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Abstract

Due to the unique physicochemical properties of nanopatrticles, largely due to their high
surface area-to-volume ratio, they are being increasingly used in consumer products. At
any time during the manufacture, use, and ultimately, disposal of these products, there is
a reasonable likelihood of nanoparticle release into the environment. Once released, their
impact on the environment are less well-understood. Therefore, there is a growing
emphasis to understand the impacts of nanoparticles on the environment, by
understanding how the nanoparticles interact with ubiquitous organisms that have
important ecological roles. Beyond looking solely at whether nanoparticle introduction will
kill these organisms, the molecular-level mechanisms of their toxicity have been studied.
By understanding the mechanisms, the goal is to be able to predict the toxicity of
nanoparticles prior to their mass production, and to inform a more sustainable design and
use of nanomaterials.

Chapter One of this work reviews the understanding of molecular-level toxicity
mechanisms to organisms in the environment, with an emphasis on beneficial bacteria. It
also describes different strategies that have been employed to redesign nanoparticles that
reduce the impact of these toxicity mechanisms. Chapter Two illustrates the importance
of using more than one organism when doing studies of nanoparticle toxicity. Not all
organisms respond equally, and there are some that are not impacted by a given
nanoparticle type, so use of multiple species that cover a range of complexities improves
the chances that a nanoparticle will not beincorr ect |y | abel ed as
multiple organisms, those that are most impacted can also be identified for follow-on
research to investigate the mechanism of toxicity.

Chapter Three assesses the toxicity mechanism of an important nanomaterial often
used in energy storage applications that is made of the complex oxide, lithium nickel
manganese cobalt oxide, across a range of industrially-relevant stoichiometries. While for
equimolar stoichiometries of this material, the importance of nickel and cobalt release has
been implicated as the main toxicity driver to Shewanella oneidensis MR-1, this work
demonