tubes that contain bacteria. Cu?* stock solution aliquots or H.O, were added
to the samples to yield concentrations of 300 ppb Cu?* or 2 mM H,0x, respectively. The samples
with H20; serve as a positive control to verify that the probe is responsive to ROS under these
media conditions. Negative control samples containing neither Cu?* nor H.0, were slightly
diluted with additional media to match the sample volumes for the positive control and Cu?*
exposure samples. Samples were orbitally shaken for 20 h and three 200 L aliquots per sample
were collected per condition for fluorescence analysis (Spectramax M2, Molecular Devices) with
an excitation wavelength of 493 nm and an emission wavelength of 527 nm with a 515 nm
wavelength cutoff filter. Triplicate measurements were made at numerous time points over the
course of 24 h (Figure 2.8). Increasing fluorescence intensity indicates increasing ROS
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Figure 2.8. ROS generation from E. coli after being exposed to 300 ppb Cu?* (black circles) and
in the absence of copper (white triangles) over 24 h. Symbols are from triplicate experiments and
error bars are smaller than svmbols.
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Chapter 3. Effects of Initial Bacterial Concentration on Colonizing

AgNP-Decorated Surfaces

The material in Chapter 3 has been reformatted and reprinted with the permission of S.
M. Wirth, A. J. Bertuccio, F. C. Cao, G. V. Lowry and R.D Tilton from the publication,
“Inhibition of Bacterial Surface Colonization by Immobilized Silver Nanoparticles Depends
Critically on the Planktonic Bacterial Concentration.” Journal of Colloid and Interface Science,
2016, 467, 17-27.116

Sections 3.1 through 3.4 was work performed by Dr. Stacy M. Wirth, a former graduate
student at Carnegie Mellon University. These sections investigate bacterial colonization on
AgNP-coated coverslips and factors that can influence the colonization process of bacteria.
Section 3.5 through 3.7 was research conducted by Alex Bertuccio to further explore the results
observed by Dr. Wirth and to identify a potential mechanism to explain the factors affecting

bacterial colonization on AgNP-coated surfaces.

3.1 Introduction

The objectives of this work were to determine the influence of bacterial inoculum
concentrations on the degree to which AgNPs adsorbed on a solid surface prevent surface
colonization by a model biofilm-forming bacterium, Pseudomonas fluorescens (ATCC13525)
and to isolate the effects of direct bacterial interaction with AgNP-laden surfaces from the effects
of dissolved silver released from the nanoparticles. Gram negative bacteria tend to be more
vulnerable to silver ion and AgNP toxicity than Gram positive bacteria that have thicker cell
walls that appear to hinder silver uptake.*®1%" Thus, this study focuses on a more vulnerable
class of microorganism that one might expect to be less likely to tolerate an AgNP-based
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antifouling system. The importance of the initial inoculum concentration was assessed for both
short-term (< 24 h) and long-term (up to 96 h) resistance to colonization and, in some cases,
progression to biofilm formation, on both AgNP-coated and uncoated surface regions. Results
were compared to control experiments with no silver present anywhere in the system.

These experiments indicated that colonization inhibition by AgNP-coated surfaces was
controlled by the bioavailable dissolved silver in the system, with a strong dependence on the
starting inoculum concentration. In conditions where the dissolved silver was insufficient to
cause 100% killing of the initial inoculum, the planktonic population eventually recovered and
colonization occurred, regardless of the presence of AgNPs on the surface. This was consistent
with measurements of the effect of bacterial concentration on silver binding to suspended
bacteria. This has implications for the suitability of AgNP coatings to produce biofilm-resistant

materials and for the environmental implications of AgNPs adhered to environmental surfaces.

3.2 Materials and Methods

3.2.1 Surface immobilized AgNPs.

Silver nanoparticles used in this study are described in sections 2.1 and 2.2 and are
described previously.™® The particular particles, denoted as Ag PVP 8 in the prior publication,
were stabilized by polyvinylpyrrolidone (PVP) (MW 55,000) and had a 7.8+4.6 nm diameter
based on TEM.'® Particles were obtained as a concentrated (> 500 ppm) aqueous dispersion and
stored in the dark at 4°C.

Glass coverslips (22x22 mm, No. 1.5, Fisher Scientific) were used as colonization

substrates. Coverslips were cleaned by 30 min bath sonication (Branson 1200, Branson
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Ultrasonics Corp.) in a 10% solution of RBS 35 detergent concentrate (Thermo Scientific), 20
min treatment with Nochromix (Sigma-Aldrich) dissolved in sulfuric acid (technical grade, 93-
98%, Fisher Scientific), 20 min treatment in 6 N HCI (BDH Chemicals), and 30 min in 10 mM
NaOH. Coverslips were rinsed thoroughly with ultrapure water after each step. Finally, they
were dried under a pure nitrogen jet and sterilized by UV irradiation for 15 minutes (Spectroline
Model EN-180, 365 nm, 4 W). Coverslips were used immediately after preparation.

The stock AgNP dispersion was diluted in autoclave sterilized ultrapure water (Barnstead
Nanopure, >18 MQcm resistivity) to a 10ppm final concentration, and the dispersed particle size
distribution was characterized by dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern
Instruments). 5 mL aliquots of this dispersion were then dispensed into sterile 50 mL
polypropylene centrifuge tubes (Beckman Coulter). One cleaned, UV-sterilized glass coverslip
was placed in each tube so that it was half submerged in the AgNP dispersion. The other half
remained dry, thereby depositing AgNPs on half of the surface. Coverslips were handled using
flame-sterilized forceps in all steps. Freshly prepared 10 ppm AgNP dispersion was used for
each coverslip.

Coverslips half submerged in AgNP dispersions were incubated in the dark at room
temperature (23£2°C) for 1 h without shaking. Each coverslip was then rinsed by slowly pouring
800 mL autoclave-sterilized, ultrapure water over it. Rinsed coverslips were immediately
transferred to new 50 mL centrifuge tubes containing 15 mL sterile minimal Davis media
(MDM, described below) for use in bacteria adhesion experiments. Coverslips were rotated 90°
during the transfer so that the boundary between the AgNP-coated and uncoated portions was
vertical (avoiding differences in colonization on coated and uncoated regions resulting from

submersion depth), and the entire coverslip was submerged in MDM. This setup makes it
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possible to easily distinguish effects from bulk dissolved silver and from direct interaction with
adsorbed AgNPs, since the same liquid (with the exact same composition in all regards,
including dissolved silver concentration) bathes both the uncoated and AgNP-coated surface
regions.

Some of the rinsed coverslips were transferred to tubes containing ultrapure water for
darkfield microscopy examination. Strong light scattering associated with localized surface
plasmon resonance allows AgNPs to be identified in this way.'® This was done with a Zeiss
AxioObserver Z1 inverted microscope equipped with a HAL100 halogen illuminator. Coverslips
were imaged wet using a 40x LD Plan-NEOFLUAR objective (Zeiss). Images were collected at
a 1s exposure (AxioCam MRm) to count the AgNPs adhered to the coated surface region.
Images from the uncoated region were also acquired to estimate the contribution of extraneous
dust particles or microscopic glass defects to the total counts. Particle counting was performed

with ImageJ 1.45s image analysis software.

3.2.2 Bacterial strain and culture conditions

The bacterial strain was Pseudomonas fluorescens ATCC 13525. All cell culture and
AgNP exposure work was performed in minimal Davis media (MDM) containing 0.7 g/L
K2HPO4 (>99%, J.T. Baker), 0.2 g/LL KH2PO4(>99%, J.T. Baker), 1 g/L (NH4)2SO04 (>99%,
Sigma-Aldrich), 0.5 g/L sodium citrate (>99%, Sigma-Aldrich), 0.1 g/L MgSO4-7H20 (>98%,
Sigma-Aldrich), and 1 g/L glucose (Sigma-Aldrich) as carbon source at pH 7.2+0.1. This media
was chosen for its comparatively low ionic strength (~50 mM) and absence of chloride. For each
experiment, a starting culture was prepared by inoculating autoclave-sterilized MDM with a P.

fluorescens frozen stock (-80°C), then growing aerobically overnight at 23 + 2°C with 160 rpm
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orbital mixing. Growth was monitored via optical density at 600 nm (ODsoo) in 1 cm pathlength

polystyrene cuvettes (SpectraMax M2, Molecular Devices).

3.2.3 Bacterial surface colonization

Appropriate volumes of the overnight bacterial cultures were added to the centrifuge
tubes containing AgNP half-coated coverslips in MDM to give either ODgoo = 0.01 (~1x107
CFU/mL) or 0.001 (~1x10° CFU/mL) in a total 25 mL volume. Silver-free controls contained
clean, UV-sterilized coverslips without AgNPs. Control samples containing AgNP half-coated
coverslips but no bacteria were also examined. Tubes were shaken at 200 rpm on an orbital
shaker, with loose caps to maintain aerobic conditions, in the dark, at room temperature
(23+2°C).

After 1 h incubation, the bulk liquid in the tubes was serially diluted and plated onto
nutrient agar. Colonies were counted after 48 h growth at room temperature (23 £ 2°C) to
calculate the total culture sample viability. If no growth was observed, it indicated greater than
99.99% (“4 log”) killing of the ~1x108 CFU/mL culture or 99.999% (*5 log”) killing of the
~1x107 CFU/mL culture.

Further planktonic growth in the cultures suspended above coverslips was monitored by
periodic ODsgoo and plate count measurements. In some cases noted below, after 24 h incubation
in the original media, coverslips were gently rinsed with sterile MDM and transferred to tubes
containing 25 mL fresh MDM to replenish depleted nutrients and test the role of nutrient

depletion on growth and surface colonization.
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3.2.4 Dissolved silver analysis

The dissolved silver concentration (consisting of free ionic silver and any other dissolved
silver species, i.e., excluding nanoparticulate Ag) in the media bathing the AgNP-coated
coverslips from the cell-free tubes was measured by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7700x) at different time points. Small samples for ICP-MS
analysis were taken from the bulk liquid in the tubes and diluted in HNO3 (Aristar plus grade,
BDH Chemicals) to finish with 5 vol% HNOs. For tubes containing bacteria, the dissolved silver
concentration was measured just prior to addition of the cells to determine the starting silver
concentration at the time of inoculation. Then, after 1 h incubation with cells, new samples of the
bulk liquid were collected and filtered using Amicon® Ultra-4 centrifugal filter units with 3 kDa
molecular weight cutoffs (Millipore) to remove cells and macromolecular cell products plus any
silver to which they may have been complexed. Filtrates were acidified to a concentration of 5
vol% HNOs and analyzed by ICP-MS to determine the amount of “free silver” in the liquid. The
difference between the filtrates and the pre-inoculation (cell-free) samples provides the amount
of silver that had bound to cells (or macromolecular cell products retained by the filter). This
process was repeated after 48 h and 72 h incubation. As a negative control, samples from cell-
free tubes were also filtered and analyzed by ICP-MS to determine the extent to which dissolved

silver might be removed by binding to the filter.

3.2.5 Microscopic analysis of bacterial surface colonization

The number and viability of bacteria adhered on coverslips were measured at various
time points using LIVE/DEAD® BacLight™ bacterial viability staining (Invitrogen Corp.) and
epifluorescence microscopy. Cell counting was only performed when bacteria were present in a

monolayer or less; otherwise, three dimensional biofilm formation was simply noted when it
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occurred. The BacLight kit contains propidium iodide (PI) and SYTO9 fluorescent dyes that
differentially stain bacteria based on membrane integrity. This difference correlates with
viability,’®® and we use that association here.

To prepare coverslips for imaging, they were removed from the tubes, transferred to 40
mL of a 1 mM NaCl rinse solution and gently swirled by hand for 10 seconds. After two such
rinses, the surface was covered with 300 puL BacLight staining mixture (60 uM Pl and 10 uM
SYTO9 in 1 mM NacCl) and incubated in the dark for 20 minutes. Afterwards, coverslips were
rinsed again in 40 mL 1 mM NaCl. The unstained (bottom) side of the coverslip was carefully
dried with laboratory tissue (Kimwipe) and the coverslip was transferred to the microscope stage.
The stained (top) side of the coverslip did not dry during any of these steps.

BacL.ight stained cells were observed using a Zeiss Axio Observer Z1 epifluorescence
microscope equipped with an HBO 100 illuminating system. Appropriate dichromatic filter sets
were selected to fit the excitation/emission spectra of the BacLight fluorophores. The filter sets
used for SYTQO9 and PI were filter set AF488 (Zeiss Filterset 10) and filter set AO (Chroma
31011 acridine orange filter set), respectively. Images were collected with an AxioCam MRm
camera. The total cell counts and viability of cells in the images were quantified by the method
described and validated in section 3.2.7. Bacterial calibration standards analyzed using this
method showed excellent correlation between the expected and the measured viabilities.

Experiments verified that AQNPs do not interfere with this assay (section 3.2.7).

3.2.6 Quantitative viability analysis by fluorescence microscopy

Quantitative analysis of viability for the adherent bacteria was based on fluorescence
intensity integrated across entire fields of view. The viability analysis is developed in this

section. It uses ImageJ digital image analysis software from the National Institutes of Health. It
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is based on a calibration that uses countable numbers of viable and non-viable cells deposited on
a substrate from planktonic suspensions containing known fractions of viable and non-viable
cells, as described in the next section below.

The viability analysis is complicated by the fact that both viable and non-viable stained
cells contribute to the total fluorescence intensity of images collected with both the AF488 filter
set that is selective for SYTO9 and the AO filter set that is selective for PI. Because the tail of
the SYTO9 emission spectrum is detected by the AO filter set, SYTO9 stained cells are visible in
both images. This prevents each filter set image from being used independently to determine the
number of viable cells based simply on the total intensity of the AF488 image and the number of
non-viable cells based simply on total intensity of the AO image. Correction for imperfect filter
selectivity should be performed for any quantitative dual staining procedure, for any type of
microscopy platform.

The total intensity of the dual stained bacterial sample in each filter channel is the sum of

the contributions of both viable and non-viable cells. That is,

It ar = i,arNp + ip arNp (3.1)
It p0 = i1, 40NL + ip a0 ND (3.2)
where I 4z and I 4, are the total intensities of images captured with the AF488 and AO

filter sets, respectively, N; and N are the number of viable, or “live”, and non-viable, or “dead”
cells, respectively, i} 4r is the intensity of a single viable cell imaged with the AF488 filter set,
ip ar IS the intensity of a single non-viable cell imaged with the AF488 filter set, and i, 4, and
ip a0 are the intensities in images captured with the AO filter set of a single viable and a single
non-viable cell, respectively. The single cell intensities, i, are assumed to be constants and are

defined for each set of images as described below.
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Solving for N, and N, allows calculation of these cell numbers as a function of the total

intensities.
IT A0lLAF—iL,A0IT AF
ND=.' — — (3.3)
lD,AOLLAF—LlL AOLD,AF
IT AF—ip AFND
N, == : (3.4)

L AF

Two sets of AF488 and AO images were acquired for each field of view at an interval of
10 seconds. The AF488 and AO images from the first set were thresholded and combined to
select all the cells in the field of view. Although all cells were visible in both images, the process
of thresholding and adding the images together was necessary due to the widely different

intensities of the viable and non-viable cells, as illustrated in Figure 3.1.

Figure 3.1. Images of a 50% viable planktonic calibration collected with the A) AF488 and
B) AO filter sets. Viable cells, such as cell 1, and non-viable cells, such as cell 2, appear in
both images but with varying intensities.
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The thresholded objects (cells) were then added to the region of interest (ROI) manager
using the “Analyze Particles” function of the Imagel. Particles with areas smaller than 10 pixels?
(0.26 pm?) were excluded from the analysis as this is too small to be an intact cell.

The second set of images, collected at the same position, but 10 seconds later, was used
to eliminate mobile cells from the analysis. When analyzing bacterial colonization images, it is
important to distinguish cells that are adherent and immobile from cells that are only in the
vicinity of or loosely associated with the surface and are mobile. The AF488 and AO images
from the second set of images were also thresholded and combined. Regions of interest (ROISs)
from the first set of images that did not also appear in the second set were removed. This
eliminated cells that were moving, and therefore not part of the adherent population, from the
analysis. The intensities of the remaining ROIls, which contain all the adherent cells in the field
of view, were then measured in both the AF488 and AO background subtracted images from the
first image set. The sum of these intensities for all the ROIs (cells) in a given field of view gave
the values for I 4 and I 4.

For each set of images, the single cell intensities, i, were determined by finding ROIs that
corresponded to individual viable or non-viable cells. These single cells were defined as “viable”
or “non-viable” based on their individual intensity ratios, as described below in “Viability
calibration using planktonic cultures”. These values, along with I 4 and Ir 40, were then used
in equations (A3) and (A4) to calculate the total numbers of viable, or “live”, cells (N.) and non-

viable, or “dead” cells (Np) in each image.

3.2.7 Viability Calibration using Planktonic Cultures
Planktonic calibrations were used to define the intensity ratio values that correspond to

viable and non-viable cells. Different ratios of “viable” (untreated) cells and “non-viable” cells
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(killed by incubation in 70% isopropanol) were mixed, stained with BacLight and incubated 20
minutes in the dark. 10 pL of each stained cell culture was then placed on a glass microscope
slide, covered with a glass No. 1.5 coverslip (Fisher Scientific) and imaged through each filter
set (AF488 and AO) with a 40x/0.6 NA Plan-NEOFLUAR objective (Zeiss). Images were
collected with an AxioCam MRm camera at an exposure of 400 ms. For each field of view, a
total of four images was collected in the following order: AF488, AO, AF488, AO. The first set
of images was used to assess viability. The second set of AF488 and AO images was collected so
that cells that were moving could be eliminated from the analysis, as described above.

Image analysis was carried out using ImageJ. For each field of view, the thresholded
AF488 and AO images were added together so that all cells that appeared in either image were
selected. The selected regions (cells) were added to the ROI (region of interest) manager, again
excluding objects with areas smaller than 10 pixels? (0.26 pm?). Moving cells were eliminated
using the method described in Section 3.2.6, “Quantitative Biofilm Viability Analysis by
Fluorescence Microscopy”. The intensities of the remaining cells were measured in both the
AF488 and AO background subtracted images. The ratio of these intensities for each cell was
calculated.

Table 3.1 summarizes the image analysis results for the 0% and 100% viable calibrations.
Using these values, cells were defined as “viable” if the AF488/A0 intensity ratio was greater
than 1.74 (which is the mean intensity ratio of the 100% viable culture minus two standard
deviations). Cells with intensity ratios lower than 1.74 were defined as “non-viable” or “dead”.
Using this definition, the number of viable and non-viable cells in each frame was counted and
the percent viability was calculated. The results are shown in Figure 3.2 (closed diamonds).

There is a good correlation between viabilities measured in this way and the actual viabilities
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(slope of 0.96) of samples prepared by mixing known amounts of isopropanol-killed cells and
living cells to obtain various intermediate viability levels. A cutoff intensity ratio of 1.74 was
therefore used to distinguish “viable” from “non-viable” individual cells in subsequent image
analyses.

The possibility was considered that the presence of silver nanoparticles may alter the
response of cells to the viability assay, for example, appearing as more “viable” by virtue of their
AF488/A0 intensity ratio due to some AgNP interference with the staining or imaging. To test
this possibility, planktonic bacteria killed by incubation in 70% isopropanol were stained and
imaged as described above using both silver-free and AgNP-coated coverslips. There was no
statistical difference in the AF488 to AO filter intensity ratio of isopropanol-killed cells attached

to the two different surfaces. Therefore, the presence of silver did not interfere with the viability

assessment.
Table 3.1. AF488/A0 intensity ratios for BacLight stained calibration standards (0%
and 100% viable).
mean
P, intensity standard )
Viability (%) ratio deviation (o) mean+2c mean-2c
(AF488/A0)
0 0.24 0.14 0.53 -0.04
100 8.87 3.57 16.01 1.74
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Figure 3.2. BacL.ight calibration based on microscope images of planktonic cultures of P.
fluorescens containing different mixtures of viable (untreated) and non-viable (isopropanol-
killed) cells. Two methods were used assess to assess viability in the images: 1) Counts of
individual viable and non-viable bacteria based on each cell’s intensity ratio (closed
diamonds) 2) Calculation of the number of viable and non-viable bacteria in each image
based on total intensities (equations 3.3 and 3.4) (open squares). Both methods gave good
correlation with the actual viability (slope of 0.96 for the counting method and 0.99 for the
total intensity method). Error bars represent one standard deviation based on measurements
from at least 10 different fields of view.

3.3 Results and Discussion

3.3.1 Surfaces with Adsorbed AgNPs

The intensity-weighted hydrodynamic diameter distribution of the AgNPs dispersed in
purified water, as determined by DLS, indicates that the dispersion consisted mainly of primary
particles with some aggregates (Figure 3.3). The number-weighted diameter distribution shows
one peak near 10 nm, corresponding to primary particles, consistent with the 7.8 £ 4.6 nm

diameter reported by TEM.
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Figure 3.3. Intensity-weighted (solid line) and number-weighted (dotted line) hydrodynamic

diameter distributions of AgNPs dispersed in ultrapure water as determined by dynamic light
scattering.

The average particle number density on the AgNP coated coverslip regions was
(3.0+£0.43) x10° particles/mm? (mean + standard deviation), as determined by darkfield imaging
(Figure 3.4). Counts from uncoated regions were 580+350 particles/mm? indicating a negligible
contribution from extraneous dust or coverslip defects to the total particle counts. Comparing
particle counts between multiple coverslips prepared on different days, by one way ANOVA,
showed no statistical difference (P=0.4) indicating the reproducibility of the particle adsorption
procedure. After 24 h incubation in cell-free MDM, there was no significant decrease in particle
counts based on average counts from three different coverslips (P=0.10). Thus, AgNP desorption

is not significant over the timescale of the bacterial incubation experiments.
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Figure 3.4. A representative darkfield microscopy image of glass coverslip with adsorbed
AgNPs. This image displays 3.4x10° particles/mm?,

3.3.2 Growth and Viability of Planktonic Bacteria

The effect that AgNPs, adsorbed on glass coverslips, have on the growth and viability of
planktonic bacteria in the media bathing such coverslips will be discussed below. It will be
shown that the planktonic population dynamics controls whether adsorbed AgNPs are able to
prevent surface colonization on the AgNP-coated surfaces.

The viable cell concentration (determined by plate counts on nutrient agar) of a
planktonic culture with an initial ODego = 0.001 inoculum, after 1 h incubation in the presence of
the AgNP half-coated coverslip, was 143.5 + 135.7 CFU/mL. This was 99.97 + 0.3% less than
the viable concentration measured after 1 h incubation with silver-free coverslips, (5.4 + 2.8)
x10° CFU/mL. Silver-free coverslips served as the negative controls for all experiments. With a
higher inoculum concentration, corresponding to ODeoo = 0.01, no statistical difference (P =

0.56) was observed between planktonic cell counts from the cultures with silver-free or AgQNP
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half-coated coverslips after 1 h incubation, (4.3 + 1.9) x 10° and (3.7 + 3.0) x 10° CFU/mL,
respectively.

Planktonic growth curves (Figure 3.5) also showed a minimal effect from the AgNP half-
coated coverslips for the higher concentration ODego = 0.01 culture, in contrast to the significant
effect that adsorbed AgNPs had on the ODeoo = 0.001 culture. In the presence of the AgNP half-
coated coverslip, the higher concentration culture had a slight lag in growth compared to the
silver-free control, indicating a transient inhibitory effect from the dissolved silver. However,
once these cultures entered log growth, there was no significant difference between the growth
constants for the silver-free and silver-exposed cultures, 0.55+0.09 h'* and 0.59+0.05 h?,

respectively.
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Figure 3.5. Planktonic cell growth indicated by ODsoo (A) and fluorescence emission at 456
nm with excitation wavelength of 400 nm (B) in the bulk liquid bathing coverslips. Except for
a slight lag, growth in the ODegoo = 0.01 cultures exposed to the AgNP coated coverslips (open
black squares) was similar to growth in the silver-free control cultures (closed black squares).
When an initial ODego = 0.001 culture was used, growth was significantly delayed in the
culture that was incubated with AgNP half-coated coverslips (open grey circles) compared to
the case with silver-free coverslips (closed grey circles). Fluorescence (B) produced by the
bacteria in AgNP exposed cultures eventually recovered to values similar to the silver-free
control. Error bars represent standard deviations based on measurements from three separate
experiments.

In the more dilute ODgoo = 0.001 starting culture, growth in the presence of the AgNP
half-coated coverslip was greatly delayed compared to the silver-free control (Figure 3.5, open

gray circles). However, at long times (> 48 h) growth was evident, indicating silver had not
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killed 100% of the starting cell population and that remaining viable cells were capable of
reproducing in the presence of silver. In these dilute culture experiments with AgNPs, ODeoo
measurements are not accurate representations of cell concentration, since these cells were
observed to be growing in macroscopic, suspended flocs. These do not contribute to the OD
measurements as individually dispersed cells would. These flocs were consistently observed in
the low cell concentration cultures incubated with AgNP half-coated coverslips, but not in any
other conditions. They were also never observed in cell-free controls, eliminating the possibility
that they were contaminant organisms. Since the flocs are problematic in OD measurements,
fluorescence measurements were also made to give some indication of cell activity in
flocculating cultures. P. fluorescens produces a soluble, fluorescent siderophore (Figures 3.6 and
3.7)1%8. Although total siderophore production is not necessarily proportional to cell density,
production indicates cell activity. Fluorescence production in silver-treated cultures reached
similar values to those in silver-free cultures (Figure 3.5 B) at long times, suggesting that the cell

cultures recovered significant activity at longer times.
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Figure 3.6. Excitation (open squares) and emission (solid diamonds) spectra of the soluble
fluorophore produced by Pseudomonas fluorescens grown in MDM. Cells were removed by
centrifugation and fluorescence measurements were made on the cell-free supernatant at pH 7.
Excitation spectra were measured for a fixed emission wavelength of 460 nm. Emission spectra
were measured with excitation at 400 nm.
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Figure 3.7. Cell concentration (CFU/mL, solid diamonds) and fluorescence increase (open
triangles) as a function of time for P. fluorescens in MDM. The increase in the fluorescence
emission at 456 nm (excitation wavelength of 400 nm) does not begin until the culture is
exiting logarithmic growth (designated by linear trendline), after which the intensity increases

dramatically.
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When the initial inoculum concentration was decreased by dilution to an expected ODgoo
0f 0.0001 (“expected” because an OD of 0.0001 is below the spectrophotometer resolution), no
growth or viability was detectable in the presence of an AgNP half-coated coverslip up to 96 h of
incubation, nor was any colonization observed. In silver-free control experiments at this low
initial ODeoo, planktonic growth and surface colonization were both significant after 72 h (Figure
3.8). This indicates that adherent AgNPs were sufficient to kill 200% of the planktonic bacteria
in the ODgoo = 0.0001 inoculum, and only in such circumstances could surface colonization be

prevented.

Figure 3.8. Representative image of Baclight stained P. fluorescens adhered to glass
coverslip after 72 hours in Minimal Davis Media, in the absence of AgNPs. The initial
inoculum had a nominal ODesgo = 0.0001. Cell count was 2600 + 360 per frame (frame size
is 37300 pm?). The planktonic suspension above the coverslip had grown to ODggo = 0.32 at
this time in two replicate experiments.
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Decreased efficacy with increased bacterial concentration for conventional antibiotics has
been observed previously and is known as the inoculum effect.1%°2% The hypothesis for the
difference in planktonic viability loss between the different initial inoculum concentrations is
that the free dissolved silver concentration decreased due to silver binding to the cells themselves
and/or to their byproducts. The fraction of total silver in the bound form would increase with cell
concentration, with cells and byproducts serving as a silver sink. To test this, silver
concentrations in the bulk liquid bathing the coverslips were measured before and after removal
of cell-bound silver by centrifugal ultrafiltration. The silver in the filtrate is defined as “free
silver.”

The results in Figure 3.9 show that a significant fraction of the dissolved silver was
removed by filtration for both starting cell concentrations. Filtration of cell-free controls did not
significantly reduce the silver concentration (P=0.3), indicating that neither the possible presence
of desorbed AgNPs in the bulk liquid (which would be removed by the 3 kDa filter) nor
dissolved silver binding to the filter itself was significant. The cell-free control data indicate that
the amount of dissolved silver released by the AgNP-coated coverslips increases over at least 72
h. The free silver concentration in the ODgoo = 0.001 starting culture filtrate after 1 h was
49+12% of that in the filtrate from the cell-free control. Silver removal was far more extensive in
the ODegoo = 0.01 starting culture, with no free silver detected in the filtrate after 1 h incubation
with the cells, or at any later time up to 72 h. Some free silver was detected in the ODgoo = 0.001
culture after 1 and 45 h incubations, but unlike the cell-free case, the concentration did not
increase between 1 and 45 h. At 72 h, the cell concentration in that culture had increased due to
cell growth (based on ODsoo) and the free silver concentration had decreased to a very low level.

This is attributable to more extensive silver binding by the growing bacterial population.
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Figure 3.9. Dissolved silver concentration in the bulk liquid bathing AgNP half-coated
coverslips showed an increase in dissolved silver with time in the cell-free controls (black
bars). When these samples were filtered on 3 kDa ultrafiltration devices, silver concentration
was not significantly affected (P=0.3) (open bars). Large decreases in dissolved silver
concentrations were observed when the bulk liquid from tubes containing cells from initial
inocula corresponding to ODgoo = 0.001 (grey bars) or ODgoo=0.01 (not detected) were

filtered. No silver was detected in any of the ODgoo = 0.01 filtrates. The black line (x) shows
the ODsoo of the ODgoo = 0.001starting culture at the various time points.

3.3.3 Bacterial Colonization on AgNP-Coated Surfaces

When the dissolved silver concentration was insufficient to cause 100% planktonic
bacterial killing, long term recovery of the planktonic population occurred, even when 99.97% of
the starting culture was killed during the first hour of incubation (ODgoo = 0.001 inoculum).
However, bacterial surface colonization could possibly still have been impeded by direct
interactions with AgNPs on the surface even after the planktonic population recovered. Surface
colonization was therefore measured on three different surfaces: clean coverslips in silver-free
media (“silver free”), the AgQNP-coated regions of half-coated coverslips (“AgNP-coated”), and
the uncoated regions of half-coated coverslips (“uncoated”). In the latter two cases, the AgNP-

coated and uncoated surface regions were bathed by the same liquid.
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For the higher starting bacterial concentration (ODe0=0.01, ~1x10” CFU/mL), surface
colonization was measured at 20 h. Representative images of BacLight stained coverslips, as
well as the results of viability and attached cell count analyses are shown in Figure 3.10. Cells
were observed to attach to all surfaces, and the overall viability of the attached bacteria was high
(> 90%) in all cases, including the cells attached to the AgNP-coated and to uncoated regions of
half-coated coverslips. A one-way ANOVA analysis showed no statistical difference for either
viability (P = 0.79) or cell counts (P = 0.25) on the silver-free, uncoated or AgNP-coated
surfaces.

Figure 3.10 also shows that colonization at 20 h did not produce a complete bacterial
monolayer, even though the planktonic cell concentration was very high at the time of
measurement (3.3 x 108 CFU/mL). Total growth in these cultures was dominated by planktonic
growth, likely limiting the ability for adherent bacteria to grow into a mature biofilm. At 20 h,
planktonic growth had reached stationary phase (Figure 3.5) indicating nutrient depletion in

these cultures.
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Figure 3.10. Representative images of BacLight stained bacteria adhered to a silver-free
control coverslip (A), the uncoated region of a coverslip half-coated with AgNPs (B), and the
AgNP coated region of the half-coated coverslip (C) after 20 h incubation with the
ODsg00=0.01 (~1x10" CFU/mL) inoculum P. fluorescens culture. These are false color
overlays of images collected with the AF488 (green) and AO (red) filter sets. The average
viability (black bars) and cell count per image (frame size is 37300 pm?) (grey bars) are
plotted in (D). Error bars represent one standard deviation based on 4, 3, and 6 replicates for
the silver-free, uncoated, and AgNP coated conditions, respectively. For each replicate
experiment, at least five different, randomly selected images from each of the surface regions
were analyzed.
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To test whether the adherent bacterial layer could progress to a three-dimensional biofilm
if the nutrient limitation were lifted, coverslips incubated for 20 h in the initial cell culture were
gently rinsed in MDM to remove planktonic cells and transferred to fresh, cell-free MDM. After
24 h in the new media, this process was repeated and an additional 24 h of growth was allowed
before imaging. A visible biofilm was observed by eye on both the silver-free control and the
AgNP-coated coverslips. Microscopy confirmed that significant biofilm formation had occurred
on all surfaces (Figure 3.11), indicating that a mature biofilm could form on the AgNP-coated

coverslip if provided with sufficient nutrients.

A. Silver-free

B. AgNP coated
..

Figure 3.11. BacL.ight stained bacterial biofilms adhered to a silver-free control coverslip
(A) and an AgNP-coated coverslip (B) after a total of 68 h growth (from ODgoo = 0.01
starting culture, transferred to new MDM after 20 h, second transfer after an additional 24
h). Large clusters indicate significant biofilm formation, even on the AgNP-coated surface.
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Surface colonization from an ODesoo = 0.001 inoculum was also measured. Recall that
dissolved silver affected planktonic growth from the ODego = 0.001 (~1x10° CFU/mL) inoculum
to a much greater extent than the ODeoo=0.01 (~1x10” CFU/mL) inoculum. A similar effect of
the bacterial inoculum concentration on bacterial surface colonization and subsequent biofilm
formation on AgNP-coated surfaces might be expected. After 20 h incubation with the ODegoo =
0.001 inoculum, significant differences were observed between the silver-free coverslips and the

AgNP-coated and uncoated coverslip regions (Figures 3.12 and 3.13).
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Figure 3.12. Representative images of BacLight stained bacteria adhered to a silver-free
control coverslip (A), the uncoated region of a coverslip half-coated with AgNPs (B), and the
AgNP-coated region of the half-coated coverslip (C) after 20 h incubation with the ODegoo =
0.001 (~1x10® CFU/mL) inoculum P. fluorescens culture. These are false color overlays of
images collected with the AF488 (green) and AO (red) filter sets. “Viable” cells in these
images appear as bright green, while “non-viable” cells appear as very faint red (marked with
arrows). The same field of view from (C) was also imaged in darkfield (D) to show that
AgNPs remain adhered to the coverslip. Large bright objects in (D) are cells, both viable and
non-viable, while small dots show light scattered from adherent AgNPs. Every cell observed

in (C) appears in (D).
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Figure 3.13. Average viability (black) and number of adherent cells per image (frame size is
37300 um?) (grey) on silver-free control coverslips and the uncoated and AgNP-coated
regions of half-coated coverslips after 20 h incubation with the ODsoo=0.001 (~1x10°
CFU/mL) inoculum P. fluorescens culture. Error bars for the viability results represent
standard deviations based on 5, 3, and 5 replicates in the silver-free, uncoated, and AgNP-
coated cases, respectively. For the cell counts, there were 7, 9, and 11 replicates. For each
replicate experiment, at least five different images from each of the different surface regions
were analyzed.

The number of bacteria adhered to coated or uncoated regions of the AgNP half-coated
coverslips after 20 h was significantly lower than the number adhered to the silver-free control
coverslips in these OD600 = 0.001 experiments. This was consistent with the large difference in
the planktonic populations present at this time in the presence or absence of silver (Figure 3.5).
However, even though the planktonic population was exactly the same for the uncoated and
AgNP-coated regions of each half-coated coverslip, the number of bacteria adhered in the AgNP-
coated region was significantly greater than it was in the uncoated region (P=0.001). Greater
adherent cell numbers on the AgNP-coated surface were observed by direct comparison of the

coated and uncoated regions of the same coverslip in each replicate experiment. Darkfield
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microscopy (Figure 3.12 D) confirmed that AgNPs remained adsorbed on the coated coverslips
during the incubation with bacteria.

It was hypothesized that enhanced colonization of the AgNP-coated surface was due to a
physical interaction between the adsorbed AgNPs and the bacteria. In other words, perhaps the
presence of AgNPs simply increased the adhesion energy of bacteria behaving merely as
colloidal particles, in a purely physical process without a biological basis. To test this, an
ODs00=0.001 culture was killed by DNA-damaging ultraviolet radiation (G30T8 UV lamp, 30
W, 254 nm) before being exposed to the surfaces. At this wavelength, UV light causes DNA
damage and bacterial inactivation, with minimal damage to other cellular components.?%
Therefore, it is expected that the bacterial surface chemical properties will not be altered
significantly, except for the presence of membrane proteins whose expression is under active
cellular control. Plate counts of UV-treated cultures confirmed at least 6 log killing of the
bacteria in planktonic suspension before the start of these adhesion experiments.

The number of bacteria adhering to AgNP-coated surfaces from the UV-killed cultures
(4%2 cells/frame) was very small compared to the number adhering from viable cultures with the
same ODeoo (6538 cells). Even increasing the UV-killed culture ODeoo to 0.01 did not result in
the amount of adhesion observed in the viable cell case, giving only 19+6 cells/frame. In fact, at
this higher concentration of killed cells, significantly more cells were adhered to the uncoated
region than to the AgNP-coated region of the coverslips (P = 4.9x107°), the opposite of what was
observed for the viable cultures.

A significant fraction of the adherent bacteria on the AgNP-coated surface were shown to
be viable by BacLight staining in the ODgoo = 0.001 inoculum experiments, even though the

surface was coated with biocidal AgNPs (Figure 3.13). In a study of bacterial growth on glasses
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doped with silver ion, Valappil and colleagues®®? noted that a layer of dead bacteria could
provide a protective layer that enables additional bacterial proliferation. The observation that a
significant fraction of bacteria were observed to be viable with less than a full bacterial
monolayer in the present study suggests that such a sacrificial layer is not a necessary condition
for bacterial colonization on AgNP-coated surfaces. Biofilm formation on the AgNP-coated
coverslips from the ODsoo = 0.001 starting culture was also assessed at longer times (48, 72, and
96 h). Coverslips were kept in the same media for the entire time period; no media switch was
performed. At these longer times, planktonic growth was evident (Figure 3.5). Figure 3.14
shows that significant biofilm formation did occur at these longer times on both uncoated and the
AgNP-coated regions. By 96 h, significant formation of thick biofilms (observable by eye) with
large cell clusters had occurred on the AgNP-coated coverslips for triplicate runs of the
experiments, indicating the lack of any significant long-term anti-biofilm effect of the AgNP-

coated surfaces at these inoculum concentrations.
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Figure 3.14. Representative images of BacLight stained bacteria adhered to the uncoated
(A,B,C) and AgNP-coated (D,E,F) regions of half-coated coverslips after 48 h (A,D), 72 h
(B,E) and 96 h (C,F) of growth from ODgoo = 0.001 (~1x10° CFU/mL) inoculum culture with
no media switch. These images are false color overlays of the images collected with the
AF488 (green) and AO (red) filter sets.

The amount of biofilm observed after 96 h on the uncoated and AgNP-coated regions of
the half-coated coverslips was greater than was achieved for the silver-free control coverslips at
any of the sampled time points up to 96 hours (Figure 3.15). This was the case for triplicate runs
of the experiment. This suggests that P. fluorescens bacteria respond to the silver stress by
forming biofilms, even though in the current situation the source of the stress is the silver ion
released from the AgNPs that are adsorbed on the substrate. This supports the recent report that
exposure to sublethal concentrations of suspended AgNPs stimulates biofilm development.2%
Since this high biofilm coverage is observed on both the uncoated and coated regions of the same
coverslip, it must result from dissolved silver effects. This is consistent with the observations that

growth in the bulk in the presence of silver occurred as macroscopic flocs rather than as
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individually dispersed bacteria. Microbial flocs have many of the same characteristics as

biofilms?** and planktonic growth as flocs was also induced by the silver stress.

Figure 3.15. Image of a biofilm formed in silver-free control. This represents the maximum
amount of colonization/biofilm that was formed in silver-free controls at any time. This
particular biofilm was grown from an ODego = 0.001 starting culture for 45 h. No silver-free
controls in the absence of a media switch, from either starting cell concentration, up to 96 h
total growth, showed greater biofilm formation than is observed here. Image is a false color
overlay of the images collected with the AF488 (green) and AO (red) filter sets. The
diminished biofilm formation compared to AgNP-coated surfaces is apparent.

3.4 Implications of the inoculum effect

The primary observation in this work is that an inoculum effect strongly influences how
surface-adherent silver nanoparticles affect bacterial surface colonization. The inoculum effect is
not considered generally when evaluating antimicrobial surfaces, yet this work shows that it can
be a significant factor in the effectiveness of antimicrobial surfaces that are based on release of
toxic silver ions. For example, the ASTM standard method E2180 — 07 for “determining the

activity of incorporated antimicrobial agents in polymeric or hydrophobic materials”
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recommends testing a single inoculum concentration.?®® The method only considers cell killing
at a single time point (24 hours is suggested) and does not account for the possibility of long-
term recovery of the bacterial population as occurred in the current surface-adherent AgNP
system.

Whereas inhibiting surface colonization is the technological goal of anti-fouling
materials, in the context of the environmental implications of silver nanoparticles, the
preservation of biofilm formation capability after nanoparticle entry into the environment is the
desired situation. This work suggests that silver nanoparticle attachment on natural surfaces after
release into the environment may not inhibit biofilm formation over the long term. In addition to
the diminished bioavailability of silver bound to planktonic bacteria and/or macromolecular
byproducts that was noted here, silver ion complexation to many common environmental
ligands, such as humic acid, sulfide, and chloride, has been shown to reduce its toxicity.%%-206.207
Therefore, in environmental systems one must consider the possibility that the ionic silver
released from adherent nanoparticles may not reach levels capable of causing 100% bacterial
viability loss except in the presence of very low bacterial populations, and surface-adhered silver

nanoparticles may be less likely to detrimentally affect environmental biofilm formation.

3.5 Experimental Section

3.5.1 Silver Partitioning

The partitioning between dissolved and bacterial biomass-associated Ag* was
investigated independently. P. fluorescens in logarithmic growth was diluted with MDM and

predetermined volumes of AgNOs solution to prepare cultures with ODegoo = 0.001, 0.01 or
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0.045. Total Ag* concentrations ranged from 0.25 to 50 ppb. Cultures were orbitally mixed for 1
hour at 160 rpm. Afterwards, a 3 mL aliquot was collected and held for silver analysis, while a
separate 4 mL aliquot was centrifugally filtered as above. 3 mL of the filtrate was collected. Both
the unfiltered sample and the filtrate were treated with 180 pL concentrated HNO3z and 90 pL
H20. (30%, Fisher Scientific), heated for 15 min at 100°C in a digital heat block (VWR

International) and allowed to cool. Silver concentrations were then determined using ICP-MS.

3.5.2 Minimum inhibitory concentration (MIC) and minimum bactericidal

concentration (MBC)

The MIC and MBC were determined for AgNPs and for ionic silver introduced as
AgNO:s. P. fluorescens cultures in logarithmic growth were diluted with MDM and a
predetermined volume of AgNOz solution or AgNP dispersion to yield samples with either
ODs0o = 0.01 or ODeoo = 0.001, with varying silver concentrations, in black polystyrene clear-
bottomed well-plates (Corning Costar). Two-fold serial dilutions ranged from 0.98 to 500 ppb
for Ag* or 9.8 to 5000 ppb for AgNP for ODego = 0.01 cultures and from 0.098 to 50 ppb for Ag*
or 0.98 to 500 ppb for AgNP for ODegoo = 0.001 cultures. All concentrations are ppb of Ag. One
well-plate column was used for bacteria-free silver controls and another for silver-free bacteria
controls. The ODeoo Was recorded for each well immediately after filling and again after 24 h,
and the MIC was identified as the smallest Ag* or AgNP concentration that yielded no increase
in ODsoo. To determine the MBC, 100 pL samples taken from wells from the MIC experiments
for all concentrations at and above the MIC were spread on nutrient agar. The MBC was
identified as the lowest silver concentration that yielded no colonies after 24 hour growth on

agar.
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3.5.3 Contact angle measurement

AgNP-coated and uncoated coverslips were incubated in 25 mL sterilized MDM for 20
hours with 160 rpm orbital mixing, rinsed with purified water and gently dried under a purified
nitrogen stream. A Rame-Hart contact angle imaging system was used to measure the advancing

and receding contact angles for a drop of purified water deposited on each surface.

3.6 Results and Discussion

3.6.1 MIC and MBC for silver ions and silver nanoparticles

In section 3.3.1 it was observed that the higher initial inoculum concentration of ODggo =
0.01 was unaffected by the AgNP-coated coverslip and easily colonized the surface while the
lower inoculum concentration of ODegoo = 0.001 had a significantly delayed growth and required
much longer times (>48 h) to recover and colonize the AgNP-coated surface. These differences
in performance by the two inoculum concentrations in the presence of the AgNP-coated
coverslips with similar surface concentrations of AgNPs, suggest that an inoculum effect is
present. To further explore the inoculum effect of silver on P. fluorescens, both the MIC and
MBC were determined. Both the MIC and MBC were significantly higher for dispersed AgNPs
than for Ag* (as AgNOs). For ODeoo = 0.001 cultures, the Ag* and AgNP MIC were 4.2 + 3.7
ppb (n = 15) and 23 + 14 ppb (n = 12) (P = 3x10°), respectively, while the Ag*and AgNP MBC
were 4.9 + 3.1 ppb (n=11) and 31 + 0 ppb (n =7) (P = 2x10!1), respectively. When the cell
concentration was increased to ODsoo = 0.01, the Ag™ and AgNP MIC increased to 20 + 14 ppb
(n=23) and 140 * 100 ppb (n = 16) (P = 6x10®), respectively. The Ag* and AgNP MBC

increased to 32 + 21 ppb (n = 12) and 156 + 0 ppb (n = 7) (P = 2x1071%), respectively. Values are
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reported as mean + standard deviation. A zero reported standard deviation simply indicates that
each MBC determination corresponded to the same serial dilution. The observed dependence of
the MIC and MBC on the P. fluorescens concentration, for both silver forms, indicates an
inoculum effect for silver toxicity.

These increased MIC and MBCs suggest that dissolved silver is becoming bound to
bacteria or macromolecular products which reduces the amount of bioavailable silver. This is
corroborated in Figure 3.9 where the free silver concentrations are at detectable levels when the
ODs0o = 0.001 while they are below detection limits when the initial inoculum concentration is
ODs0o = 0.01. By effectively decreasing the free silver concentration that is bioavailable to
interact with other cells, this decreases its antimicrobial effect. Similar decreases in toxicity have
been observed when Ag* is bound to humic acid in solution.® If suspension phase binding of
silver to viable or nonviable cells and/or cell products is sufficient to keep the free silver
concentration low, then planktonic bacteria populations are able to recover and overwhelm
dissolved silver’s antimicrobial effect.

Note that silver complexation to biomass in the ODgoo = 0.001 culture suppressed the free
silver concentration to levels that never exceeded 2 ppb in Figure 3.9. This falls just below the
~4 ppb MIC for Ag*. Thus, planktonic growth in the ODsoo = 0.001 inoculum culture is initially
slow, but the culture retains viability, as is evident in the ODsoo increase in Figure 3.9 at 72 h.
Between 45 and 72 h, the planktonic population increased significantly, reaching ODeoo = 0.045.
This increase in biomass was accompanied by the free silver decreasing to barely detectable
levels (Figure 3.9).

This is corroborated by Figure 3.16, which shows the degree to which silver ion added as

AgNO:s binds to planktonic P. fluorescens, and/or its products in suspension, at cell
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concentrations spanning the range of the surface colonization experiments. The extent of binding
is significant and strongly dependent on cell concentration. Figure 3.16 indicates that cells and/or
byproducts in an ODegoo = 0.045 bacterial suspension bind 88% of the silver at total silver
concentrations as high as 42 ppb. Thus, the ODeoo = 0.045 culture, corresponding to the 72 h
population that grew from the ODsoo = 0.001 inoculum (Figure 3.9), could maintain the free
silver concentration at only a few ppb for total silver ion concentrations as large as ~ 42 ppb.
The black bars in Figure 3.16, corresponding to cell-free control experiments where all silver is
free, indicated that the total silver concentration released from the adherent AgNPs over 72 h
never exceeded 15 ppb. This is less than the 20 ppb MIC for a planktonic culture with ODeggo =
0.01 (that is, a more dilute culture than the ODesoo = 0.045 culture that existed at 72 h). In
experiments with the ODegoo = 0.01 inoculum, no free silver was detected in the media bathing the
AgNP half-coated coverslips at any time. This is consistent with the equilibrium Ag* binding
data in Figure 3.12. For the total silver concentrations of ~ 4 to 6 ppb that Figure 3.5 indicates
were released from AgNP-coated coverslips over 1 to 45 h, Figure 3.16 shows that nearly all of
the released silver would be in the bound form for ODegoo = 0.01 cultures, even without further
planktonic growth.,

It is evident that silver binding allows the planktonic population to grow in these
experiments. The inoculum effect that is manifested as a strong dependence of MIC and MBC on
cell concentration is apparent in the propagation of planktonic cultures in suspension above

AgNP-coated coverslips.
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Figure 3.16. Free silver concentrations for AgNO3 added to planktonic P. fluorescens
cultures in MDM, as measured by ICP-MS after filtration with a 3 kDa cutoff. Cell-free
controls (open diamonds) showed minimal decreases in free silver after filtration while ODegoo
=0.001(open circles), ODgoo =0.01(open squares) and ODeoo =0.045 (open triangles) bacterial
cultures decreased the free silver concentration to different degrees. The inset highlights low
concentration data.

3.6.2 Preferential adsorption to AgNP-coated surface

In section 3.3.3, it was observed that in some situations P. fluorescens preferentially
adhered to the AgNP-coated surfaces. Collectively, these results indicate that there is an as yet
unknown biological reason for the increased adhesion of cells on the AgNP coated surfaces.
Additionally, the low numbers of adhering killed cells suggests that the nonviable cells observed
on the AgNP-coated surfaces became nonviable after they initially adhered as viable cells.
Viability appears to be a necessary condition for the preferential bacterial adhesion to the AgNP-
coated surface. It is unclear at this point whether the increased colonization of the AgNP-coated
region is caused by some biological recognition of the AgNPs on the surface or whether it may

be related to changes in substrate surface properties or roughness that promote the ability of
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active bacteria to establish an anchorage and colonize the surface. Surface topography has
previously been shown to influence bacterial adhesion.?%®-?1% Although adhered AgNPs did not
render the coverslips hydrophobic, they did become slightly less hydrophilic. Clean coverslips
incubated in MDM were perfectly wetted by water, while the advancing and receding contact
angles of water on AgNP-coated coverslips were 10.7+1° and 6.9+0.9°, respectively, suggesting
that surface physico-chemical processes probably are not responsible for preferential attachment
to AgNP-coated surface regions. Further investigation into the cause of the preferential adhesion

of viable bacteria on AgNP-coated surfaces remains a subject of interest.

3.7 Conclusions

Data obtained on the planktonic population response to silver ion and silver nanoparticle
exposure and colonization on silver nanoparticle-laden surfaces confirmed the hypothesis that
the inhibition of bacterial surface colonization would exhibit an inoculum effect. Evidence was
presented that P. fluorescens colonization on surfaces decorated with adsorbed silver
nanoparticles is a silver ion stress response, and the inoculum effect was evident in the
observation that prevention of surface colonization occurs only when 100% of the planktonic
bacterial population is killed. This occurs with a sufficiently low initial inoculum concentration.
With higher inoculum concentrations, a small remnant fraction of viable bacteria is sufficient to
allow population recovery and surface colonization, proceeding to biofilm formation at long
times. The inoculum effect was attributed to silver ion binding to bacteria and/or their
macromolecular byproducts and the resulting decrease in free, bioavailable silver ion in solution.

Accordingly, the minimal inhibitory concentration and minimal bactericidal concentration, with

74



respect to silver nanoparticles as well as silver ion administered as AgNO3, both increase with
increasing concentration of the planktonic bacterial inoculum.

The “anti-fouling” or colonization inhibitory properties of the AgNP-coated glass
surfaces used in this work were controlled by the dissolved silver released from the surface-
adhered particles and not by direct bacterial contact with the silver nanoparticles on the surface.
A similar absence of contact-mediated bacterial killing was observed by de Prijck and colleagues
in their work with silver-ion releasing rubber.?!! When colonization occurred, viable bacteria
were observed directly on silver nanoparticle-laden surfaces, without the need for any
passivating layer of nonviable bacteria that might have shielded newly arriving bacteria from
silver.

The current work of course pertains strictly to P. fluorescens and immobilized silver
nanoparticles. No claim is made about any particular inoculum concentration that should be
considered a threshold, above which a sufficient fraction of a bacterial population may survive a
silver ion exposure and colonize a silver-laden surface, either for different species or different
silver surface presentation formats. It may be anticipated, for example, that the presentation of
larger amounts of silver would require higher inoculum concentrations for a population to
survive the initial killing and recover. Other species may differ quantitatively, but the possibility
of an inoculum effect should be considered when evaluating a toxin-releasing antimicrobial
surface. Future work should address the prominence of the inoculum effect in the context of
surface colonization on silver nanoparticle-laden surfaces or other toxin-releasing surfaces. This
should include quantitative comparisons of threshold inoculum concentrations, with a broad

variety of bacterial species, including pathogenic ones.
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Figure 3.17. P. fluorescens colonization on both uncoated and AgNP-coated surfaces. In
some cases there was preferable bacterial colonization on the AgNP-coated surface over
the uncoated surfaces.
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Chapter 4. Silver Sink Effect of Humic Acid on Bacterial

Colonization

Reprinted with permission from A. J. Bertuccio and R.D. Tilton. Silver Sink Effect of
Humic Acid on Bacterial Surface Colonization in the Presence of Silver lons and Nanoparticles.
Environmental Science and Technology, 2017, 51 (3), 1754-1763.12¢ All Quartz Crystal

Microbalance-Dissipation in this work was performed with the help of Dr. John Riley.

4.1 Introduction

Chapter 3 showed that bacterial colonization on AgNP-decorated surfaces is highly
dependent on the initial planktonic concentration. It was hypothesized that at high bacterial
concentrations, bacteria serve as a silver sink and reduce the amount of bioavailable silver below
toxic levels allowing high concentrations to colonize AgNP-decorated surfaces. Thus, a AgNP-
decorated surface may be able to inhibit low concentrations of bacteria from colonization but not
high inoculum concentrations. However, in the environment there are a large number of organic
materials, such as NOM, that have the potential to bind metals such as silver and one could
expect that the efficacy of AgNP-decorated surfaces are much lower when exposed to
environmental media.

The objective of the current research is to elucidate the combined effects of initial
bacterial inoculum concentration and the presence of NOM on the ability of planktonic bacteria
to colonize a surface that displays adherent AgNPs. The governing hypothesis is that NOM, as
exemplified by humic acid (HA) in this investigation, will increase bacterial tolerance of AgNP
and Ag" by functioning as an Ag*- binding sink that decreases the free silver concentration and

thus the amount of bacteria-bound Ag*, and thereby allows bacteria to proliferate and colonize
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AgNP-laden surfaces at lower inoculum concentrations than would be possible in the absence of
NOM. We consider a Gram- negative model biofilm-forming species, P. fluorescens, suspended
in minimal media over glass surfaces decorated with polyvinylpyrrolidone (PVP)-stabilized
AgNPs that have been used in previous model system studies. Gram negative bacteria are more
vulnerable to AgNP and Ag* than Gram positive bacteria which have thicker cell walls that
reduce the likelihood of silver uptake.%1" Typical aqueous NOM concentrations in the
environment range from 2 to 10 mg C/L in rivers and lakes and up to 60 mg C/L in bogs,
marshes and swamps.1” We consider the higher end of the natural HA concentration range to
capture the magnitude of NOM effects that may be expected in high organic carbon ecosystems.
We will show that HA increases the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of silver in both AgNP and Ag* form and allows bacteria to
colonize the AgNP-laden surface at lower bacterial inoculum concentrations than would
otherwise be possible. This study also reveals that the overall effect of HA on surface
colonization is complex and involves several competing tendencies. We find that HA exerts two
counteracting effects that impact bacterial survival: by competitively binding Ag*, HA decreases
the amount of Ag™ bound to bacteria for a given total silver concentration, which favors survival,
but HA also sensitizes P. fluorescens to bound Ag* such that growth inhibition and loss of
viability both occur at lower extents of Ag* binding to bacteria when in the presence of HA than
in its absence. The net outcome of these competing effects favors P. fluorescens survival, which
allows them to withstand silver exposure and proceed to colonize AgNP-laden glass surfaces.
That is colonization also occurs despite the observed tendency of HA to otherwise decrease the
amount of P. fluorescens colonization of glass surfaces, an effect observed here in the absence of

silver.
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4.2 Experimental

4.2.1 Silver nanoparticle deposition on glass coverslips.

The AgNPs used in this study were described previously.'>® They are stabilized by PVP
(MW 55,000) and have a diameter of 9.3 £ 2 nm based on TEM. Their zeta potential (Malvern
Zetasizer Nano ZS) in minimal Davis media (MDM) (50 mM ionic strength) was -2.35 + 4 mV.,
The hydrodynamic diameter of the AgNPs in minimal Davis media (MDM, see below) was
determined by dynamic light scattering (Malvern Zetasizer Nano ZS) to be 10.2 + 3 nm (Figure
2.1).

4.2.2 AgNP-Decorated Coverslips

To deposit AgNPs onto coverslips, the AgNP stock suspension was diluted with MDM to
a final concentration of 10 ppm. 5 mL aliquots were added to 50 mL polypropylene centrifuge
tubes (Beckman Coulter). One clean, UV-sterilized slide was placed with flame sterilized forceps
into each tube and incubated to allow particles to adhere in the dark for 1 h at 23 +2°C.
Afterwards coverslips were rinsed aseptically with 300 mL of sterilized ultrapure water and
immediately added to new sterile 50 mL centrifuge tubes containing 15 mL of MDM to begin a
colonization experiment. AgNP-decorated coverslips were analyzed with a Zeiss Axio Observer
Z1 microscope and a 20 X LD plan-NEOFLUAR objective (Zeiss) using darkfield microscopy
and following the protocol described by Wirth and coworkers.!*® Figure 2.4 shows representative

images of a three separate AgNP-decorated coverslips.
4.2.3 Bacterial surface colonization.

A 25 mL volume of bacterial suspension with an initial bacterial inoculum of ODsoo =
0.0001 (~1x10° CFU/mL), 0.001 (~1x10® CFU/mL), or 0.01 (~1x107 CFU/mL) was exposed to

a vertically oriented, pristine or AgNP-decorated coverslip in MDM with 0, 20 or 60 mg C/L HA
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in 50 mL centrifuge tubes and orbitally shaken at 160 rpm at room temperature for 72 h with
loose caps to maintain aerobic conditions.

Bacteria exposed to Ag* were exposed to a pristine coverslip. A 25 mL suspension
sample with initial inoculum of ODeoo = 0.0001 or ODggo = 0.001 was exposed to 5 ppb Ag*in
the form of AgNO3in MDM with 0, 20 or 60 mg C/L HA in 50 mL centrifuge tubes and orbitally

shaken at 160 rpm and 72 h with loose caps to maintain aerobic conditions.

4.2.4 Minimum inhibitory concentration (MIC) and minimum bactericidal

concentration (MBC)

P. fluorescens in early log-growth was diluted with MDM containing suspended AgNPs
or dissolved AgNO3z in MDM to obtain ODegoo = 0.01, 0.001, or 0.0001 in volumes of 200 pL in
black polystyrene clear-bottomed well plates (Corning Costar) with and without HA. ODegoo Was
measured initially after filling and again after 24 h. The silver species gave negligible
contributions to the optical density. Two-fold serial dilutions ranged from 9.8 to 5000 ppb of
AgNP or 0.98 to 500 ppb of Ag* for ODeoo = 0.01 and 0.98 to 500 ppb of AgNP or 0.098 to 50
ppb of Ag* for ODggo = 0.001 and ODeoo = 0.0001 inocula. One column of the well plate was left
as a silver control with no bacteria and one column as a bacteria control with no silver. The MIC

was determined as the lowest concentration yielding no change in ODsoo over 24 h.

4.2.5 Ag* binding to bacteria and HA

Bacteria binding: 25 mL samples in 50 mL centrifuge tubes were prepared to contain
AgNO:; at concentrations ranging from 1 to 55 ppb Ag™ and P. fluorescens at ODgoo = 0.001 to

0.045 and equilibrated for 1 h under orbital mixing in the dark at 160 rpm. A 4 mL aliquot was
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sampled from each to assay total silver and free silver in each system. To assay total silver, 3 mL
of the unfiltered aliquots were analyzed. A 3 kDa molecular weight cutoff cellulose acetate
centrifugal filter (Amicon) was used to remove bacteria and bacteria-bound Ag*. These filters
were centrifuged at 4000 rpm (Eppendorf centrifuge 5810 R) for 50 minutes to remove bacteria
and bacteria-bound Ag*. Silver detected in the filtrate is considered free silver. To assay silver
concentrations in either the unfiltered sample (total silver) or in the filtrate (free silver), 240 pL
HNO3 (BDH chemicals, Aristar Plus) and 120 pL H20- (Fisher Scientific) were added to the
appropriate samples. The samples were then heated for 15 minutes at 100°C in a digital heat
block (VWR International) and allowed to cool. Silver was assayed using inductively coupled
plasma-mass spectrometry (ICP-MS, Agilent 7700x). The ICP-MS was calibrated against
AgNO:s standards immediately before each experiment.

Humic acid binding: The same procedure was also performed to measure Ag* binding to
HA at HA concentrations of 1, 5, 10, 20 and 60 mg C/L HA, using the 3 kDa centrifugal filter to
remove HA and its bound Ag*.>>!1® A control experiment without bacteria or HA was conducted
to check for Ag* losses due to binding to the filter or container surfaces.

Centrifugal filters were washed three times with DI H>O. The organic carbon contributed
after three rinsings was 1.1 mg C/L. Triple washed filters were used to filter 56.6+ 2.9 mg C/L
HA to determine the amount of HA that passes through the filter. Only 1.4 + 0.1 mg C/L HA

was measured in the filtrate. Thus centrifugal filtration removed 97.5% of the HA.

4.2.6 Humic acid adsorption to silica via quartz crystal microbalance-
dissipation (QCM-D)
Quiartz crystal microbalance with dissipation (QCM-D) measurements were performed on

a four-chamber Q-sense E4 instrument (Biolin Scientific). Q-sense SiO, coated sensors (QSX
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303 or QSX 335) were exposed to MDM, then MDM + humic acid, and then MDM. The
frequency shifts are small and positive and dissipation shifts are small and negative when the
media changes from MDM to MDM + humic acid but rapidly return to their baseline values
when the media switches back to MDM. Adsorption would produce negative frequency shifts
and positive dissipation shifts.?!2 The results confirm that humic acid does not adsorb to silica
under these conditions. The small observed shifts are due to changes in viscosity and density of

the bulk liquid.

4.3. Results and Discussion

4.3.1 AgNP-decorated surfaces

AgNP adhesion was measured on six coverslips; two sets of three coverslips were
prepared from independent AgNP dispersions, with representative images in Figure 2.4. The
average deposition density was (3.5 + 0.8) x 10° particles/mm?. Clean coverslips were also
analyzed and averaged 500 + 150 “spots”/mm? indicating that any extraneous scattering
contributions from dust or surface defects were insignificant. Wirth and coworkers showed that

AgNP detachment is not significant during subsequent colonization experiments.t*t

4.3.2 Effect of initial inoculum and presence of humic acid on bacterial

colonization

Bacterial colonization on glass coverslips with or without adherent AgNPs, in MDM or
MDM augmented with 60 mg C/L HA, after 72 hours of orbital shaking, is shown in Figure 4.1.
In the absence of HA (Figure 4.1 D) colonization was significant for each initial inoculum

concentration on pristine AgNP-free coverslips and exceeded monolayer coverage, where the
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maximum countable amount of bacteria would be ~26,800 cells/mm? for this microscope. When
adherent AgNPs were present, colonization was greatly reduced to sub-monolayer coverages, by
a factor of at least 360, except for the most concentrated initial inoculum, ~107 CFU/mL, which

showed similarly extensive colonization as on the pristine coverslips.
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Figure 4.1. Representative images with a false color overlay for P. fluorescens colonization
on AgNP-decorated coverslips at > 26,800 (A), 60 (B) and 700 cellss/mm? (C). Bacterial
colonization over 72 h on coverslips without and with adherent AgNPs in HA-free MDM (D)
or in MDM with 60 mg C/L HA (E). Red, blue and green bars correspond to initial inoculum
concentrations of 10°, 10°, and 10’ CFU/mL respectively. Initial inoculum concentrations
below a certain amount resulted in statistically significant reductions in colonization on
AgNP-decorated coverslips compared to pristine ones (comparing 10° and 10°® CFU/mL with
AgNP in D against similar inocula with no AgNP in D, p <0.001). P. fluorescens showed a
statistically significant increase in colonization in MDM with HA on AgNP-decorated surfaces
compared to HA-free MDM (comparing 10° and 108 CFU/mL with AgNP in E against the
same inocula with AgNP in D, p <0.001). Data points represent at least three replicate
coverslips and 10 random locations measured per coverslip.
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During these colonization experiments ODgoo was monitored to identify changes in
planktonic bacterial concentration. In the absence of HA, the optical density did not change over
72 h in the presence of adherent AgNPs, i.e. there was no growth, for 10° or 10° CFU/mL initial
inocula, but ODeoo increased 14-fold, from 0.010 + 0.001 to 0.14 + 0.1, for 10’ CFU/mL. This
strong inoculum concentration dependence in both planktonic growth and colonization of the
AgNP-decorated surface corroborates the prior observation of an inoculum effect whereby silver
toxicity is highly dependent on initial planktonic bacterial concentrations.!® High initial
planktonic bacterial concentrations provide an excess of silver binding sites that decrease the
amount of free silver in solution. By distributing the silver among a large number of binding sites
among the bacterial population, most bacteria take up a sublethal amount of silver which allows
the majority of the population to survive, proliferate and colonize the AgNP-decorated surface.

Adherent cell viability on the AgNP-decorated coverslips in MDM and MDM augmented
with HA was also measured. In MDM, the average percentages of viable cells on coverslips were
84 +16% (nwtal = 55 cells distributed over 30 fields of view) and 61 + 22% (Ntota = 57 over 30
fields of view) for initial inocula of 10°and 10® CFU/mL respectively. A thick biofilm was
observed with an initial inoculum of 10” CFU/mL and no dead cells were observed by
LIVE/DEAD staining with epifluorescence microscopy. When MDM was augmented with 60
mg C/L HA, viability was 99+ 2% (nwta = 501 over 30 fields of view), 94+ 2% (Ntotar = 1414
over 30 fields of view), and 914 6% (Nt = 2774 over 30 fields of view) for 10°, 10°, 10’
CFU/mL respectively. Viability from the low initial inoculum concentrations of 10°and 10°
CFU/mL was greater in the presence of HA.

Comparing data for colonization of the AgNP-decorated surface in the presence of 60 mg

C/L HA (Figure 4.1 E) with the similar data in its absence (Figure 4.1 D) indicates that HA
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allowed significantly greater surface colonization on AgNP-decorated surfaces for the 10° and
10° CFU/mL inocula. Colonization increased by factors of 7.7 (p < 0.001) and 9.4 (p < 0.001)
relative to the HA-free experiments for 10° and 10® CFU/mL inocula, respectively (based on the
statistical sign test?'®). This supports the hypothesis that HA provides a protective effect that
enables low concentrations of P. fluorescens to colonize AgNP-decorated surfaces to a
significantly greater extent. This protective effect on the bacterial surface colonization phase is
consistent with prior evidence that HA can increase bacterial tolerance to silver ions and
nanoparticles for bacteria in either the planktonic or the biofilm state,%699.117.118

Colonization on the AgNP-decorated surface by the 10" CFU/mL inoculum was
decreased in the presence of HA compared to its absence. This is not due to a failure of HA to
provide a protective silver sink. Comparing colonization on AgNP-free surfaces with (Figure 4.1
E) and without (Figure 4.1 D) HA indicates that HA has an overall effect of significantly
decreasing colonization, by 37-, 15- and 4-fold for initial inocula of 10°, 105, and 10" CFU/mL
respectively. Even though bacteria have a decreased overall tendency to colonize coverslips in
media containing HA, the lower inoculum concentration data show that there is a greater extent
of colonization on AgNP-decorated coverslips in media with HA than in media without HA.

The greater colonization of AgNP-decorated surfaces in the presence of HA, despite the
otherwise unfavorable effect of HA on colonization, is attributable to the preservation of
planktonic growth in the presence of HA. The optical density of the planktonic suspension
bathing the AgNP-decorated coverslips in the presence of 60 mg C/L HA increased by 286%
from 0.294 4+ 0.001 to 1.135 + 0.009, by 272% from 0.295 + 0.003 to 1.1 + 0.04, and by 253%

from 0.271 + 0.002 to 0.96 + 0.090 over 72 h for 10°, 10° and 10" CFU/mL inocula respectively.
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For each inoculum planktonic growth was far more extensive in the presence of HA than in its
absence; in fact, HA allowed growth and colonization on AgNP-decorated surfaces in the two
most dilute inocula that exhibited no growth and minimal colonization in its absence.

The decreased bacterial colonization on AgNP-free surfaces in the presence of HA is
considerable. We considered the hypothesis that HA inhibits P. fluorescens colonization of silica
glass surfaces by adsorbing to the surface and creating an electrosteric barrier to bacterial
adhesion, but prior literature indicates that HA does not adsorb to silica.?'* We verified that
Pahokee peat HA does not adsorb to silica via a quartz crystal microbalance with dissipation

(QSense E4) experiment (Figure 4.2).
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Figure 4.2. QCM-D graphs for two separate experiments where the left represents
frequency shifts while the ones on the right represent dissipation shifts for the third, fifth
and seventh overtones. The compositions of the liquid in the sample cell during different
time intervals marked by vertical lines are indicated.
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The decreased colonization may be a result of HA making the bulk solution environment
more favorable for P. fluorescens. Figure 4.3 shows that P. fluorescens growing in MDM has a
greater growth rate in the presence of HA than in its absence. The growth rate constants were
0.101 4 0.001 h* in the absence of HA and 0.21 + 0.06 h't in the presence of 60 mg C/L HA.
The faster growth in media with HA may suggest that P. fluorescens are able to metabolize HA
as a carbon source, but independent growth experiments conducted with P. fluorescens in MDM
containing no carbon source other than HA exhibited no growth. P. fluorescens cannot
metabolize HA alone. It was also determined that HA did not significantly affect media pH,
ruling out a buffering effect on growth. The origins of the growth rate increase have yet to be
established, but it is clear that HA makes the planktonic phase more suitable for P. fluorescens
growth, which could decrease a biological driving force for bacteria to select the surface
environment. There also may be a colloidal basis for the lessened colonization in the presence of
HA. The electrophoretic mobility of P. fluorescens in 10-fold diluted MDM was -1.1 + 0.25
pmem/Vs in the absence of HA, but increased in magnitude significantly (p = 0.016, using the
rank-sum test?®®) to -1.484-0.08 umcm/Vs with the addition of 60 mg C/L HA. The increased
negative electrophoretic mobility is consistent with HA adsorption to bacteria, which would
increase their negative surface charge and could inhibit deposition on negatively charged silica

surfaces.
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Figure 4.3. Representative growth curves for P. fluorescens when subcultured to an ODeoo =
0.001 in HA-free MDM (open blue triangles), MDM with 60 mg C/L HA (open red circles),
MDM without any carbon sources (green diamonds), and MDM augmented with 60 mg C/L
HA (black crosses). These experiments have no silver. Error bars represent standard
deviations based on triplicate samples. Bacterial growth is represented as optical density.

4.3.3 Bacteria and humic acid Ag* binding isotherms

Isotherms were measured for Ag* binding to P. fluorescens and to HA. Figure 4.4 shows
the normalized amounts of silver bound per unit amount of P. fluorescens (Noac = number of Ag
ions bound per CFU) or per unit amount of HA (Nna = number of Ag ions per mg C HA). The
normalized isotherms collapse reasonably well onto single curves for 45-fold and 60-fold
variations in bacteria or HA concentration respectively. Normalized isotherms were fitted to
empirical equations (4.1) and (4.2) to analyze the silver material balance in cell growth

experiments. Coefficients were determined by regression. These equations have the form of a
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two-site binding model for P. fluorescens and a one-site Langmuir model for HA, but we do not
ascribe any physical significance to the coefficients beyond curve fitting. The fitted isotherms
give the normalized number of silver ions bound as a function of the free silver concentration,

Ciree for binding to P. fluorescens as

(131 Cpree s 8188 Crree ), s (4.1)
P3¢ 7 \01 + Crree  100.9 + Crree

and for binding to Pahokee peat HA as

414 C 4.2
Nyq = free 1016 ( )
19.54 + Crree
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Figure 4.4. Ag" binding isotherms to P. fluorescens (A) and to Pahokee peat humic acid (B).
Different symbols represent different bacterial inocula of ODggo = 0.001 (black circles), 0.01
(red squares) and 0.045 (blue triangles) (A) or HA concentrations of 1 (red diamonds), 5 (blue
triangles), 10 (purple crosses), 20 (green squares) or 60 mg C/L HA (black circles) (B). Curves
are fitting equations [4.1] and [4.2]. Error bars are included to represent instrumental
uncertainty and are typically smaller than the markers. To aid comparison of bacteria or HA
binding, assuming a dry mass of 0.33 pg per bacterium,?*? with carbon content 47%%#, 10
million Ag ions/CFU would correspond to 6.4 x 10'® Ag ions/mg C bacteria.

4.3.4 P. fluorescens MIC and MBC for Ag”and AgNP.

P. fluorescens MIC and MBC were determined for Ag*and AgNPs for 10°, 10°, and 10’
CFU/mL in MDM and MDM with 20 or 60 mg C/L HA. All results are reported in
Tables 4.1 and 4.2. Figure 4.5 uses some of the MIC and MBC data to highlight important
trends observed. Figure 4.5 A show Ag* (as AgNO3) MIC (threshold concentration for complete
growth inhibition) and MBC (threshold concentration for 100% viability loss) values at different
initial bacterial concentrations. Increasing initial inoculum concentration increases both the MIC
and MBC, consistent with the greater capacity for sublethal Ag* binding. In Figure 4.5 B, when
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the bacterial inoculum is held constant at ODgoo = 0.0001, corresponding to 10° CFU/mL, as the
HA concentration increases the MIC and MBC both increase. The MBC values were consistently
50% greater than the respective MIC values. These same trends were established for 106 and 10’
CFU/mL inocula and when AgNPs were the silver source (Figure 4.5 C and 4.5 D). These results

confirm that HA functions as a silver binding sink and that it significantly protects against silver

toxicity.
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Figure 4.5. MIC and MBC values for Ag* (added as AgNO3) and AgNPs for varying initial
bacterial concentrations without HA (A) and (C) and for varying concentrations of Pahokee peat
HA with an initial bacterial inoculum of 10° CFU/mL (B) and (D). White bars represent MICs
and blue bars represent MBCs.
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The reported values in Tables 4.1 and 4.2 are in the form of mean + standard deviation.

In the case of only a minus sign it is a conservative low estimate of uncertainty since there was

no growth at the reported MBC concentration but the true MBC value may be inbetween the

reported concentration and the next lower one (e.g. 156 to 78 ppb).

Table 4.1. Ag* MIC and MBC (ppb Ag) for P. fluorescens at inoculum concentrations of 10°,
10° or 10’ CFU/mL in MDM with 0, 20 or 60 mg C/L Pahokee peat humic acid

Ag*

MDM

20 mg C/L HA

60 mg C/L HA

10° CFU/mL

MIC 1.2 0.4 (n = 8)

MBC 1.7 0.7 (n=8)

MIC4.7 £16(n=7)

MBC 7.1 +2.5 (n=8)

MIC 11.7 £ 1.2 (n = 12)

MBC 21.4 6.1 (n=8)

108 CFU/mL

MIC 4.2 + 3.7 (n = 15)

MBC 4.9 £3.1 (n = 11)

MIC 6.3 — 1.6 (n = 8)

MBC 11.6 £ 2.4 (n = 8)

MIC 11.5 + 2.4 (n = 12)
MBC 26.1 + 8.8

(n=12)

10" CFU/mL

MIC 20 £ 14 (n = 16)
MBC 31.9 + 20.9

(n=12)

MIC 15.6 — 3.9 (n = 8)

MBC 29.3 +5.5 (n = 8)

MIC 29.3 £ 5.5 (n = 8)
MBC 164.1 + 74.2

(n=8)
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Table 4.2. AgNP MIC and MBC (ppb Ag) for P. fluorescens at inoculum concentrations of
10°, 10° or 10’ CFU/mL in MDM with 0, 20 or 60 mg C/L Pahokee peat humic acid

MBC 156 — 39 (n = 7)

(n=8)

MBC 507.8 + 161.7

(n=8)

AgNP MDM 20 mg C/L HA 60 mg C/L HA
10°CFU/mL | MIC8.3 +56(n=4) | MIC14.3 +47(n=7) | MIC 31.25—7.8 (n = 8)
MBC 12.7 +5.9 (n=4) | MBC 29.2 +10.2 (n=8) | MBC 62.5 — 15.6 (n=8)
10°CFU/mL | MIC 23+ 14 (n=12) MIC 37.5 + 28.2 MIC 116.7 + 22
MBC 31.3-7.8(n=7) (n = 15) (n = 15)
MBC 60.1 + 39.2 MBC 221.2 + 104
(n=15) (n=15)
10’CFU/mL | MIC 136-36 (n=7) MIC 175.8 £55.2 MIC 312.5-78.1

(n=7)

MBC 833.3 + 322.7

(n=7)

4.3.5 Silver material balance and silver binding toxicity thresholds

The sink effect of HA decreases the free Ag* concentration from any silver source in the

system. The total silver material balance below incorporates the binding isotherms, equations

(4.1-4.2) and allows a threshold amount of silver binding per bacterium to be determined for

growth inhibition (Npac at the MIC) or for 100% viability 10oss (Nbac at the MBC):
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Niot = V(Crree + NpacCpac + NuaCra) (4.3)
where Niot is the total amount of dissolved silver ions in the system, V is the media volume, Cpac
is the bacterial concentration, and Cna is the HA concentration.

Threshold degrees of silver binding to bacteria at the MIC and MBC were calculated via
equations (4.1- 4.3) from the MIC and MBC results obtained for Ag* (added as AgNQ3) and
presented for various inoculum and HA concentrations in Figure 4.6. When HA is absent, the
lethal threshold amount of Ag ions bound per bacterium, Npac (MBC) is on the same order of
magnitude for each inoculum, 2.5 + 0.6, 4.5 + 2.1 and 10.6 + 6.2 million Ag ions bound per
CFU for 10°, 108 and 10" CFU/mL inocula respectively. The trend of observing similar threshold
amounts of Ag ions bound per CFU for the different inocula is also observed with respect to the
values of Npac at the MIC (Table 4.3). The order of magnitude similarity for threshold Ag*
binding across three orders of magnitude in inoculum concentration suggests a critical degree of

silver binding needed for 100% lethality.
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Table 4.3. Effect of humic acid on threshold levels of Ag* bacterial binding. Values are the ratio of the
number of Ag ions bound per bacterium in MDM to the number of Agions bound per bacterium in
MDM augmented with HA at the MIC and at the MBC. Results are shown for the fitted parameters
that best represent the measured binding data for P. fluorescens and HA, as well as the adjusted
parameters to represent the binding extrema.

ODsoo HA Conc. Calculated Ag Fitted Data Extreme Case
(mg C/L HA) | atoms bound per | Nbac, mom/ Nbac,Mom+HA | Nbac, Mpm/ Nbac,MDM+HA
bacterium (B =81.88) (Bin=134.1)
(millions) (B =4.14) (B=1.8)
at MIC = 2.111 at MIC: 1 at MIC: 1
0
at MBC =2.530 at MBC: 1 at MBC: 1
at MIC =0.009 at MIC: 247 at MIC: 132
0.0001 20
at MBC =0.012 at MBC: 196 at MBC: 110
at MIC = 0.007 at MIC: 297 at MIC: 159
60
at MBC =0.013 at MBC: 195 at MBC: 109
at MIC =4.003 at MIC: 1 at MIC: 1
0
at MBC =4.47 at MBC: 1 at MBC: 1
at MIC = 0.011 at MIC: 350 at MIC: 201
0.001 20
at MBC = 0.021 at MBC: 214 at MBC: 125
at MIC = 0.007 at MIC: 302 at MIC: 328
60
at MBC = 0.016 at MBC: 284 at MBC: 166
at MIC = 9.666 at MIC: 1 at MIC: 1
0
at MBC =10.591 at MBC: 1 at MBC: 1
at MIC = 0.028 at MIC: 249 at MIC: 125
0.01 20
at MBC = 0.052 at MBC: 205 at MBC: 107
at MIC = 0.018 at MIC: 395 at MIC: 196
60
at MBC =0.114 at MBC: 93 at MBC: 51
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Despite the overall protective effect of HA manifested as higher MIC and MBC values,
the critical threshold for lethal binding is substantially lower in the presence of HA compared to
when HA is absent. Nyac (MBC) decreased by two orders of magnitude relative to HA-free
conditions (p < 0.001, based on the rank-sum test?:). In the presence of 20 mg C/L HA the
amount of Ag ions bound per bacterium at the MBC is 0.012 + 0.001, 0.021+ 0.002 and 0.052
+ 0.004 million Ag ions bound per CFU for bacterial concentrations of 10°, 10°, and 10’
CFU/mL, respectively. In the presence of 60 mg C/L HA the amount of Ag ions bound per
bacterium at the MBC is 0.013 + 0.001, 0.016 + 0.003 and 0.114 + 0.003 million Ag ions
bound per CFU for bacterial concentrations of 10°, 106, and 10’CFU/mL, respectively.
Comparing Figure 4.6 A and 4.6 B also shows that Npac (MIC) also decreased with the addition
of HA. The significant decrease in the amount of silver ions bound per bacterium at the MIC and
MBC when HA is present compared to when it is absent suggests that P. fluorescens is more

sensitive to silver in systems with HA.
1034 4

106.

Ag ions/CFU

10° 10107 10°105107

100"

Humic acid concentration (mg C/L) Humic acid concentration (mg C/L)

Figure 4.6. Ag* bound per bacterium at the MIC (A) or MBC (B) in 0, 20 and 60 mg C/L humic
acid with minimal Davis media for bacterial inoculum concentrations of 10°, 108, and 10’ CFU/mL
which are represented by the red, blue and green bars, respectively.
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Since there is scatter in the Ag" binding data, in order to validate the conclusions

regarding the MIC and MBC threshold levels of bacterial Ag* binding in the presence of HA,

silver material balance calculations were repeated using binding isotherm equations that

represent the extrema of the binding data. For example, upper bound estimates of the amount of

Ag ions bound per bacterium at the MIC or MBC were determined by using a binding isotherm

that would overestimate the amount of bacterial Ag* binding (see Figure 4.7 A) and a binding

isotherm that would underestimate the HA binding data set (see Figure 4.7 B).
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Figure 4.7. Ag” model binding isotherms to P. fluorescens (A) representing an
overestimation of binding to P. fluorescens and to Pahokee peat humic acid (B) representing
an underestimation of binding to humic acid.
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The general form for the Ag* binding isotherm to P. fluorescens is represented as

B; C B;;C 44
Nbac — < I “free + I%“free )106 ( )
Kl + Cfree KII + Cfree

and for binding to Pahokee peat HA as

B Cfree (4-5)
Nya = (—+— 107
A (K + Crree

where Nbpac IS the number of Ag ions bound per CFU, Nna is the number of Ag ions per mg C
HA, and Cirre is the free silver concentration. By, Ki, By and Kj; are fitting parameters for Ag*
binding to P. fluorescens while B and K are fitting parameters for Ag* binding to Pahokee peat
humic acid. The parameters By and B (original fitted values listed in Table 4.3) were altered to
represent the most extreme case that would result in P. fluorescens having the highest amount of
Agions bound per CFU using the upper extreme of Ag*binding to P. fluorescens (see Figure 4.7
A) and the lower extreme of Ag* binding to Pahokee peat humic acid (see Figure 4.7 B). The
equation for P. fluorescens with an adjustable parameter that can be used to over-estimate

bacterial binding is shown below as

1.31 Crree Bi1Crree 6 (4.6)
bac = + 10
0.1 + Crree 100.9 + Crree

and for binding to Pahokee peat HA with an adjustable parameter to under-estimate HA binding

as

Nua = <—B Crree ) 1016 t
19.54 + Crree

In each case the adjusted models that represent the binding extrema do not affect the
conclusion determined using the fitted binding isotherms, that the threshold amounts of Ag*

bound per CFU at the MIC and at the MBC are much greater in the absence of humic acid. (HA
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makes P. fluorescens more sensitive to Ag*.) Even using binding extreme representations that
de-emphasize HA binding, the threshold amounts of bacterial silver binding without HA remain
well over one order of magnitude greater than with HA (Table 4.3). Uncertainty in the binding
isotherms does not affect the conclusion that P. fluorescens is more sensitive to the toxic effects
of bacterial bound Ag" in the presence of HA.

The overall protective effect of HA is due primarily to the decrease in the free silver
concentration, since P. fluorescens is apparently more intrinsically vulnerable to silver toxicity
(lower lethality threshold of silver bound per bacterium) in the presence of HA than its absence.
That is, HA has two opposing effects: it decreases free silver concentrations but makes P.
fluorescens more sensitive to each silver ion bound. Here the net effect is overall protective. The
mechanism for the apparent increase in vulnerability is as yet unknown. One possible
explanation for the increased sensitivity is that HA adsorbs and shuttles bound Ag* to the cell

wall. This would be consistent with electrophoretic mobility results in Section 4.3.2.
4.3.6 Bacterial colonization in the presence of Ag*and humic acid

The main toxic agent associated with AgNPs is believed to be Ag* released from the
nanoparticles.*” 88206215 |CP-MS analysis of the bacteria suspensions bathing the AgNP-
decorated coverslips showed that the total silver ion concentration (in either free, bacteria-bound
or HA-bound states) released from the AgNPs after 3 h of exposure was 3.2 +1.5 ppb in MDM,
5.8+ 0.8 ppb in MDM augmented with 20 mg C/L HA, and 5.4 + 0.4 ppb in MDM augmented
with 60 mg C/L HA. For comparison, the MIC values for 10° CFU/mL are 1.2 + 0.4 ppb in
MDM, 4.7 + 1.6 ppb in MDM with 20 mg C/L HA and 11.7 + 1.2 ppb in MDM with 60 mg C/L

HA. The MIC values for 10° CFU/mL are 4.2 + 3.7 ppb in MDM, 6.3 — 1.6 ppb in MDM with
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20 mg C/L HA and 11.5 + 2.4 ppb in MDM with 60 mg C/L HA. (Where the uncertainty is
indicated only by a minus sign, it means every serial dilution experiment yielded the same MIC,
so the uncertainty is estimated as half the difference between the observed MIC and the next
lower concentration in the serial dilution.)

For both 10° and 10° CFU/mL initial inocula in the absence of HA, the silver released
after 3 h exceeded the MIC. Accordingly, there was no detected growth and minimal
colonization of the AgNP-decorated coverslips. However, in the presence of 60 mg C/L HA, the
silver released after 3 h was less than the MIC for these initial inocula, and there was significant
planktonic growth and surface colonization of the AgNP-decorated coverslips for both initial
inocula.

After 72 h the total concentrations of released Ag* had increased to 6.1+ 2.4 ppbin
MDM, 16.9 + 1.0 ppb in MDM with 20 mg C/L HA and 20.4 + 4.2 ppb with 60 mg C/L HA.
These concentrations somewhat exceeded the MIC values for 10° and 10° CFU/mL initial
inocula. Yet, the results in Figure 4.1 showed that the AgNP-decorated coverslips were colonized
in the presence of 60 mg C/L HA for both these initial inocula. This is attributed to the growth
that occurs during the early stages of exposure to AgNP-decorated surfaces, when the released
Ag"* concentrations remain below the MIC. That growth produces higher planktonic
concentrations, and since the MIC increases with increasing bacterial concentration, the
planktonic growth and colonization evidently outpace the release of Ag*. The relative kinetics of
silver release and bacterial growth are important.

When P. fluorescens are exposed to concentrations of Ag™ below the MIC they can grow
to higher inoculum concentrations that require considerably higher concentrations of silver to

inhibit growth. To illustrate, Table 4.4 shows the amount of growth in 24 hours for 10°and 10°
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CFU/mL initial inocula of P. fluorescens when exposed to a concentration of Ag* that is half of
the corresponding MIC. In every case, growth after 24 h was substantial — increasing ODgoo by
orders of magnitude. This relates to the observed bacterial proliferation and growth when the
short-term release of Ag* from AgNPs was less than the MIC, but the long-term release
exceeded the MIC that would correspond to the initial inoculum concentration. If the initial
release of Ag* exceeds the MIC of the bacterial population that exists at the beginning of the
exposure, there is no growth. However, if the early growth outpaces the silver ion release, the
amount of Ag" released as a function of time as the exposure continues to longer times may
never reach the threshold concentration needed to inhibit growth of the existing bacterial

population at any particular point in time.

Table 4.4. Change in ODso Of P. fluorescens after 24 h exposure to half the MIC for Ag".
Initial ODsoo (n%Ac?fr:'A) 0.5 Ag* MIC (ppb) |  Change in ODoo

0 06+0.2 0.03 +£0.01

0.0001 20 234038 0.28 +0.21

60 5.8+0.6 0.16 £ 0.14

0 25122 0.15 +0.05

0.001 20 31+0 0.66 £ 0.29

60 55+15 0.78 £ 0.04

These concentrations are reasonable ones to work with because over 24 hours P.

fluorescens can grow up to an optical density greater than the respective silver dosage needed to
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inhibit growth and under the right conditions P. fluorescens will grow to bacterial concentrations
that far exceed the amount of silver released from these AgNP-laden coverslips.

Since released Ag* may influence bacteria in the nearby vicinity of AgNP deposition
sites in the environment, it is also important to investigate the potential for HA to aid bacterial
colonization on bare surfaces in the presence of dissolved Ag*. 10°and 10°® CFU/mL P.
fluorescens inocula were exposed to 5 ppb Ag*in MDM and MDM augmented with 20 and 60
mg C/L HA. This concentration was selected because it approximated the 3 h release of Ag*
from surface-adherent AgNPs. Both inocula concentrations have MIC values near or below 5
ppb Ag* for 0 or 20 mg C/L HA and well above 5 ppb Ag*with 60 mg C/L HA. Thus, we
expected bacterial growth would be inhibited in all media except MDM containing 60 mg C/L
HA for both bacterial concentrations. Since hindered growth correlated with significantly
diminished colonization (with adherent AgNPs, Figure 4.1), we also anticipated diminished
colonization on bare glass with 0 or 20 mg C/L, but not with 60 mg C/L HA.

Compared to silver-free systems (Figure 4.1), the only appreciable amount of
colonization in the presence of 5 ppb AgNOs (Figure 4.8) occurred in MDM with 60 mg C/L
HA. Accordingly, there was no detectable change in ODego in the presence of MDM or MDM
with 20 mg C/L HA, while in the presence of 60 mg C/L HA, ODsoo increased by 0.80 + 0.05
and 0.84 + 0.02 for 10°and 10° CFU/mL, respectively. HA had a concentration-dependent effect
of preserving colonization on bare glass surfaces when all silver was added in the form of
dissolved silver, and the effect was quantitatively consistent with the effect of HA addition on

the MIC.
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Figure 4.8. Bacterial colonization on AgNP-free coverslips when exposed to 5 ppb Ag*™as AgNO3
in 0, 20 or 60 mg C/L HA in MDM. Initial inoculum concentrations are represented by the red and
blue bars for 10° and 108 CFU/mL, respectively.

4.3.7. Relationship between Ag released from AgNP-decorated coverslip and

binding isotherm

Figure 4.9 shows that the amount of silver bound per bacterium after 72 h is above the critical
threshold when 10° CFU/mL are exposed to a AgNP-decorated coverslip in MDM. However,
even though the critical threshold is reduced by two orders of magnitude when HA is present and
the amount of Ag in the system increases, the amount of Ag ions bound per bacterium is still
below the new critical threshold to explain why P. fluoresces is able to grow in the planktonic

state and ultimately colonize the AgNP-coated coverslip.
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Figure 4.9. Ag" model binding isotherm to P. fluorescens (represented by the black line) with the
critical threshold of Ag ion bound per bacterium when MDM and when MDM is augmented with
HA represented by the red dashed and red dotted lines respectively (A) and subsection (B). The
red circle represents the amount of Ag ions bound per bacterium if the total silver in the system
was 6.1 ppb, the amount released from a AgNP-decorated coverslip in MDM and the initial
inoculum was 10° CFU/mL. The red cross represents the amount of silver bound per bacterium
when amount of silver released is 20.4 ppb, the amount Ag* released from coverslips in MDM
augmented with 60 mg C/L HA and the initial inoculum was 10° CFU/mL.

4.3.8. Environmental Implications

Provided that inoculum concentrations exceed a threshold level, bacteria can directly
colonize surfaces displaying an abundance of silver nanoparticles. The key is whether the
population is large enough that a fraction of the original population survives and proliferates.
Surviving bacteria colonize the nanoparticle-decorated surface. Silver ion binding to humic acid
extends the range of this inoculum effect, allowing bacterial populations to proliferate and
colonize silver nanoparticle-decorated surfaces at inoculum concentrations much smaller than
would otherwise be required in the absence of humic acid. Silver sinks such as humic acid are
abundant in many environments and can be expected to offer significant bacterial protective

effects against silver and potentially other toxic metals. The increased tolerance provided by
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these silver sinks may allow bacteria to proceed through normal lifecycle phases under
conditions where AgNP disruption of surface colonization and biofilm formation may be
expected otherwise. A more subtle but still significant consequence of the presence of humic
acid is an apparent sensitization of P. fluorescens to bound silver ions; the amount of Ag ions
bound per bacterium at the MIC and MBC are significantly lower when humic acid is present
compared to when it is absent. This effect opposes the protective effect of humic acid binding to
Ag" to decrease the free silver ion concentration. In the current system, the balance of these
competing effects favored P. fluorescens proliferation and colonization, but it cannot be certain
that the balance would be favorable for other species if this sensitization also exists for other

bacteria.
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Figure 4.10. Addition of bacteria or natural organic matter can reduce the amount
of silver ions distributed per bacterium enabling bacteria to survive in the presence
of the antibacterials Ag” and AgNPs and colonize AgNP-decorated surfaces.
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Chapter 5. Natural organic matter effect on copper toxicity

5.1 Introduction

In Chapters 3 and 4 the effects of the initial inoculum concentration and the
presence of humic acid on silver toxicity were explored. However, for the past two decades, in
addition to AgNP containing products, CUONPs have also been increasingly used in consumer
products such as textiles, electronics and biomedical devices for their antimicrobial
properties.®333¢ Extensive usage of these products leads to increased nanoparticles in
wastewater runoff. Wastewater treatment sludge is typically used as fertilizer, providing another
potentially significant route for copper entry into ecosystems in agricultural regions.3"3
Additionally, copper-containing nanoparticles such as Kocide are directly applied in agriculture
as a pesticide.'® Since copper has known antimicrobial properties and may affect bacterial
populations in the environment, it is important to assess copper toxicity to bacteria in
environmentally relevant systems.

The objective of this research is to determine the combined effects of bacterial
concentration and the presence of NOM on mitigating copper toxicity. The governing hypothesis
is that NOM will increase bacterial tolerance to copper by serving as a copper sink to reduce free
copper concentrations to sublethal levels so bacteria can proliferate. We consider Escherichia
coli as a model Gram-negative bacterium that has a well characterized genome for these studies.
Minimal inhibitory and bactericidal concentrations will be determined for E. coli with and
without NOM, exemplified as HA, at different initial inoculum concentrations to determine the
effects of bacterial concentration and the presence of NOM. For this study, similar to Chapter 4,
we consider the higher end of natural HA concentration ranges to capture the magnitude of NOM

effects that may be expected in high organic carbon environments. Copper binding isotherms to
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E. coli and HA are also obtained to determine copper removal by each organic material. To
further probe the mitigating potential for HA, copper responsive genes copA, cueO, cusC and a
protein membrane repair gene, cpxP, and ROS production were measured with and without HA.
It was observed that the presence of humic acid decreased all gene responses to copper. ROS
produced inside bacteria that was induced by copper was indirectly observed to decrease in the
presence of humic acid as well. Analysis of gene responses were performed with the help of
Ph.D. candidate Joe D. Moore in Civil and Environmental Engineering at Carnegie Mellon

University.

5.2 Materials and Methods

5.2.1 Bacterial Strain and Conditions

Escherichia coli (ATCC® 11775™) was grown in modified minimal Davis media (MDM) that
contains 1.58 g/L KoHPO4 (= 99%, Acros Organics), 2.5 g/L. KH2PO4 (= 99%, J.T. Baker), 1.0
g/L (NH4)2S04 (= 99%, Sigma-Aldrich), 0.1g/L MgSOa-7H20 (Acros Organics), modified
Wolfe’s vitamin and mineral solutions (see Tables 2.2 and 2.3), and 4 g/L glucose (= 99.5%,
Amresco) as the primary carbon source. The MDM pH was adjusted to 6.5 + 0.02 by addition of
0.1 M H2SOg4 (Acros Organics). All water was purified by a Barnstead Nanopure, > 18 MQ cm
resistivity.

A frozen stock of E. coli stored at — 80°C was inoculated aerobically in an orbital shaker
(Corning LSE digital microplate shaker) at 160 rpm at room temperature. E. coli suspensions
were orbitally shaken until the early log-growth phase (occurring at ODsoo = 0.07 — 0.10) and

then subcultured to the desired inoculum concentration for experiments.
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Pahokee Peat Humic Acid (International Humic Substances Society) solutions were
prepared and sterile filtered as described previously.*?® HA stock solution concentrations were
determined as total organic carbon using a Sievers Innovox TOC analyzer (General Electric

Analytical Instruments) and reported as milligrams of organic carbon per liter (mg C/L).

5.2.2 Minimal Inhibitory Concentration and Minimum Bactericidal

Concentration

E. coli in the early log-growth phase was diluted to ODsgoo = 0.01, 0.001 or 0.0001,
corresponding to ~107, ~108, and ~10° CFU/mL, respectively, verified by agar plating, and
placed in black polystyrene clear-bottomed 96-well plates (Corning Costar). A 10,000 ppm Cu?*
stock solution prepared with CuSO4 -5 H20 (Fisher Scientific) in de-ionized water was sterile-
filtered with a 0.22 um syringe filter. Cu?* solution aliquots were added to bacteria suspensions
in MDM in the well plates. Cu?* exposure concentrations ranged from 40 to 220 ppb for the
inoculum with initial ODeoo = 0.0001 (10° CFU/mL), 40 to 400 ppb for ODeoo = 0.001 (10°
CFU/mL) and 80 to 1200 ppb ODsoo = 0.01 (107 CFU/mL). In MDM augmented with 60 mg C/L
HA, ODsoo= 0.0001, 0.001 and 0.01 inocula were all exposed to two-fold serial dilutions that
ranged from 100 ppb to 50,000 ppb of Cu?*. The total sample volume in each well was 200 pL.

96-well Plates were orbitally shaken at room temperature at 160 rpm for 48 hours to
allow E. coli, exposed to sub-lethal Cu?* concentrations, an opportunity to recover and grow if
there was a significant lag time for growth. E. coli was grown for 48 hours to allow low initial
inoculum concentrations (10° CFU/mL) sufficient time to grow, especially when copper is

present since no observable growth is measured until 20 hours after setting up the experiment.
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Figure 5.1 shows that when bacteria are subcultured to an initial ODggo = 0.0001 it takes about 20

h before a change in optical density is observed.
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Figure 5.1 Representative growth curve for E. coli subcultured to an ODsggo = 0.0001 from
bacteria in early log-phase growth (0.07 — 0.10).

The ODeoo was measured for each well using a plate reader (Spectramax M2, Molecular
Devices) as a function of time during the 48 h experiment. The lowest Cu?* concentration for
which there was no significant change in ODgoo was determined to be the MIC. MBC
determinations were performed after each 48 hour MIC experiment. 100 pL samples were
collected from wells corresponding to the highest concentration that was still below the MIC and
all higher concentrations. These were spread on agar plates, which were maintained at 37 °C for
24 hours. The MBC was determined to be the lowest concentration for which no colonies were

observed to form. Agar plates were prepared by pouring an autoclaved mixture of 4 g of Difco
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nutrient broth (BD Diagnostics) and 7.5 g Bacto Agar (BD Diagnostics) in 500 mL of ultrapure

water.
5.2.3 Determining Growth Rate Constant

The growth rate constant was determined by taking values from the growth curves of bacteria at
different copper concentrations and plotting Ln(ODsoo) Vs. time. Since the bacterial optical
densities did not reach levels that deviated from Beer’s law (ODgoo > 0.40), the optical densities
could be used instead of converting to bacterial concentrations since the slope of each curve
should be equivalent. The data points plotted were chosen based on linearity. All points that
followed the same linear trend were plotted. The slope of the line is the growth rate constant
since a reformatted version of the bacterial growth curve is:

Ln(C) = Ln(C,) + kt (5.1)

Where: C, is the initial bacterial concentration, C is the current concentration of bacteria, k is the

growth rate constant (ht), and t is time (h). A representative plot for obtaining the growth rate

constant is shown in Figure 5.1
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Figure 5.2. A representative of how growth rate constants are determined. This one is for

initial inoculum concentration of ODsgo = 0.001 at 80 ppb Cu?*. The slope of this curve is

0.207 h't which is the growth rate constant.
5.2.4 Cu?* Binding to Bacteria and HA

To measure Cu?* binding to E. coli 5 to 50 ppb of Cu?* were mixed with 10°, 107 or 5 x

10" CFU/mL E. coli suspensions prepared by diluting suspensions that were in the early log-
growth phase. To measure Cu?* binding to HA in solution, 10 to 500 ppb of Cu?* were mixed
with humic acid at concentrations ranging from 3 to 60 mg C/L. In each case the total volume
was 10 mL and the mixtures were orbitally shaken for one hour. 4 mL samples were removed
and centrifugally filtered with a 3 kDA molecular weight cutoff centrifugal filter (Amicon) at
4000 g (Eppendorf Centrifuge 5415 D) for 50 min. To prepare the samples for copper analysis
by inductively coupled plasma- mass spectrometry (ICP-MS), the filtrates and original samples
were then oxidized by adding concentrated nitric acid and 30% H20.. For a 3 mL sample, 180

ML of concentrated HNOs3 (Aristar plus) and 90 puL 30% v/v of H2O> (Fisher Scientific) were
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added. Samples were then heated for 15 minutes at 100 °C with a digestion chamber (VWR).

Copper concentrations were then determined via ICP-MS (Agilent 7700x).1%

5.2.5 Transcriptional Response Experiments

For quantitative polymerase chain reaction (QPCR) gene expression assays, E. coli
suspensions were sub-cultured from ODgoo = 0.2 — 0.3 suspensions to produce ~2 x 108 or 2 x
10" CFU/mL suspensions with a total volume of 5 mL. Samples were prepared with the
following media conditions: MDM, MDM + 300 ppb Cu?*, MDM + 60 mg C/L HA, and MDM
+ 60 mg C/L HA + 300 ppb Cu?*. Samples were orbitally mixed for 30 min at 160 rpm at room
temperature. Afterwards, for 108 CFU/mL, 1 mL of the bacterial suspension was removed and
mixed with 2 mL of RNAprotect (Qiagen). For 10’ CFU/mL, 10 mL of RNAprotect was added
to the 5 mL bacterial sample. All samples were centrifuged at 4000 g for 20 min and the
supernatant was decanted. Samples were stored frozen at -20 °C until until analysis.

RNA was isolated using the RNeasy Mini Kit (Qiagen) following the manufacturer’s
procedure with slight alterations, including an on-column DNase treatment (Qiagen). RNA was
quantitated fluorometrically using a high-sensitivity RNA kit and a Qubit 2.0 fluorometer (Life
Technologies, Carlsbad, CA). Quality information was derived from a 1.3% agarose gel and
using a NanoDrop UV-Vis spectophotometer (Thermo Fisher Scientific). cDNA was synthesized
from 185 ng RNA using iScript Reverse Transcription Supermix (Bio-Rad) and was quantitated
using a ssDNA kit and the Qubit fluorometer. cDNA quality was also assessed on the NanoDrop.
Aliquots of cDNA were diluted to 1 ng/uL in RNase/DNase-free water.

Relative quantification was performed on a 7500 Real-Time PCR System (Applied
Biosystems) using PowerUP SYBR Green master mix (Life Technologies) according to the

manufacturer’s protocol and primers designed with PrimerQuest (IDT). Each 20 pL reaction
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consisted of 1 ng cDNA, 10 pL master mix, 8§ pL molecular biology grade water, and 1 uL of'a 10

UM solution containing both forward and reverse primers (for a final primer concentration of 500

nM). Triplicate technical replicates were performed on each sample. (Primer sequences can be

found in Table 5.1.) The 16S rRNA gene, rrsA, was used as a housekeeping gene against which

target genes were normalized. 7754 has been validated for this function before.?!¢ Fold control, ¢,

was calculated using the AACt method?!” (Equation 5.2) dividing the normalized gene expression

of a target gene (x) under a given treatment (y) by the normalized gene expression of the same

gene for the undosed control (undosed):

Fold Control = ¢y, = 2= (ACy=AC controt)

Table 5.1. RT-qPCR gene primer sequences
Gene Primer sequences

F: CCTCATAAAGTGCGTCGTAGTC
rrsA

R: CGTATTCACCGTGGCATTCT

F: GAACAGGCGGATGTGTCTATC
COpA

R: TTAGCCTTTGGGTGGCTTAC

F: GGGCTGGAAAGATACCGTTAAG
cueO

R: GATGGCAGTGCGCCATATAA

F: CAGCAGTCGGTGGTGAATTA
cusC

R: TTGCAGCGATGCCAGATAA

F: CTGACGCTGATGTTCGGTTA
cpxP

R: GAAGTCGGTTCAGGCGATAA
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5.3 Results and Discussion

5.3.1 Impacts of Cu Concentrations on Bacterial Growth Rates.

Growth curves over 48 h for initial inoculum concentrations of 10°, 10°, and 10" CFU/mL
at various copper concentrations in MDM are shown in Figure 5.3 (A — C). Time zero
corresponds to the time at which E. coli suspensions were sub-cultured at the indicated
conditions. As copper concentrations increase, the lag time for bacterial growth increases and the
bacterial growth rate constant decreases smoothly (Figure 5.3 D, see Figure 5.2 for representative
growth curve fits to first order kinetic model). When comparing growth rate constants, larger
bacterial inoculum concentrations require larger copper concentrations to reduce the growth rate
constant to a similar extent. The dependence, for copper inhibition of growth, on the initial E.
coli inoculum concentration indicates that an inoculum effect is present. This is consistent with

the observations of Franklin and co-workers for Pseudokirchneriella subcapitata.'*
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Figure 5.3. Growth curves for initial inoculum concentrations of 10° CFU/mL (A), 10°
CFU/mL (B) and 10’ CFU/mL (C) at various Cu?" concentrations in MDM containing no
HA. Error bars are smaller than the symbols Corresponding growth rate constants are
displayed in D. Filled symbols in D indicate the MIC determined as the concentration
yielding no growth.

When HA is added to MDM there is still a smooth trend of decreasing growth rate
constants as copper concentrations increase for initial bacterial inoculum concentrations of 10°,
10° and 107 CFU/mL (Figure 5.4 A — C). The addition of 60 mg C/L HA requires an order of
magnitude greater copper concentrations to inhibit bacterial growth. For example, when MDM is

augmented with 60 mg C/L HA, bacterial growth in the most dilute inoculum, 10° CFU/mL, is
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not affected by 813 ppb Cu?* while in HA-free MDM, growth of 10° CFU/mL inoculum is fully
suppressed 80 ppb Cu?*. Humic acid shows a strong potential for mitigating copper toxicity to E.

coli, similar to previous reports of silver ion bacterial toxicity mitigation. 12
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Figure 5.4. Growth curves for initial inoculum concentrations of 10° CFU/mL (A), 10°
CFU/mL (B) and 10’ CFU/mL (C) at various Cu?* concentrations in MDM augmented with
60 mg C/L HA. Error bars are smaller than the symbols. Corresponding growth rate constants
are displayed in D. Filled symbols in D indicate the MIC determined as the concentration
yielding no growth (10°® and 10° CFU/mL MIC overlap.)
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5.3.2 E. coli MIC and MBCs for Cu?

The inoculum effect for Cu?* toxicity to E. coli is evident in Figure 5.5, where Cu?* MIC
and MBC values corresponding to the above experiments are summarized. (All MIC and MBC
values are tabulated in Table 5.2.) Increasing the initial bacterial inoculum concentration
increases the MIC and MBC in MDM. When 60 mg C/L HA is added to MDM (Figure 5.4 B)
the MIC and MBC are much greater than in the absence of HA. MIC values increase
approximately 10-fold relative to HA-free MDM. Increases in MBC are more pronounced. The
MBC for the 107 CFU/mL inoculum increased approximately 40-fold, from ~1.2 to 40 ppm with
addition of HA. The inoculum effect persists in the presence of HA, although it is stronger for
the MBC than for the MIC. The MIC and MBCs for Cu?*in MDM augmented with HA was
almost the same for 10°and 10® CFU/mL. This lack of an inoculum effect may be attributed to
the nature of the MIC experiment where 2-fold dilutions were performed. It is possible that better
concentration gradations would provide a statistical difference between the MIC and MBCs for

the two inoculum concentrations.

Table 5.2. MIC and MBC values (ppb Cu?*) for E. coli in MDM and MDM augmented with
60 mg C/L Pahokee peat humic acid at initial inoculum concentrations of 10°, 10° and 10’
CFU/mL.

Inoculum MDM MDM + 60 mg C/L HA
MIC:  78+7 (n=8) MIC: 3000+ 660 (n=6)
5
10° CFU/mL MBC: 118+20 (n=8) | MBC: 3800+ 1300 (n=6)
MIC:  140_10 (n=8) MIC: 3300-810 (n=7)
6
10° CFU/mL MBC: 270+41(n=8) |MBC: 7600+2700 (n=7)
MIC:  320_40 (n=8) MIC: 65001600 (n=7)
10’ CFU/mL

MBC: 1200 - 90 (n = 8) MBC: 41000 — 14000 (n=7)
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Figure 5.5. Minimal inhibitory concentrations and minimal bactericidal concentrations
represented by the blue and red bars respectively for initial bacterial concentrations of 10°,
108 and 10" CFU/mL in MDM (A) and MDM augmented with 60 mg C/L HA (B)

Evidently, both the initial inoculum concentration and the presence of HA play a role in
mitigating copper toxicity. We hypothesize that both E. coli and HA serve as copper sinks and
reduce the concentration of copper that is freely available in solution to below toxic levels,
similar to the silver ion sink effect reported by Bertuccio and Tilton*?® for silver toxicity to P.
fluorescens. There it was shown that sub-lethal binding to bacteria and binding to HA decreased

free solution Ag* concentrations and increased the MIC and MBC. It is interesting to note that
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the humic acid increased the Cu?* MIC and MBCs for E. coli 20 and 30-fold while humic acid
only increased the Ag" MIC and MBCs for P. fluorescens 5 and 3-fold. The authors acknowledge
that these are two different species of bacteria being compared for two different metal ions and
cannot conclude that HA is more effective at mitigating copper over silver from this comparison.
Similar to Bertuccio and Tilton,*?® binding isotherms were measured for Cu?* binding to
HA in solution and to E. coli in order to evaluate the Cu?* material balance as it partitions
between free solution, HA-bound and E. coli-bound states. Copper binding isotherms for E. coli

and Pahokee peat humic acid (Figure 5.6) to determine the bioavailable copper.

5.3.3 Copper binding isotherms for E. coli and HA

Different concentrations of E. coli (in the absence of HA) or HA (in the absence of E.
coli) were incubated, in separate experiments, with a range of copper concentrations, and the free
solution Cu?* was subsequently assayed in filtrates. Depletion of Cu?* from the filtrate relative to
the concentration in the original sample directly reports the amount bound to bacteria or to HA.
Control experiments verified that neither bacteria nor HA pass through the 3 kDa molecular
weight cutoff centrifugal filters. The concentration of copper bound was normalized by the
bacterial concentration or the HA concentration, and the free concentration reported on the
ordinate is the Cu?* concentration in the filtrate. Visual MINTEQ 3.0 was used to identify copper
species and the potential formation of copper precipitates in VDMD. It was observed that in the
absence of organic matter 570 ppb Cu?* is the solubility limit of Cu?* before copper phosphate
precipitates form. When humic acid is added, modeled as DOC (Nica-Donnan), the solubility
limit increased up to about 3200 ppb Cu?*. All binding experiments were conducted below the
model-predicted solubility limits of copper phosphate. Solubility limits and mineral

concentrations in this system can be found in the Appendix in Tables A1 — A4.
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In the case of bacteria, the term “binding” is used in a general sense to convey any
mechanism for Cu?* sequestration from solution, whether by adsorption or ionic binding to cell
constituents or any mode of internalization. The E. coli Cu?* binding isotherm (Figure 5.6 A) is
scattered and indicates a low degree of binding. The data presented shows a 10% or less removal
of Cu?* from solution when the total copper concentration is 10 ppb or greater.

The copper binding isotherm for HA is shown in Figure 5.6 B. Normalized data for Cu?*
binding collapse onto a single isotherm for HA concentrations ranging from 3 to 60 mg C/L. For
subsequent material balance analyses, the normalized isotherm data, expressed as N1a = number
of Cu ions bound per mg C HA, were fitted to an empirical equation:

3.34C 5.3
NHA — free 1017 ( )
4049 + Crree

where Cree is the free copper concentration in ppb. The empirical equation for Cu?* binding to
HA fits well to a Langmuir isotherm fit, though we do not ascribe any physical meaning to this.
It is meant solely as a means to estimate copper binding. Bertuccio and Tilton also obtained a
binding isotherm with a Langmuir fit for HA binding to silver.1?6 One can compare the slopes of
the two equations in the linear region to compare the affinity of both metal ions to HA. When
comparing these two slopes, the slope for the Cu?* binding isotherm was 4.7 times higher than
the slope for the Ag* binding isotherm. This significantly higher slope for Cu?* suggests that this
ion has a much higher thermodynamic binding affinity for HA than Ag* and would support the

idea that HA is better at mitigating copper than silver toxicity as observed earlier.
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Figure 5.6. Binding data for Cu to E. coli (A) and to Pahokee peat humic acid (B). Different
symbols represent different inoculum concentrations of ODgoo = 0.01(~10” CFU/mL, black
stars) and 0.05 (=5 x 107, black squares) (A) or HA concentrations of 3 (black circles), 6
(crosses), 12 (triangles) and 60 mg C/L HA (diamonds). To aid comparison of bacteria or HA
binding, assuming a dry mass of 0.33 pg per bacterium,?*? with carbon content 47%2%#, 10
million Cu atoms/CFU would correspond to 6.4 x 10% Cu ions/mg C bacteria.

A material balance was performed around the entire system for unbound free copper

concentrations when E. coli and humic acid are both present. For 10°, 10® and 10" CFU/mL
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without HA, the respective MICs are 78 + 7 ppb Cu?*, 140 — 10 ppb Cu?" and 320 — 40 ppb
Cu?* (In cases where the symbol is only a negative sign, no growth was seen at the reported
concentration and the conservative estimate was made for potential lower MIC values). Since
minimal binding to E. coli was observed and no copper-phosphate precipitates form at these
listed concentrations we assume that the MIC is the free Cu?* necessary to inhibit growth. When
60 mg C/L HA is present, after using the humic acid binding isotherm, the free available copper
concentrations decrease to 2.84 + 0.2 ppb Cu?*, 4.31 — 2.82 ppb Cu?*, and 9.10 — 8.54 ppb Cu?*
for 10°, 10°, and 10" CFU/mL respectively. These free copper concentrations are significantly
lower than the MICs, indicating that the decrease in free Cu®* concentration caused by HA

binding is the likely cause of the reduced copper toxicity to E. coli.

5.3.4 Effect of HA on Oxidative Stress and Gene Expression

For ROS experiments, E. coli were exposed to 300 ppb Cu?* with initial inoculum
concentrations of 107 and 108 CFU/mL. 300 ppb Cu?" is near the MIC for the initial inoculum
concentration of 10’ CFU/mL. The fluorescent probe H.DCFDA was used to indirectly assess
ROS levels inside E. coli with and without copper. H.DCFDA is a non-fluorescent molecule that
freely enters E. coli and then is hydrolyzed by esterases to remove the diacetate group and
further reacts with ROS to form the fluorescent molecule dichlorofluorescein (DCF).190191
Greater ROS concentrations yield greater fluorescence emission. For 10’ CFU/mL initial
inocuum concentration, 300 ppb Cu produced a negligible amount of ROS produced after 3 h of
exposure that was indistinguishable from the copper-free control (Figure 2.8). However, after
longer periods of exposure to 300 ppb Cu?* (18 to 24 h), significant increases in ROS were

observed. Thus, 20 h was selected as the exposure time for all subsequent ROS analysis
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experiments. Minimal ROS production after short copper exposure periods has been reported
previously.#21%,

ROS determinations for 20 h exposure to 300 ppb Cu?* are summarized in Figure 5.7.
The 108 CFU/mL initial inoculum samples yielded 26.7-fold lower ROS production as indicated
by fluorescence emission intensity than 107 CFU/mL. These ROS signals correspond to 1.8-fold
or 23-fold increases relative to copper-free controls. The inoculum effect observed in the context
of growth inhibition is also manifested in terms of an inoculum concentration-dependent level of
ROS production.

Before considering the effect of HA on Cu?*-induced ROS production, control
experiments were conducted to determine whether HA may have an intrinsic effect on ROS
production in E. coli suspensions. ROS signals for control E. coli suspensions that were not
exposed to copper were twice as high in MDM with 60 mg C/L HA as in HA-free MDM, but
subsequent experiments determined that this was not the result of an HA effect on ROS
production. Rather, fluorescence measurements with HA but no cells or ROS probes showed that
this increase was simply due to fluorescence emission from HA. This has been reported

previously.?821% E_ coli 20 h copper exposure experiments conducted with 60 mg C/L HA with
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an initial inoculum concentration of 10° CFU/mL yielded the same results with 300 ppb Cu?" and

with no added Cu?*. ROS production was completely suppressed by 60 mg C/mL HA.
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Figure 5.7. Fluorescence measurements from probe molecule H.DCFDA after 20 h of
exposure. ROS signals when comparing two different inoculum concentrations (A) and when
humic acid is added to media for an initial inoculum concentration of 10’ CFU/mL (B).
White bars represent the control, when bacteria are only exposed to signaling molecule, red
bars represent E. coli exposed to 300 ppb Cu?*, black dashed bars represent the signal after
exposure to 2 mM H20: (positive control), and blue striped bars represent media without any
bacteria or probe molecules.
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Measurement of fluorescence from the H.DCFDA probe did not suggest enhanced
oxidative stress after short times of exposure. It is important to also monitor other signs of
copper toxicity for bacteria. Moore and coworkers observed that ROS is not produced in short
periods of E. coli copper exposure and also determined by gene expression analysis for five
genes that are related to oxidative stress (ahpC, btuE, katG, sodA, and yghD) that oxidative stress
responses were not present after 30 minutes of copper exposure.*® They showed that copper-
and protein damage-responsive genes, e.g., cpxP, are significantly upregulated in E. coli within
30 min of Cu?* exposure. Thus, in addition to monitoring ROS, four genes, copA, cueO, cusC,
and cpxP, were measured to quantify amounts of gene upregulation when E. coli are exposed to
300 ppb Cu?* for 30 minutes in MDM and MDM with 60 mg C/L HA. Fold changes in gene
expression for E. coli when dosed or undosed with 300 ppb Cu?* are presented in Figure 5.8 for
copA, cueO and cpxP. Expression of cusC was also detected in the presence of Cu?*; however, a
fold-change comparison between dosed and undosed expression could not be made because after
40 cycles there were undetectable levels of cusC in all samples without copper. When 300 ppb
Cu?* was present, it was only in the absence of HA that this gene was expressed. Critical gPCR

threshold values (Cy) for all genes and treatments can be found in Tables 5.3 and 5.4.
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Figure 5.8. Relative gene expression for copA, cueO, and cpxP for E. coli at an initial inoculum
concentration of 108 CFU/mL. Each fold change represents the increase in gene expression aftr
30 min exposure when comparing bacteria exposed to 300 ppb Cu?* to when there is no Cu?*

added. Fold changes are compared in HA-free MDM (No) and MDM augmented 60 mg C/L HA
(Yes). Measurements are from triplicate samples. Error bars represent standard deviations.

Table 5.3. E. coli, at an initial inoculum of 108 CFU/mL, was exposed to different

concentrations of Cu?* and humic acid. Changes in gene response were monitored via qT-PCR.
This table shows the critical qPCR threshold values (C) for housekeeping gene rrsA as well as
copA, cueO, cusC and cpxP. The higher the signal the fewer cycles are run to reach the

detection signal.

Treatment rrsA COpA cueO cusC cpxP
NoCU™ | 15 65+ 033 | 28.26+0.62 | 3179+ 049 NA 33.03+0.49
No HA R e R S

2+

30?\'2'03:“ 15.34£0.18 | 23.05+0.55 | 27.37+0.35 | 38.06 +0.42 | 24.67 + 0.62

2+

300&"’32” 15.64+0.18 | 29.69+0.48 | 32.21+0.24 NA 29.26 + 0.43

2+
6%028%3/8:4 A | 15534015 | 2507£021 | 209 £017 |  NA | 296 %023
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Table 5.4. E. coli, at an initial inoculum of 10" CFU/mL, was exposed to different
concentrations of Cu?* and humic acid. Changes in gene response were monitored via qT-PCR.
This table shows the critical gPCR threshold values (Ct) for housekeeping gene rrsA as well as
copA, cueO, cusC and cpxP. The higher the signal the fewer cycles are run to reach the
detection signal.

Treatment rrsA COpA cueO cusC cpxP
No Cu?* N N N N
No FIA 1525+ 0.07 | 26.71+0.21 | 30.43 +0.12 NA 31.11 +0.24
2+
30%‘?35“ 15.63+0.13 | 23.34+0.17 | 27.81+0.18 | 38.78+0.21 | 24.29+ 0.2
2+
3OON%p£IX“ 18.28+0.06 | 31.72+0.19 | 33.62 +0.28 NA 30.5+0.16
2+
6%0%5%’/& A | 18454016 | 3053402 | 3146 +0.17 NA 30.56 +0.07

The significant decrease in gene expression in the presence of HA provides further
support that the HA reduces bioavailable copper. Even though HA does bind a large amount of
copper there is still some copper that is bioavailable. When using the isotherm for copper binding
to HA (Figure 5.6 B), if 60 mg C/L HA is present for a total copper concentration of 300 ppb
Cu?* there is about 10 ppb Cu?* that remains free. The results in Figure 5.3 would suggest that no
E. coli growth inhibition would be expected for the 108 CFU/mL inoculum with such a low
Cu?* concentration, since even higher copper concentrations were required to inhibit growth of
less concentrated inocula. Yet, copA and cueO genes were still upregulated 12-fold and 4.5-fold,
respectively, for 300 ppb Cu?* exposure at108 CFU/mL. It has been reported that free copper
220,221

concentrations as low as 102! M will induce an upregulation of copper regulatory genes.

The cpxP gene had similar levels of expression when HA is introduced in combination with Cu?*
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as when E. coli are in MDM without any copper (or HA). HA completely suppressed Cu?*-
induced cpxP upregulation. This constant level of gene expression indicates that HA binding
decreased the free Cu?* concentration to levels at which periplasmic protein degradation was not

significant.

5.4 Conclusions

Copper toxicity is a gradual process where a range of copper concentrations can affect
bacterial growth. Toxicity depends on a variety of conditions such as the initial inoculum
concentration and the presence of NOM. In the environment there is a high presence of HA,
especially in soils, which can effectively serve as a copper sink to protect microorganisms from
copper toxicity. We see that HA is especially effective at reducing copper stress induced on
bacteria within 30 min, as indicated by decreases in copA, cueO and cpxP gene expression, and
over extended periods of exposure as indicated by decreased ROS production. The Cu?* binding
capability of HA would need to be taken into account when designing application regimens for
intentionally applied antimicrobial Cu treatments, and it may mitigate microbial impacts of
inadvertent Cu release into the environment. After comparing our binding isotherm results for
Cu?* results with Ag* binding isotherm obtained by Bertuccio and Tilton, the Cu?* has a higher
affinity for HA. Binding isotherms for different types of HA could be useful in estimating free
copper concentrations for both toxicity and application analyses and could also be used for other

metals of concern.
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Chapter 6. Tween 80 influences on bacterial quorum sensing

6.1 Introduction

Chapters 3 — 5 showed the impact that metal salts and nanoparticles can have on bacteria.
Silver and copper ion toxicity as well as silver nanoparticle toxicity towards bacteria are greatly
dependent on a variety of factors including the metal used, the concentration of humic acid and
the initial inoculum concentration.

Another potential threat to bacteria is the usage of surfactants for oil spill remediation.
Surfactants used for oil spills have hydrophilic heads and hydrophobic tails that disperse oil into
small droplets in the ocean. Certain bacteria are able to colonize petroleum/water interfaces,
form biofilms, and metabolize the oil. This natural attenuation process plays a significant role in
regulating the environmental response to both natural oil seepage and to spills. Dispersing oil
into smaller droplets increases surface area available for oil consuming bacteria to
metabolize.??2-2%¢ This could be beneficial. However, other possible effects may disrupt the
bacterial response. When the concentration of surfactant exceeds the critical micelle
concentration (CMC) they will form micelles. A micelle is a self-assembled colloid that forms
because of the amphiphilic character of surfactants. They are closed structures. Depending on
concentration and surfactant type, they may be spheres, ellipsoids, or elongated worm-like
structures. In water, the hydrophobic surfactant tails face the inside of the micelle and the polar
head groups are on the surface facing the water to reduce polar-nonpolar interactions. Because of
their low-polarity interior, micelles readily solubilize nonpolar compounds. Other amphiphilic
compounds, such as long chain alcohols, often partition into micelles and serve as co-surfactants,

mixing with the surfactants to promote micellization. This tendency for amphiphilic molecules to
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partition into surfactant micelles could disrupt the quorum sensing process that plays a critical
role in bacterial community behaviors, including biofilm formation. This possibility is addressed
in this chapter.

Quorum sensing is the process where bacteria release molecules known as autoinducers
in order for them to be able to monitor the bacterial population density, and when bacterial
concentrations are high enough a population of bacteria will exhibit an upregulation in one or
several gene(s). Quorum sensing allows bacteria to function similar to a multicellular organism
with these responses, and some examples of quorum sensing include: bioluminescence, virulence
and biofilm formation. Like surfactants, autoinducers are amphiphilic, with spatially separated
hydrophilic and hydrophobic portions, much like the polar headgroup and nonpolar alkyl tail of a
surfactant,82:84189.227

Since autoinducers and surfactants both have amphiphilic structures, it is possible that
autoinducers could interact with surfactants to reduce bioavailability. It is possible that
autoinducers could be integrated into the micelle of a surfactant, potentially cluster with
surfactant molecules or surfactants could interfere with autoinducers binding to bacterial
receptors. These are all scenarios that could reduce available autoinducer concentrations and
alter the ability of bacteria to sense local population density. If surfactants decrease the
bioavailable autoinducer concentration, then a higher bacterial population density would be
needed to produce the quorum sensing response. Since quorum sensing is important for bacterial
populations to act together potential interference by surfactants could affect community behavior
and ultimately affect aquatic ecosystems, especially since some studies have shown that

surfactants found in Corexit can persist for up to four years in the environment.
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The objective of this work is to identify potential effects that Tween 80, one surfactant
found in the commercial oil dispersant Corexit, can have on bacterial growth and quorum
sensing. V. harveyi will be used a model quorum sensing bacterium. One of the gene expressions
upregulated through V. harveyi quorum sensing is bioluminescence. We will show that bacterial
growth rates are affected minimally at concentrations below 40 mM Tween 80. The amount of
luminescence detected in the presence of various Tween 80 concentrations decreased and when
luminescence was normalized by optical density, a reporter of bacterial concentration, there was
a decrease in luminescence at the same optical density when Tween 80 was present.

Bacterial growth curves were obtained with the help of undergraduate students Michelle
Karabin and Tamara Amin. All LC-MS work and chromatograms were obtained with the help of
Ph.D. candidate Eric McGivney in Civil and Environmental Engineering at Carnegie Mellon

University.

6.2 Materials and Methods

6.2.1. Growth and Luminescence curves of V. harveyi with Tween 80

100 mL of AIM was inoculated with V. harveyi (ATCC-BAA 1116) in a 250 mL
Erlenmeyer flask overnight at 30 °C. V. harveyi was orbitally rotated at 200 rpm. A black
polystyrene clear-bottomed (Corning Costar) and an opaque white polystyrene 96 well-plate
(Corning Costar) were used to monitor the optical density and the bioluminescence respectively.
Both plates were treated with a UV light (Spectroline EN-180, 365 nm, 0.2A) for 20 minutes
prior to use. Wells were filled with 100 pL of AIM, and two-fold serial dilutions were carried out
between 0.08 mM and 40 mM of Tween 80. A stock of 80 mM Tween 80 was prepared by

dissolving Tween 80 in AIM and then filter sterilizing the solution with a 0.22 m cellulose
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acetate filter. When the suspension of V. harveyi reached an ODegoo 0f 0.4 to 0.5 the suspension
was subcultured to and ODego = 0.002. 100 pL of ODeoo Was added to all but one column which
was a cell-free control. Another column served as a surfactant-free control. These two plates
were then measured for initial optical density (Spectramax M2 Plate Reader, Molecular Devices)
and luminescence (Synergy H1 Hybrid Multi-Mode Microplate Reader, Biotek) and then
allowed to orbitally shake. Optical density and luminescence measurements were taken once

every 45 to 60 mins for 10 h.

6.2.2 Doping V. harveyi with autoinducers

N-butyryl homoserine lactone (Al-2, Cayman chemical) is an autoinducer produced by V.
harveyi for quorum sensing to induce luminescence. Studies have shown V. harveyi is sensitive
to the amount of Al-2 added and at high Al-2 concentrations, luminescence is reduced instead of
increased.??® For this experiment a white, opaque 96-well plate was used and the plate was set up
the same as in 6.2.1. However, before adding the V. harveyi four adjacent rows were doped with
Al-2. In separate plates the final Al-2 concentration V. harveyi was exposed to was 0.4 uM
which were diluted down from a stock solution of 8 mM Al-2. Stock solutions were prepared

shortly before V. harveyi were added to the plates and were made in AIM.

6.2.3. Liquid Chromatography — Mass Spectrometry

Qualitative LC-MS analysis of Tween 80 — Al-2 interactions were performed on an
Agilent 1100 Series HPLC stack with an Agilent Eclipse XDB-C18 column and an Agilent 6430
Triple Quad MS operated in “MS2 Scan” mode. Run conditions are shown in Table 6.1. The

procedure is described in further detail here.??°
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The concentration of Al-2 was 250 uM and was dissolved in a buffered solution
containing 0.22 g/L (NH4)HCO3 (=99.0%,Sigma Aldrich). The pH was adjusted to 7.5 + 0.02 by
adding 0.2 N HCI. A stock solution of 80 mM Tween 80 was also prepared in this buffered
solution. Samples were prepared fresh and run on the LC-MS within several hours after
preparation. Four samples were prepared in the buffered solution: 250 uM Al-2, 20 mM Tween

80, 250 uM Al-2 + 20 mM Tween 80, and 250 pM Al-2 + 0.4 uM Tween 80 and run on LC-MS.

Table 6.1 LC-MS run conditions

Injection volume

5.00 puL

Mobile phase A

H-0, 0.1% formic acid

Mobile phase B

Acetonitrile, 0.1% formic acid

Solvent run type

Isocratic, 1:1 mixture of mobile phase A:B

Flow rate 0.450 mL/min

LC column Agilent Eclipse XBD-C18, 5 uM, 4.6 x 150
mm

Column temperature 30.0°C

lon source ESI

Scan type MRM

Al-2

Precursor ion 172.2 u

Product ions (Frag., CE. energies)

102.1u (130 V, 3V)

Cell accelerator voltage 4V
Polarity Positive
Gas temperature 300 °C
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Gas flow 11.0 L/min

Nebulizer 15.0 psi

Chromatogram type Total ion count

6.3 Results and Discussion

6.3.1 Effects of Tween 80 on V. harveyi Growth

Tween 80 is a nonionic surfactant found in Corexit>® and the CMC of Tween 80 is 0.01
mM. Tween 80 has been documented to solubilize proteins, isolate nuclei from cells and
emulsifying and dispersing substances in medical and food products. 23%2%! Since Tween 80 has
solubilizing properties with other biological materials it is possible that it could also solubilize
autoinducers.

In this study, V. harveyi were exposed to a range of Tween 80 concentrations between
0.08 mM and 40 mM. Optical densities and luminescence were measured over time for the
different Tween 80 concentrations (Figures 6.1 and 6.3 respectively). The change in optical
density was monitored to indicate the increase in bacterial concentration. The contribution of
Tween 80 to optical density was small. The optical densities at 0 h were 0.034 + 0.001 and 0.051
+ 0.005 for 0 mM and 40 mM Tween 80, respectively, with an initial bacterial concentration
equal to an ODeoo = 0.001. The growth rate constants (shown in Figure 6.2) are 0.63 & 0.06 h*
for all Tween 80 concentrations except 40 mM where the growth was minimal. The similar
growth rate constants for the majority of Tween 80 concentrations suggests that Tween 80 is
minimally inhibitory towards V. harveyi growth except at high concentrations of Tween 80 of 40

mM and above. Although toxicity, as indicated by impaired growth rates, is minimal until the
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high concentrations, it is observed that higher concentrations of Tween 80 yield increased lag
phases for growth. It is possible that V. harveyi are using Tween 80 as an additional carbon
source. Other groups have suggested this for other surfactants found in Corexit.1>0153232 |t js not
clear whether the growth rate constant was significantly decreased with 40 mM Tween 80 or the

lag phase extended beyond the end of the experiment.
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Figure 6.1. Representative growth curves for V. harveyi at an initial inoculum of ODsggo =
0.001 when exposed to 0 mM (blue circles), 0.08 mM (black crosses), 2.5 mM (red squares),
10 mM (purple triangles) and 40 mM (green diamonds) of Tween 80 (n = 8). Error bars are
smaller than markers
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Figure 6.2. Growth rate constants for V. harveyi when exposed to concentrations
between 0.08 and 40 mM of Tween 80 (n = 8). Error bars represent 95% confidence
intervals. 40 mM is marked with an x to indicate uncertain origin of effect.

6.3.2 Effects of Tween 80 on Quorum Sensing

Bioluminescence is one product from the quorum sensing of V. harveyi. This is an ideal
system to use for monitoring quorum sensing since luminescence can be read with a plate reader.
The luminescence intensity is reported in “relative luminescence units” as is customary for
luminescence instruments. It is “relative” only in the sense that the intensity has not been
calibrated against a reference standard. It is useful for relative comparisons for different
experimental conditions. The word “relative” does not imply that the data is normalized in any
way. Figure 6.3 shows the luminescence of V. harveyi over time for different Tween 80
concentrations. In these cases there are significant differences in the luminescence signal

between V. harveyi with and without Tween 80. Even concentrations as low as 0.08 mM Tween
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80 greatly reduced the amount of luminescence emitted by the V. harveyi. Note that 0.08 mM is

still well above the CMC for Tween 80, so micelles were present.
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Figure 6.3. Luminescence curves for V. harveyi at an initial inoculum of ODesoo = 0.001 when
exposed to 0 mM (blue circles), 0.08 mM (black crosses), 2.5 mM (red squares), 10 mM
(purple triangles) and 40 mM (green diamonds) of Tween 80 (n = 8). Error bars are smaller
than markers

As seen in Figure 6.1 there was an increase in lag times for bacterial growth. It is possible
that these delays in growth could affect the amounts of luminescence at the different times,
simply because there were fewer bacteria producing autoinducers and fewer bacteria to
luminesce. At high Tween concentrations, if there are low concentrations of V. harveyi due to the
increased lag phase, the low levels of luminescence could be attributed to the differences in
bacterial concentrations and not due to an inhibition of quorum sensing. Thus, we show in Figure
6.4 the amounts of luminescence at the respective optical densities for several Tween 80

concentrations.
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Here luminescence is used as a proxy for monitoring quorum sensing. The decreases in
luminescence for V. harveyi at optical densities that are approximately the same when Tween is
added indicates that Tween is indeed affecting the process of V. harveyi quorum sensing, in a
manner that would be consistent with decreased bioavailability of autoinducers. However, the

mechanism is uncertain.
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Figure 6.4. V. harveyi luminescence profiles at the respective optical densities when
measurements were taken. The initial inoculum of ODgoo = 0.001 when exposed to 0 mM
(blue circles), 0.08 mM (black crosses), 2.5 mM (red squares), 10 mM (purple triangles)
and 40 mM (green diamonds) of Tween 80 (n = 8). Error bars are smaller than markers

6.3.3 Tween 80 interactions with Al-2

Al-2 is an autoinducer produced by V. harveyi for quorum sensing. This autoinducer is
involved in turning on the luminescence gene for V. harveyi.828 Al-2 was used as a means to

probe the mechanism behind Tween 80 interfering with the quorum sensing process. Al-2 was
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added to suspensions of V. harveyi to determine if Tween 80 prevents receptors on the bacteria
from receiving the autoinducer.

Vilchez and coworkers have shown that bacteria are sensitive to the ambient
concentration of autoinducer and if the concentration of autoinducer is too high quorum sensing
is inhibited rather than enhanced.??® The same group identified appropriate Al-2 concentrations
to enhance the gene response, luminescence, for V. harveyi. Based on the findings of this group,
V. harveyi were exposed to a final concentration of 0.4 uM Al-2. Figure 6.5 shows the
luminescence of V. harveyi with and without Al-2 when exposed to several Tween 80
concentrations. When the AIM was augmented with 0.4 uM Al2, V. harveyi responded
positively and luminesced more than in the absence of Al-2. This elevated response by V.
harveyi suggests that Tween 80, at least, does not completely inhibit receptors from receiving

Al-2 molecules.
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Figure 6.5. V. harveyi luminescence profiles over time with 0 uM Al2 (A) and 0.4 uM Al2
added. Symbols represent Tween 80 concentrations of 0 mM (blue circles), 0.63 mM (black
stars), 2.5 mM (red squares) and 10 mM (purple triangles). V. harveyi were subcultured to an
initial ODgoo = 0.001.

The initial decrease in luminescence is because the bacterial culture was diluted form a
high concentration of bacteria that were luminescing, down to ODeoo = 0.001. Thus the early

stages represent the response of the bacteria to dilution. The main point is the subsequent
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increase in luminescence at later times, as the bacteria population increases and crosses the
luminescence quorum sensing threshold again. Al-doped samples developed luminescence to a
greater extent than undoped samples.

Since V. harveyi are able to receive autoinducers in the presence of autoinducers there
must be another mechanism to explain the decrease in quorum sensing with Tween 80. Since the
molecular structures of autoinducers are generally “surfactant-like” possessing hydrophilic heads
and hydrophobic tails, it is possible that the hydrophilic and hydrophobic moieties of Tween 80
could interact with the ones of Al-2 to change its bioavailability. At concentrations above the
critical micelle concentration (CMC) it could be possible that the Tween 80 solubilizes the
autoinducers and incorporates them into their micelles. The CMC of Tween 80 is 0.01 mM and
the Tween 80 concentrations V. harveyi were exposed to in this study were 0.08 mM to 40 mM,
all higher than the CMC of Tween 80. If Tween 80 interacts with the autoinducer it may reduce
the free autoinducer concentration to reduce quorum sensing.

LC-MS was used to detect mass peaks for Al-2, 20 mM Tween 80 and mixtures of Al-2
and Tween 80 to identify any changes in Al-2 availability (shown in Figure 6.6). Samples were
injected directly to the MS, bypassing the chromatography system. A peak signal was monitored
for Al-2 with an m/z of 172.2, the molecular weight of Al-2 with addition of a proton. The m/z
of 172.2 was also monitored for 20 mM Tween 80 to identify any contributions Tween 80 may
have at this signal, but no counts were measured. The counts detected at an m/z of 172.2 were
measured for 0.4 uM of Al-2 and served as the control. Any reduction in counts was assumed to
be attributed to an interaction between Al-2 and Tween 80. When 20 mM Tween 80 was added
to Al-2 the signal at an m/z of 172.2 was eliminated. However, when 0.4 uM of Tween 80,

several orders of magnitude less than the CMC of Tween 80, was added to Al-2, there was only a

141



slight decrease in counts. These differences in counts at an m/z of 172.2 suggest that the Tween
80 micelles are interacting with Al-2 in a manner that prevented its detection by MS. More work
needs to be done to determine how the interaction prevented Al-2 detection, but is taken as
evidence for a strong interaction. This interaction may be the same interaction that reduces the
quorum sensing response, and may serve to decrease the amount bioavailable and offset the
natural process of quorum sensing performed by V. harveyi. This is consistent with Al
partitioning into micelles, but this is not yet fully proven. We do not claim that this is the only

mechanism explaining the dampening of quorum sensing.
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Figure 6.6. Chromatograms for 250 uM Al-2 in buffered solution (blue line), in buffered
solution with 0.4 uM Tween 80 (green line), in buffered solution with 20 mM Tween 80 (red
line), and 20 mM Tween 80 (purple line) in buffered solution without Al-2.
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6.4 Conclusions

Since the BP oil spill of 2010 there have been many questions surrounding the current
means to remediate oil spills. As of now, a surfactant solution such as Corexit is added to oil
slicks to break up oil into small droplets that can be processed by oil consuming organisms such
as bacteria.>"515% Although some groups have seen no toxicity of surfactants to bacteria,®6:/01%3
the findings in this study suggest that toxicity may not be the only metric necessary to evaluate
the effects of dispersants on the environment. It is possible that this can extend to a much larger
number of bacterial species in the environment that use quorum sensing.

Quorum sensing is commonly used by bacteria to perform a community function. The
usage of dispersants could greatly affect this process and furthermore affect the interactions
within a microbial community and cause microbial population shifts as seen by several other
groups.®5-70. Further studies should be performed to determine the impact that these dispersants

have on quorum sensing for other bacteria and to develop a better understanding between

autoinducers and surfactants.

143



Chapter 7. Conclusions and Future Directions

The overall objective of this work was to determine the impact of metal species on
bacterial populations and the effects surfactants have on bacterial communities. This work
addresses a wide range of issues concerning bacteria but most importantly two in particular, that
is, (1) that toxicity for silver nanoparticles, as well as silver and copper ions, is highly dependent
on the system for bacterial exposure, and (2) that surfactants may affect the ability for bacteria to
communicate via quorum sensing.

This work suggests that toxicity from silver and copper ions and nanoparticles towards
bacteria in the environment could be minimal if there are sufficient sinks to bind these metals
and reduce the amount that is bioavailable. The presence of natural organic matter, extracellular
polymeric substances and other organic material found in the environment provide a plethora of
sinks that can mitigate silver and copper toxicity to bacteria in the environment.

Additionally this work indicates that synthetic surfactants such as Tween 80 can interrupt
the quorum sensing amongst a bacterial community. This unintended effect could be significant
if dispersants for oil spill remediation continue to be used and these surfactants persist for
extended periods of time in the environment. The mechanism behind Tween 80 interference for
V. harveyi quorum sensing should be further explored along with the impact that other

surfactants can have in the quorum sensing process.

7.1 Summary of Observations

Determine silver toxicity in “environmentally” relevant systems and how this impacts bacterial

colonization on surfaces coated with silver nanoparticles
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Silver toxicity is dependent on a variety of factors. The initial inoculum concentration is
one way to affect silver toxicity. The higher the initial inoculum concentration, the higher the
silver dosage required to have the same effect on the bacteria. This inoculum effect is true for
silver in the ionic and nanoparticle forms. The presence of humic acid can also increase P.
fluorescens tolerance to silver ions and nanoparticles.

Humic acid and P. fluorescens both serve as effective silver sinks. Silver binding
isotherms for humic acid and P. fluorescens were obtained from binding data and each batch of
data collapsed onto a unique isotherm. MIC and MBCs were also collected for P. fluorescens for
Ag* and AgNPs in MDM and MDM augmented with 60 mg C/L HA. These MICs and MBCs
were used with the binding isotherms to estimate the critical amount of silver atoms per
bacterium necessary to inhibit bacterial growth and kill bacteria. For the different inoculum
concentrations tested in the same media the silver bound per bacterium was on the same order of
magnitude. However, it was observed that when humic acid was added to the minimal media that
P. fluorescens had a heightened sensitivity towards silver and the estimated critical thresholds for
growth inhibition and death were reduced by several orders of magnitude. We hypothesize that
the surface properties of P. fluorescens may change when humic acid is present.

During the colonization process for P. fluorescens, the key factor that affected the ability
of P. fluorescens colonization on AgNP-decorated surfaces was the amount of silver sinks
present to bind and reduce the amount of bioavailable silver. If the amount of silver bound per
bacterium is below the critical threshold to kill bacteria (determined in Chapter 4) then the
bacterial population could recover from the silver and eventually colonize the AgNP-decorated
surface. However, if the bacterial population was exposed to enough silver to be above this

critical threshold the planktonic bacteria would be unable to colonize the surface and would die.
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Humic acid played a significant role and greatly affected the ability of P. fluorescens to
colonize AgNP-decorated surfaces. Humic acid was able to mitigate toxicity so AgNP-decorated
surfaces would be colonized by low inoculum concentrations of P. fluorescens that normally
would be unable to colonize those same surfaces in the absence of humic acid. However, it was
observed that humic acid reduces the driving force for bacteria to colonize glass substrates with
and without AgNPs. It was hypothesized that the minimal media augmented with humic acid
provides a more favorable media (as seen with the increased growth in media augmented with

humic acid) so planktonic bacteria have a reduced driving force to colonize the surface.

Determine how initial inoculum concentrations and the presence of humic acid affect copper
toxicity and identify potential mechanisms for copper toxicity mitigation

Copper toxicity is slightly dependent on the initial inoculum concentration, but to a much
lesser extent than observed with P. fluorescens. However, this could be attributed to differences
with species of bacteria, changes in the type of minimal media used, or the metal ion used. When
humic acid is added to media it increased the MIC and MBCs for three different inoculum
concentrations that spanned two orders of magnitude, by a factor of ten compared to the MIC
and MBCs without humic acid.

Similar to the silver studies, copper binding isotherms for humic acid and E. coli were
performed. There was minimal observed copper binding to E. coli, but there was significant
copper binding to humic acid. The binding data for copper and humic acid collapsed onto a
single isotherm.

Bacterial gene expressions and oxidative stress levels were measured to further
understand how humic acid mitigates toxicity. It was observed that when humic acid is present

the gene expressions for the copper responsive genes (copA, cueO, and cusC) as well as cpxP, a
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gene that codes for membrane repair,'*® were significantly reduced. This decrease in gene
expression suggests that less copper was present to upregulate genes. Additionally, when E. coli
was exposed to cupric ions for longer times ROS levels were greatly reduced when humic acid
was present as well as when the inoculum concentration was increased ten-fold. These
observations further support the hypothesis by adding humic acid less copper is available to

induce a toxic effect on E. coli.

Determine the impact that surfactants in commercial dispersants used for bioremediation can

have on bacterial growth and quorum sensing

Tween 80 was used to probe the impact that commercial dispersants have on quourum
sensing. V. harveyi were used as a model bacterium to identify potential effects. These bacteria
were ideal since bioluminescence is one product of quorum sensing for V. harveyi. It was
observed that Tween 80 concentrations up to 20 mM (on the same order of magnitude as the
solubility limit of Tween 80) do not affect V. harveyi growth rates, though there was an observed
increase in the lag time for growth. This increased lag time was 2 — 3 hours. Other groups have
hypothesized this change could be in part due to V. harveyi attempting to metabolize surfactants

in Corexit.5-:70

Although most concentrations of Tween 80 did not have an effect on V. harveyi growth
rates, it was observed that Tween 80 considerably affected quorum sensing. It was observed that
luminescence was reduced up to 60% in media with Tween 80. Luminescence was a proxy used
to monitor quorum sensing. The reduction in luminescence was an indication that quorum
sensing was quenched in solutions with Tween 80. Using LC-MS, a mixture of Tween 80 and

Al-2 were run through a size exclusion column. The peak for Al-2 was reduced when Tween 80
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was above the CMC suggesting the autoinducer was incorporated into the Tween 80 micelle.
Since autoinducer molecules possess hydrophilic and hydrophobic moieties this is a possibility.
The solubilization of the autoinducers would then reduce the concentration of autoinducers

available for communication amongst the bacterial population.

7.2 Original Contributions of this Work

The following is a list of the notable contributions of this work:

e Demonstrated that silver toxicity is highly dependent on the initial inoculum
concentration. It was seen when using P. fluorescens- silver binding isotherms that the
amount of Ag atoms/ bacterium was on the same order of magnitude for each inoculum
concentration.

e Found that when free silver concentrations are below a critical threshold, bacteria are
capable of colonizing a AgNP-decorated surface, but in the presence of humic acid there
is a decreased driving force for colonization.

e Demonstrated that the presence of humic acid greatly reduces copper and silver toxicity
to bacteria. The presence of humic acid reduces the bioavailable amount of copper and
silver.

e Developed copper and silver binding isotherms to Pahokee peat humic acid. In both
cases, data collapsed onto individual isotherms for copper and silver.

e Showed that quorum sensing for the bacterium V. harveyi is affected by Tween 80, one of

the components for Corexit.
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7.3 Future Directions

7.3.1 Surfactant effects on bacterial quorum sensing

Tween 80 was observed quenching quorum sensing for V. harveyi. To the authors
knowledge this is the first time a group has observed this phenomenon. Since other groups have
seen that surfactants can persist for up to years in the environment®-%° it would be beneficial to
investigate the extent that surfactants, used for oil spill remediation, affect quorum sensing. This
combination of Tween 80 and AI2 is only one out of hundreds or thousands of potential
surfactant-autoinducer interactions. Many species of bacteria produce their own autoinducer so it
would be informative to determine if surfactant-autoinducer interactions can be classified based
on certain chemical groups within both surfactant and autoinducer families. A comparison
between synthetic and naturally produced surfactants should be compared to identify which ones
are less intrusive on quorum sensing.

Another part that could be further explored is surfactant interactions with the bacteria
surface. Since bacteria have receptors to receive the autoinducers it is possible that the
surfactants could interact with the receptors in some way to decrease the rate at which
autoinducer molecules are received.

One other part that is important to study is the change in response when bacteria are
supposed to perform a particular function based on quorum sensing. A variety of bacteria with
different quorum sensing-induced genes should be studied to observe how the quorum
responsive genes are affected when different surfactants are present. For example, biofilm
formation is often initiated from quorum sensing. Since over 99% of bacteria exist in the biofilm

state’52%2 this is an especially important process that should be researched to identify effects.
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Hopefully this type of work could be used to make better suggestions for dispersants to be used

for oil spill remediation if dispersants will continue to be used.

7.3.2 Investigation of metal nanoparticle toxicity to bacteria in the presence of

human proteins

AgNPs and CuONPs are effective antibacterial agents. From this research binding
isotherms for both silver and copper ions were developed for Pahokee peat humic acid. It is
possible that binding isotherms could be expanded and applied for other organic material in more
biomedically relevant systems. A large amount of work in the biomedical field has investigated
the inhibition of bacterial colonization on AgNP and CUONP coated surfaces.>¢23+23° However,
a continuous issue is that a large amount of this research has been conducted in ideal systems
with minimally organic material commonly found inside humans being present in the study.

For these studies it would be prudent to investigate metal ion and nanoparticle toxicity to
P. aeruginosa and S. aureus which are two opportunistic pathogens that often infect hospital
patients with compromised immune systems. P. aeruginosa and S. aureus have different cell
wall structures where P. aeruginosa is Gram-negative and has a thinner wall and S. aureus which
is Gram-positive has a thicker cell wall. MIC and MBCs in systems with and without human
proteins (or human-like) proteins on those bacteria could be used to compare the mitigating
effects of different proteins as well as differences in toxicity between the two species of bacteria.
Along with this metal binding isotherms could be developed for each bacteria to assess how
many metal ions needs to be delivered per bacterium to Kill the cell. These types of studies could

be useful to aid in future designs for metal nanoparticle coatings on prosthetics.
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Appendix

Table Al. Salts at their appropriate concentrations in VDMD, the media used to grow E. coli for
copper toxicity studies, were modeled in Visual MINTEQ Version 3.0 to determine salt
concentrations when 570 ppb Cu?*, the solubility limit of Cu?* estimated by Visual MINTEQ
was added. The estimated molar concentrations of salts added and formed in VDMD from Visual
MINTEQ are presented below.

Concentration  Activity Log activity
Al(OH)2+ 8.1169E-10 6.5522E-10 -9.184
Al(OH)3 (aq) 8.1733E-10 8.2934E-10 -9.081
Al(OH)4- 1.5925E-09 1.2855E-09 -8.891
Al(SO4)2- 5.2154E-12 4.21E-12 -11.376
Al+3 8.8867E-12 1.2933E-12  -11.888
Al2(OH)2+4 1.0379E-17 3.3734E-19  -18.472
AlI2PO4+3 4.3956E-13 6.3968E-14  -13.194
AI3(OH)4+5 5.883E-22 2.7826E-24  -23.556
AICI+2 1.725E-16 7.3241E-17 -16.135
AIHPO4+ 2.0763E-07 1.676E-07 -6.776
AlMo06021-3 1.8739E-36 2.727E-37 -36.564
AIOH+2 9.6841E-11  4.1118E-11 -10.386
AlSO4+ 3.2433E-11 2.6181E-11 -10.582
Cl-1 0.00017222  0.00013902 -3.857
Co(NH3)+2 2.9645E-09 1.2587E-09 -8.9
Co(NH3)2+2 1.8404E-12 7.8144E-13  -12.107
Co(NH3)3+2 3.372E-16 14317E-16 -15.844
Co(NH3)4+2 3.0963E-20 1.3147E-20 -19.881
Co(NH3)5+2 7.6527E-25 3.2493E-25 -24.488
Co(NO3)2 (aq) 5.206E-17 5.2824E-17  -16.277
Co(OH)2 (aq) 8.6163E-13 8.7429E-13  -12.058
Co(OH)3- 6.8709E-19 5.5463E-19  -18.256
Co+2 1.2852E-06 5.4571E-07 -6.263
Co4(OH)4+4 8.8171E-29 2.8657E-30  -29.543
CoCl+ 4.1979E-11 3.3887E-11  -10.47
CoHPO4 (aq) 1.8332E-06 1.8602E-06 -5.73
CoNO3+ 5.8601E-12 4.7304E-12  -11.325
CoOH+ 4.2886E-10  3.4619E-10 -9.461
CoS04 (aq) 0.000000314  3.1861E-07 -6.497
Cu(NH3)2+2 5.523E-09 2.345E-09 -8.63
Cu(NH3)3+2 7.5013E-11 3.185E-11 -10.497
Cu(NH3)4+2 1.9866E-13 8.4349E-14  -13.074
Cu(NO3)2 (aq)  2.4197E-18  2.4552E-18 -17.61
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Cu(OH)2 (aq)
Cu(OH)3-
Cu(OH)4-2
Cu+2
Cu2(OH)2+2
Cu20H+3
Cu3(OH)4+2
CuCl+

CuClI2 (aq)
CuCI3-
CuCl4-2 1
CuHPO4 (aq)
CuHSO4+
CuNH3+2
CuNO3+
CuOH+
CuSO4 (aq)
Fe(NH3)2+2
Fe(NH3)3+2
Fe(NH3)4+2
Fe(OH)2 (aq)
Fe(OH)3-
Fe+2

FeCl+
FeH2PO4+
FeHPO4 (aq)
FeNH3+2
FeOH+
FeSO4 (aq)
H+1
H2Mo06021-4
H2PO4-
H2W12042-10
H2W6022-6
H3M08028-5
H3PO4
HMo7024-5
HMoO4-
HPO4-2
HSO4-
HW7024-5
HWO4-

K+1

1.1928E-10
1.8419E-14
8.9874E-21
4.8556E-07
3.2E-11
1.7982E-13
3.3425E-15
7.0842E-11
2.1579E-15
3.5191E-21
4.6614E-27
8.1372E-06
5.1704E-14
1.0945E-07
4.4173E-12
2.5679E-08
1.362E-07
2.8245E-14
1.6365E-18
4.0446E-23
4.6919E-15
5.9298E-19
3.5076E-07
1.6183E-11
1.3854E-06
1.7549E-06
1.8966E-10
2.3353E-10
1.0543E-07
3.9175E-07
9.7632E-41
0.018561
7.2496E-66
1.8942E-35
2.1902E-54
6.5653E-07
9.0969E-46
1.134E-09
0.0070731
1.1202E-07
4.8267E-41
1.9998E-11
0.034213

1.2104E-10
1.4868E-14
3.816E-21
2.0617E-07
1.3587E-11
2.6169E-14
1.4192E-15
5.7186E-11
2.1896E-15
2.8407E-21
1.9792E-27
8.2567E-06
4.1737E-14
4.6471E-08
3.5658E-12
2.0728E-08
1.382E-07
1.1993E-14
6.9485E-19
1.7173E-23
4.7609E-15
4.7867E-19
1.4893E-07
1.3063E-11
1.1184E-06
1.7807E-06
8.053E-11
1.8851E-10
1.0698E-07
3.1623E-07
3.1732E-42
0.014983
3.6285E-75
8.496E-39
1.0359E-56
6.6618E-07
4.3027E-48
9.1536E-10
0.0030032
9.0427E-08
2.283E-43
1.6143E-11
0.027617

175

-9.917
-13.828
-20.418
-6.686
-10.867
-13.582
-14.848
-10.243
-14.66
-20.547
-26.704
-5.083
-13.379
-7.333
-11.448
-7.683
-6.859
-13.921
-18.158
-22.765
-14.322
-18.32
-6.827
-10.884
-5.951
-5.749
-10.094
-9.725
-6.971
-6.5
-41.499
-1.824
-74.44
-38.071
-55.985
-6.176
-47.366
-9.038
-2.522
-7.044
-42.641
-10.792
-1.559



K2HPO4 (aq)
K2PO4-

KCI (aq)
KH2PO4 (aq)
KHPO4-
KNO3 (aq)
KOH (aq)
KPOA4-2
KSO4-
Mg(NH3)2+2
Mg+2

MgCl+
MgHPO4 (aq)
MgMoO4(aq)
MgOH+
MgPO4-
MgSO4 (aq)
MgWO4(aq)
Mn(NH3)2+2
Mn(NH3)3+2
Mn(NH3)4+2
Mn(NO3)2 (aq)
Mn(OH)4-2
Mn+2
Mn2(OH)3+
Mn20OH+3
MnCl+
MnCI2 (aq)
MnCI3-
MnHPO4 (aq)
MnNH3+2
MnNO3+
MnOH+
MnSO4 (aq)
Mo7024-6
Mo08026-4

MoO3(H20)3(aq)

MoO4-2

Na+1
Na2HPO4 (aq)
Na2PO4-

NaCl (aq)
NaH2PO4 (aq)

0.000030103
6.8858E-10
1.8963E-06
0.00081364
0.00077942
9.6113E-08
1.5038E-09
7.0112E-09
0.00070873
1.8774E-13
0.00026159
7.615E-08
0.00020742
1.9537E-08
1.6632E-09
2.4842E-08
0.000058286
1.4363E-09
3.1851E-14
9.249E-19
1.4095E-23
1.9711E-16
2.0258E-28
3.9554E-06
1.4138E-16
1.5479E-15
2.8923E-10
5.6882E-14
2.7377E-18
0.000013226
5.8906E-10
1.8035E-11
1.6616E-10
8.6127E-07
5.7804E-44
4.4129E-57
2.8527E-12
3.923E-07
0.00015994
4.3467E-10
3.2174E-14
8.8652E-09
3.8037E-06

0.000030545
5.5584E-10
1.9242E-06
0.00082559
0.00062917
9.7525E-08
1.5259E-09
2.9769E-09
0.00057211
7.9713E-14
0.00011107
6.147E-08
0.00021047
1.9824E-08
1.3426E-09
2.0053E-08
0.000059142
1.4574E-09
1.3524E-14
3.9271E-19
5.9846E-24
2.0001E-16
8.6013E-29
1.6795E-06
1.1413E-16
2.2526E-16
2.3348E-10
5.7718E-14
2.2099E-18
0.00001342
2.5011E-10
1.4558E-11
1.3413E-10
8.7392E-07
2.5926E-47
1.4343E-58
2.8946E-12
1.6657E-07
0.00012911
4.4106E-10
2.5971E-14
8.9954E-09
3.8596E-06
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-4.515
-9.255
-5.716
-3.083
-3.201
-7.011
-8.816
-8.526
-3.243
-13.098
-3.954
-71.211
-3.677
-7.703
-8.872
-7.698
-4.228
-8.836
-13.869
-18.406
-23.223
-15.699
-28.065
-5.775
-15.943
-15.647
-9.632
-13.239
-17.656
-4.872
-9.602
-10.837
-9.872
-6.059
-46.586
-57.843
-11.538
-6.778
-3.889
-9.356
-13.586
-8.046
-5.413



NaHPO4-
NaNO3 (aq)
NaOH (aq)
NaPO4-2
NaSO4-
NH3 (aq)
NH4+1
NH4S04-
Ni(NH3)2+2
Ni(NH3)3+2
Ni(NH3)4+2
Ni(NH3)5+2
Ni(NH3)6+2
Ni(OH)2 (aq)
Ni(OH)3-
Ni(SO4)2-2
Ni+2

NiCl+

NiCI2 (aq)
NiH2PO4+
NiHPO4 (aq)
NiNH3+2
NiNO3+
NiOH+
NiSO4 (aq)
NO3-1

OH-

PO4-3
SO4-2
W7024-6
WO3(H20)3(aq)
WO04-2
Zn(NH3)2+2
Zn(NH3)3+2
Zn(NH3)4+2
Zn(NO3)2 (aq)
Zn(OH)2 (aq)
Zn(OH)3-
Zn(OH)4-2
Zn(S04)2-2
Zn+2
Zn20H+3
ZnCl+

5.6435E-06
1.9614E-10
5.0929E-12
3.2777E-11
2.5719E-06
0.00002102
0.014655
0.00045948
2.1584E-11
2.1237E-14
6.0265E-18
5.9297E-22
1.1641E-26
2.6579E-13
1.0623E-17
3.5547E-11
6.2835E-07
1.7071E-11
6.5461E-17
4.1857E-08
7.1192E-07
7.0985E-09
4.5407E-12
1.3229E-10
1.5351E-07
6.7755E-06
3.9387E-08
2.752E-08
0.0068916
1.4346E-39
6.0485E-13
2.8841E-08
2.2814E-11
1.125E-13
2.5359E-16
9.995E-18
8.4841E-11
1.0722E-15
1.0272E-21
2.5994E-08
1.5932E-06
9.9975E-15
3.3599E-10

4.5556E-06
1.9902E-10
5.1677E-12
1.3917E-11
2.0761E-06
0.000021329
0.011829
0.00037091
9.1645E-12
9.0173E-15
2.5588E-18
2.5177E-22
4.9428E-27
2.697E-13
8.5748E-18
1.5093E-11
2.668E-07
1.378E-11
6.6423E-17
3.3788E-08
7.2238E-07
3.014E-09
3.6653E-12
1.0679E-10
1.5577E-07
5.4694E-06
3.1794E-08
4.0049E-09
0.0029262
6.4344E-43
6.1374E-13
1.2246E-08
9.6867E-12
4.7769E-14
1.0767E-16
1.0142E-17
8.6088E-11
8.6554E-16
4.3615E-22
1.1037E-08
6.7646E-07
1.4549E-15
2.7122E-10
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-5.341
-9.701
-11.287
-10.856
-5.683
-4.671
-1.927
-3.431
-11.038
-14.045
-17.592
-21.599
-26.306
-12.569
-17.067
-10.821
-6.574
-10.861
-16.178
-1.471
-6.141
-8.521
-11.436
-9.971
-6.808
-5.262
-7.498
-8.397
-2.534
-42.191
-12.212
-71.912
-11.014
-13.321
-15.968
-16.994
-10.065
-15.063
-21.36
-7.957
-6.17
-14.837
-9.567



ZnCI2 (aq) 3.6312E-14 3.6845E-14  -13.434
ZnCI3- 7.1196E-18 5.7472E-18  -17.241
ZnCl4-2 9.4307E-22 4.0043E-22  -21.397
ZnHPO4 (aq) 4.1352E-06 0.000004196 -5.377
ZnNH3+2 5.562E-09 2.3616E-09  -8.627
ZnNO3+ 1.1513E-11 9.2936E-12  -11.032
ZnOH+ 2.6644E-09 2.1508E-09  -8.667
ZnS0O4 (aq) 4.2679E-07 4.3306E-07 -6.363

Table A2. Estimated ion activity products (IAP, also known as activity quotients) and saturation
indices for salt complexes in VDMD with 570 ppb Cu?* from Visual MINTEQ version 3.0 are
reported in this table. The saturation index is the difference between log(IAP) — log K.?° When
the saturation index is positive there is a thermodynamic driving force for precipitates to form,
negative values indicate that the salt will be dissolved and a value of 0 indicates the solution is
saturated. 570 ppb Cu?*in VDMD forms Cus(PO4). which has a saturation index of — 0.002. This
value is near the saturation limit for Cus(PO4)2. Copper salts are identified in the bold font.

Mineral log IAP  Sat. index
Al(OH)3 (am) 7.61 -3.19
Al(OH)3 (Soil) 7.61 -0.68
Al2(Mo04)3(s) -44.112 -46.479

Al203(s) 15.221 -4.431
Al4(0OH)10S04(s) 14.907 -7.793
AIOHSOA4(s) -7.923 -4.693
AIPO4x1.5H20 -20.287 0.173
Alunite -3.295 -1.895
Antlerite 3.406 -5.382
Atacamite 2.27 -5.121
Bianchite -8.707 -6.942
Boehmite 7.61 -0.968
Brochantite 9.719 -5.503
Brucite 9.044 -8.056
Chalcanthite -9.223 -6.583
Co(OH)2 (am) 6.736 -6.358
Co(OH)2 (c) 6.736 -5.554
Co3(P0O4)2(s) -35.584 -0.896

CoCl2(s) -13.977 -22.244

CoCI2:6H20(s) -13.981 -16.517
CoHPO4(s) -21.16 2.1
CoMoO4(s) -13.041 -5.281

CoO(s) 6.736 -6.85
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CoS04(s) -8.797 -11.599

C0S04:6H20(s) -8.801 -6.328
Cu(OH)2(s) 6.313 -2.977
Cu2(OH)3NO3(s) 0.864 -8.387
Cu3(P0O4)2(s) -36.852 -0.002
Cu3(P0O4)2:3H20(s) -36.854 -1.734
CuMoO4(s) -13.464 -0.388
CuOCuSO04(s) -2.906 -13.209
CuS04(s) -9.219 -12.159
Diaspore 7.61 0.737
Epsomite -6.493 -4.366
Fe(OH)2 (am) 6.172 -7.318
Fe(OH)2 (c) 6.172 -6.718
FeMoO4(s) -13.605 -3.514
Gibbsite (C) 7.61 -0.13
Goslarite -8.708 -6.697
H2MoO4(s) -19.778 -6.902
H2WOA4(s) -20.912 -5.512
Halite -71.746 -0.296
Hercynite 21.394 -1.499
K2MoO4(s) -9.896 -13.158
K-Alum -18.522 -13.352
KCI(s) -5.416 -6.316
Langite 9.719 -1.77
Melanothallite -14.4 -20.657
Melanterite -9.365 -7.156
Mg(OH)2 (active) 9.044 -9.75
Mg2(OH)3CIl:4H20(s) 7.73 -18.27
Mg3(PO4)2(s) -28.658 -5.378
MgHPO4:3H20(s) -18.854 -0.679
MgMoO4(s) -10.733 -8.883
Mirabilite -10.318 -9.204
Mn3(P0O4)2(s) -34.119 -10.292
MnCI2:4H20(s) -13.491 -16.206
MnHPOA4(s) -20.672 4.728
MnSO4(s) -8.309 -10.892
MoO3(s) -19.778 -11.778
Morenosite -9.112 -6.967
Na2Mo207(s) -34.334 -17.738
Na2MoO4(s) -14.557 -16.047
Na2Mo04:2H20(s) -14.558 -15.782
Ni(OH)2 (am) 6.425 -6.465
Ni(OH)2 (c) 6.425 -4.365
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Ni3(PO4)2(s)
Ni4(OH)6S04(s)
NiMoO4(s)
Periclase
Pyrochroite
Retgersite
Spinel
Struvite
Tenorite(am)
Tenorite(c)
Thenardite
Variscite
Vivianite
Zincite
Zincosite
Zn(NO3)2:6H20(s)
Zn(OH)2 (am)
Zn(OH)2 (beta)
Zn(OH)2 (delta)
Zn(OH)2 (epsilon)
Zn(OH)2 (gamma)
Zn2(0OH)2S04(s)
Zn2(OH)3CI(s)
Zn3(P0O4)2:4H20(s)
Zn30(S04)2(s)
Zn4(OH)6S04(s)
Zn5(0OH)8CI2(s)
ZnCI2(s)
ZnMoO4(s)
ZnSO4:1H20(s)

-36.516
10.167
-13.352
9.045
7.224
-9.111
24.266
-14.283
6.314
6.314
-10.312
-20.287
-37.281
6.83
-8.703
-16.698
6.829
6.829
6.829
6.829
6.829
-1.875
3.302
-35.307
-10.577
11.783
13.432
-13.884
-12.948
-8.704

-5.216
-21.833
-2.21
-12.539
-1.97
-7.071
-12.581
-1.023
-2.176
-1.326
-10.633
1.783
0.479
-4.4
-12.633
-20.013
-5.645
-4.925
-5.015
-4.705
-4.905
-9.375
-11.889
0.113
-29.491
-16.617
-25.068
-20.934
-2.823
-8.066
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Table A3. Salts at their appropriate concentrations in VDMD and 60 mg C/L HA, modeled as
DOC (Nica Donnan), were modeled in visual MINTEQ to determine salt concentrations when
3200 ppb Cu?*, the solubility limit of Cu? based on the estimation from Visual MINTEQ was
added. The estimated molar concentrations of salts output from Visual MINTEQ Version 3.0
are presented below.

Concentration Activity Log activity
(6)AlI(OH)2+D(aq) 1.1133E-16  1.1133E-16 -15.953
(6)Al+3D(aq) 1.6982E-15  1.6982E-15 -14.77
(6)AIOH+2D(aq) 4.959E-16 4.959E-16 -15.305
(6)AISO4+D(aq)  4.4616E-18  4.4616E-18 -17.351
(6)CI-1D(aq) 8.1886E-10  8.1886E-10 -9.087
(6)Co+2D(aq) 2.7321E-07  2.7321E-07 -6.564
(6)CoNO3+D(aq) 3.338E-14 3.338E-14 -13.477
(6)Cu+2D(aq) 1.2016E-07  1.2016E-07 -6.92
(6)Fe+2D(aq) 5.3472E-11  5.3472E-11 -10.272
(6)H+1D(aq) 2.5979E-09  2.5979E-09 -8.585
(6)K+1D(aq) 0.00022551  0.00022551 -3.647
(6)Mg+2D(aq) 0.000055814 0.000055814 -4.253
(6)Mn+2D(aq) 8.0034E-07  8.0034E-07 -6.097
(6)Na+1D(aq) 1.0542E-06  1.0542E-06 -5.977
(6)NH4+1D(ag)  0.000096577 0.000096577 -4.015
(6)Ni+2D(aq) 9.4251E-08  9.4251E-08 -7.026
(6)NiCl+D(aq) 6.8617E-14  6.8617E-14  -13.164
(6)NINO3+D(aq)  1.8251E-14  1.8251E-14 -13.739
(6)NO3-1D(aq)  3.2215E-11  3.2215E-11 -10.492
(6)OH-D(aq) 1.872E-13 1.872E-13 -12.728
(6)SO4-2D(aq) 8.7883E-10  8.7883E-10 -9.056
(6)Zn+2D(aq) 3.6649E-07  3.6649E-07 -6.436
Al(OH)2+ 1.6785E-14 1.3552E-14 -13.868
Al(OH)3 (aq) 1.6904E-14  1.7151E-14 -13.766
Al(OH)4- 3.2925E-14 2.6583E-14 -13.575
Al(SO4)2- 1.0846E-16  8.7567E-17 -16.058
Al+3 1.835E-16 2.6754E-17 -16.573
Al2(OH)2+4 4.4265E-27  1.4434E-28 -27.841
AlI2P0O4+3 1.8815E-22  2.7431E-23 -22.562
AI3(OH)4+5 5.1799E-36  2.4625E-38 -37.609
AICI+2 3.5668E-21  1.5157E-21 -20.819
AIHPO4+ 4.303E-12 3.4742E-12 -11.459
AlM06021-3 4.0464E-41 5.8994E-42 -41.229
AIOH+2 2.0015E-15  8.5053E-16 -15.07
AISO4+ 6.7264E-16  5.4308E-16 -15.265
Cl-1 0.00017224  0.00013906 -3.857
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Co(NH3)+2
Co(NH3)2+2
Co(NH3)3+2
Co(NH3)4+2
Co(NH3)5+2

Co(N03)2 (aq)
Co(OH)2 (aq)
Co(OH)3-
Co+2
Co4(OH)4+4
CoCl+
CoHPO4 (aq)
CoNO3+
CoOH+

CoS0O4 (aq)
Cu(NH3)2+2
Cu(NH3)3+2
Cu(NH3)4+2

Cu(NO3)2 (aq)
Cu(OH)2 (aq)
Cu(OH)3-
Cu(OH)4-2
Cu+2
Cu2(0OH)2+2
Cu20H+3
Cu3(OH)4+2
CuCl+
CuClI2 (aq)
CuCI3-

CuCl4-2 1

CuHPO4 (aq)
CuHSO4+
CuNH3+2
CuNO3+

CuOH+

CuS0O4 (aq)

DOC (NICA-
Donnan)
FA1-AIl(6)(aq)
FA1-Co(6)(aq)
FA1-Cu(6)(aq)

FAL-Fe(I1)(6)(aq)

FA1-H(6)(aq)

2.5276E-09
1.5594E-12
2.8393E-16
2.5909E-20
6.3635E-25
4.4731E-17
7.3975E-13
5.8969E-19
1.1027E-06
4.7761E-29
3.6052E-11
1.5774E-06
5.0324E-12
3.6814E-10
2.7037E-07
5.4478E-09
7.353E-11
1.9351E-13
2.4203E-18
1.1922E-10
1.8403E-14
8.9732E-21
4.8498E-07
3.1944E-11
1.7934E-13
3.3347E-15
7.0826E-11
2.1586E-15
3.5207E-21
4.6623E-27
0.000008151
5.1814E-14
1.0864E-07
4.4161E-12
2.5661E-08
1.3653E-07

0.005
4.0721E-10
2.0923E-07

0.000033349 0.000033349

3.5947E-06

0.000032653 0.000032653

1.0741E-09
6.6265E-13
1.2065E-16
1.101E-20
2.7041E-25
4.5387E-17
7.5059E-13
4.7611E-19
4.6859E-07
1.5574E-30
2.9108E-11
1.6005E-06
4.0631E-12
2.9723E-10
2.7433E-07
2.315E-09
3.1246E-11
8.2232E-14
2.4558E-18
1.2097E-10
1.4858E-14
3.8131E-21
2.0609E-07
1.3574E-11
2.6147E-14
1.4171E-15
5.7184E-11
2.1902E-15
2.8426E-21
1.9812E-27
8.2704E-06
4.1834E-14
4.6164E-08
3.5655E-12
2.0719E-08
1.3853E-07

0.005
4.0721E-10
2.0923E-07

3.5947E-06

182

-8.969
-12.179
-15.918
-19.958
-24.568
-16.343
-12.125
-18.322

-6.329
-29.808
-10.536

-5.796
-11.391

-9.527

-6.562

-8.635
-10.505
-13.085

-17.61

-9.917
-13.828
-20.419

-6.686
-10.867
-13.583
-14.849
-10.243

-14.66
-20.546
-26.703

-5.082
-13.378

-7.336
-11.448

-7.684

-6.858

-2.301
-9.39
-6.679
-4.477
-5.444
-4.486



FA1-Mg(6)(aq)
FA1-Mn(6)(aq)
FA1-Ni(6)(aq)
FA1-Zn(6)(aq)
FA2-Al(6)(aq)
FA2-Co(6)(aq)
FA2-Cu(6)(aq)
FA2-Fe(I1)(6)(aq)
FA2-H(6)(aq)
FA2-Mg(6)(aq)
FA2-Mn(6)(aq)
FA2-Ni(6)(aq)
FA2-Zn(6)(aq)
Fe(NH3)2+2
Fe(NH3)3+2
Fe(NH3)4+2
Fe(OH)2 (aq)
Fe(OH)3-
Fe+2
FeCl+
FeH2PO4+
FeHPO4 (aq)
FeNH3+2
FeOH+
FeSO4 (aq)
H+1
H2Mo06021-4
H2PO4-
H2W12042-10
H2W6022-6
H3Mo08028-5
H3PO4
HFA1-(6)(aq)
HFA2-(6)(aq)
HMo7024-5
HMoO4-
HPO4-2
HSO4-
HW7024-5
HWO4-
K+1
K2HPO4 (aq)
K2PO4-

0.000016725 0.000016725
0.000002472 0.000002472

4.781E-07 4.781E-07
6.2376E-08  6.2376E-08
2.1061E-07  2.1061E-07
1.0631E-10  1.0631E-10
7.3682E-06  7.3682E-06
1.9918E-11  1.9918E-11
0.00016631  0.00016631
3.442E-09 3.442E-09
1.981E-09 1.981E-09
3.4906E-08  3.4906E-08
1.5153E-09  1.5153E-09
1.7163E-17  7.2933E-18
9.8819E-22  4.1992E-22
2.4271E-26  1.0314E-26
2.8888E-18  2.9312E-18
3.6497E-22  2.9468E-22
2.1582E-10  9.1713E-11
9.967E-15 8.0472E-15
8.5471E-10  6.9008E-10
1.0829E-09  1.0988E-09
1.1597E-13  4.9281E-14
1.4376E-13  1.1607E-13
6.5102E-11  6.6055E-11
3.9167E-07  3.1623E-07
1.0177E-40  3.3183E-42
0.018595 0.015013
7.7701E-66  3.9688E-75
1.9664E-35  8.8845E-39
2.313E-54 1.0996E-56
6.579E-07 6.6753E-07
0.00049258  0.00049258
0.000010219 0.000010219
9.536E-46 4.5334E-48
1.1422E-09  9.2216E-10
0.0070818 0.0030093
1.123E-07 9.0673E-08
5.0602E-41  2.4056E-43
2.0143E-11  1.6263E-11
0.033997 0.027449
0.0000298  0.000030236
6.8147E-10  5.5021E-10

183

-AT777
-5.607
-6.32
-7.205
-6.677
-9.973
-5.133
-10.701
-3.779
-8.463
-8.703
-1.457
-8.819
-17.137
-21.377
-25.987
-17.533
-21.531
-10.038
-14.094
-9.161
-8.959
-13.307
-12.935
-10.18
-6.5
-41.479
-1.824
-74.401
-38.051
-55.959
-6.176
-3.308
-4.991
-47.344
-9.035
-2.522
-7.043
-42.619
-10.789
-1.561
-4.519
-9.259



KCI (aq)
KH2PO4 (aq)
KHPO4-
KNO3 (aq)
KOH (aq)
KPO4-2
KSO4-
Mg(NH3)2+2
Mg+2
MgCl+
MgHPO4 (aq)
MgMoO4(aq)
MgOH+
MgPO4-
MgSO4 (aq)
MgWO4(aq)
Mn(NH3)2+2
Mn(NH3)3+2
Mn(NH3)4+2
Mn(NO3)2 (aq)
Mn(OH)4-2
Mn+2
Mn2(OH)3+
Mn20OH+3
MnCl+
MnCI2 (aq)
MnCI3-
MnHPO4 (aq)
MnNH3+2
MnNO3+
MnOH+
MnSO4 (aq)
Mo7024-6
Mo8026-4
MoO3(H20)3(aq)
MoO4-2
Na+1
Na2HPO4 (aq)
Na2P04-
NaCl (aq)
NaH2PO4 (aq)
NaHPO4-
NaNO3 (aq)

1.8855E-06  1.9131E-06
0.00081037  0.00082224
0.0007761 0.00062661
9.5561E-08  9.6961E-08
1.4946E-09  1.5165E-09
6.977E-09 2.9648E-09
0.00070619  0.00057017
1.5966E-13  6.7847E-14
0.00022527  0.000095728
6.5641E-08  5.2998E-08
0.00017914  0.00018177
1.6964E-08  1.7213E-08
1.4331E-09 1.157E-09
2.145E-08 1.7319E-08
0.000050374 0.000051111
1.2472E-09  1.2655E-09
2.5689E-14  1.0916E-14
7.4129E-19 3.15E-19
1.1226E-23  4.7705E-24
1.6121E-16  1.6357E-16
1.6537E-28  7.0274E-29
3.2303E-06  1.3727E-06
9.4402E-17  7.6219E-17
1.0321E-15  1.5047E-16
2.3643E-10  1.9089E-10
4.6526E-14  4.7207E-14
2.2395E-18  1.8081E-18
0.000010833 0.000010991
4.7807E-10  2.0315E-10
1.4742E-11  1.1903E-11
1.3577E-10  1.0962E-10
7.0589E-07  7.1623E-07
6.0450E-44  2.7316E-47
4.6698E-57  1.5227E-58
2.874E-12 2.9161E-12
3.9489E-07  1.6781E-07
0.00015894  0.00012832
4.3031E-10  4.3661E-10
3.1843E-14  2.5709E-14
8.8148E-09  8.9439E-09
3.7885E-06  0.000003844
5.6195E-06  4.5371E-06
1.9501E-10  1.9787E-10

184

-5.718
-3.085
-3.203
-7.013
-8.819
-8.528
-3.244
-13.168
-4.019
-1.276
-3.74
-7.764
-8.937
-7.761
-4.291
-8.898
-13.962
-18.502
-23.321
-15.786
-28.153
-5.862
-16.118
-15.823
-9.719
-13.326
-17.743
-4.959
-9.692
-10.924
-9.96
-6.145
-46.564
-57.817
-11.535
-6.775
-3.892
-9.36
-13.59
-8.048
-5.415
-5.343
-9.704



NaOH (aq)
NaPO4-2
NaSO4-
NH3 (aq)
NH4+1
NH4S04-
Ni(NH3)2+2
Ni(NH3)3+2
Ni(NH3)4+2
Ni(NH3)5+2
Ni(NH3)6+2
Ni(OH)2 (aq)
Ni(OH)3-
Ni(SO4)2-2
Ni+2
NiCl+
NiCI2 (aq)
NiH2PO4+
NiHPO4 (aq)
NiNH3+2
NiNO3+
NiOH+
NiSO4 (aq)
NO3-1
OH-
PO4-3
SO4-2
W7024-6
WO3(H20)3(aq)
WO04-2
Z-(6)(aq)
Zn(NH3)2+2
Zn(NH3)3+2
Zn(NH3)4+2
Zn(NO3)2 (aq)
Zn(OH)2 (aq)
Zn(OH)3-
Zn(OH)4-2
Zn(S04)2-2
Zn+2
Zn20H+3
ZnCl+
ZnClI2 (aq)

5.0617E-12
3.2618E-11
2.5627E-06
0.00002089
0.01456
0.00045776
1.2905E-11
1.2618E-14
3.5583E-18
3.4793E-22
6.7879E-27
1.6102E-13
6.4331E-18
2.1638E-11
3.8041E-07
1.0345E-11
3.9692E-17
2.5408E-08
4.3226E-07
4.2707E-09
2.7515E-12
8.0132E-11
9.3271E-08
6.7762E-06
3.9375E-08
2.7525E-08
0.0069048
1.5006E-39
6.0938E-13
2.9032E-08
-0.00043807
2.0918E-11
1.0251E-13
2.2962E-16
9.2934E-18
7.8823E-11
9.9584E-16
9.5334E-22
2.4265E-08
1.4792E-06
8.6155E-15
3.1224E-10
3.3766E-14

5.1359E-12
1.3861E-11
2.0691E-06
0.000021196
0.011756
0.00036959
5.4838E-12
5.362E-15
1.5121E-18
1.4785E-22
2.8845E-27
1.6338E-13
5.194E-18
9.1948E-12
1.6165E-07
8.3522E-12
4.0274E-17
2.0514E-08
4.3859E-07
1.8148E-09
2.2215E-12
6.4698E-11
9.4638E-08
0.000005471
3.1791E-08
4.013E-09
0.0029341
6.78E-43
6.1831E-13
1.2337E-08
-0.00043807
8.8889E-12
4.3561E-14
9.7576E-17
9.4295E-18
7.9977E-11
8.0403E-16
4.0511E-22
1.0311E-08
6.2857E-07
1.2561E-15
2.521E-10
3.426E-14

185

-11.289
-10.858
-5.684
-4.674
-1.93
-3.432
-11.261
-14.271
-17.82
-21.83
-26.54
-12.787
-17.284
-11.036
-6.791
-11.078
-16.395
-7.688
-6.358
-8.741
-11.653
-10.189
-7.024
-5.262
-7.498
-8.397
-2.533
-42.169
-12.209
-7.909
0
-11.051
-13.361
-16.011
-17.026
-10.097
-15.095
-21.392
-7.987
-6.202
-14.901
-9.598
-13.465



ZnCI3-
ZnCl4-2
ZnHPO4 (aq)
ZnNH3+2
ZnNO3+
ZnOH+
ZnS04 (aq)

6.6211E-18
8.768E-22
3.8505E-06
5.1319E-09
1.0699E-11
2.475E-09
3.9767E-07

5.3458E-18
3.7259E-22
3.9069E-06
2.1807E-09
8.6382E-12
1.9983E-09
4.0349E-07

-17.272
-21.429
-5.408
-8.661
-11.064
-8.699
-6.394

Table A4. Estimated ion activity products (IAP, also known as activity quotients) and saturation
indices for salt complexes in VDMD with 3200 ppb Cu?* and 60 mg C/L HA, modeled as DOC
(Nica Donnan), from Visual MINTEQ version 3.0 are reported in this table. The saturation index
is the difference between log(IAP) — log K. When the saturation index is positive there is a
thermodynamic driving force for precipitates to form, negative values indicate that the salt will
be dissolved and a value of 0 indicates the solution is saturated. 3200 ppb Cu?*in VDMD with
60 mg C/L HA forms Cuz(PO4)2 which has a saturation index of — 0.001. This value is near the
saturation limit for Cus(PO4).. Copper salts are identified in the bold font.

Mineral

Al(OH)3 (am)
AI(OH)3 (Soil)
Al2(Mo04)3(s)

AI203(s)

Al4(OH)10SO4(s)
AIOHSOA4(s)
AIPO4x1.5H20

Alunite
Antlerite
Atacamite
Bianchite
Boehmite

Brochantite

Brucite

Chalcanthite
Co(OH)2 (am)
Co(OH)2 (c)
Co3(P0O4)2(s)

CoCl2(s)

CoClI2:6H20(s)
CoHPOA4(s)
CoMoO4(s)

CoO(s)

log IAP
2.925
2.925
-53.471
5.853
-3.83
-12.606
-24.97
-17.349
3.407
2.269
-8.738
2.926
9.72
8.98
-9.222
6.669
6.669
-35.781
-14.043
-14.047
-21.226
-13.104
6.67

Sat. index

-7.875
-5.365
-55.838
-13.8
-26.53
-9.376
-4.51
-15.949
-5.381
-5.122
-6.973
-5.652
-5.502
-8.12
-6.582
-6.425
-5.621
-1.093
-22.31
-16.583
-2.165
-5.343
-6.916
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CoSO4(s) -8.862  -11.664

C0S04:6H20(s) -8.866 -6.393
Cu(OH)2(s) 6.313 -2.977
Cu2(OH)3NO3(s) 0.864 -8.387
Cu3(P0O4)2(s) -36.851 -0.001
Cu3(P0O4)2:3H20(s) -36.853 -1.733
CuMoO4(s) -13.461 -0.385
CuOCuSO04(s) -2.905 -13.208
CuSO04(s) -9.218 -12.158
Diaspore 2.926 -3.947
Epsomite -6.556 -4.43
Fe(OH)2 (am) 2.961 -10.529
Fe(OH)2 (c) 2.961 -9.929
FeMoO4(s) -16.813 -6.722
Gibbsite (C) 2.925 -4.815
Goslarite -8.739 -6.728
H2MoO4(s) -19.775 -6.899
H2WOA4(s) -20.909 -5.509
Halite -7.748 -0.298
Hercynite 8.814 -14.079
K2MoO4(s) -9.898 -13.16
K-Alum -23.207  -18.037
KCI(s) -5.418 -6.318
Langite 9.719 -1.77
Melanothallite -14.4 -20.657
Melanterite -12.575 -10.366
Mg(OH)2 (active) 8.98 -9.814
Mg2(OH)3CIl:4H20(s) 7.6 -18.4
Mg3(PO4)2(s) -28.85 -5.57
MgHPO4:3H20(s) -18.918 -0.743
MgMoO4(s) -10.794 -8.944
Mirabilite -10.323 -9.209
Mn3(P0O4)2(s) -34.38 -10.553
MnCI2:4H20(s) -13.579  -16.294
MnHPOA4(s) -20.759 4.641
MnSO4(s) -8.395 -10.978
MoO3(s) -19.774  -11.774
Morenosite -9.329 -7.184
Na2Mo207(s) -34.333  -17.736
Na2MoO4(s) -14559  -16.049
Na2Mo04:2H20(s) -14.56 -15.784
Ni(OH)2 (am) 6.207 -6.683
Ni(OH)2 (c) 6.207 -4.583
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Ni3(PO4)2(s)
Ni4(OH)6S04(s)
NiMoO4(s)
Periclase
Pyrochroite
Retgersite
Spinel
Struvite
Tenorite(am)
Tenorite(c)
Thenardite
Variscite
Vivianite
Zincite
Zincosite
Zn(NO3)2:6H20(s)
Zn(OH)2 (am)
Zn(OH)2 (beta)
Zn(OH)2 (delta)
Zn(OH)2 (epsilon)
Zn(OH)2 (gamma)
Zn2(0OH)2S04(s)
Zn2(OH)3CI(s)
Zn3(P0O4)2:4H20(s)
Zn30(S04)2(s)
Zn4(OH)6S04(s)
Zn5(0OH)8CI2(s)
ZnCI2(s)
ZnMoO4(s)
ZnSO4:1H20(s)

-37.167
9.298
-13.567
8.98
7.136
-9.328
14.833
-14.349
6.313
6.313
-10.316
-24.971
-46.911
6.798
-8.734
-16.73
6.797
6.797
6.797
6.797
6.797
-1.937
3.238
-35.401
-10.671
11.657
13.273
-13.915
-12.977
-8.735

-5.867
-22.702
-2.425
-12.604
-8.058
-7.288
-22.015
-1.089
-2.177
-1.327
-10.638
-2.901
-9.151
-4.432
-12.664
-20.045
-5.677
-4.957
-5.047
-4.737
-4.937
-9.437
-11.953
0.019
-29.584
-16.743
-25.227
-20.965
-2.851
-8.097
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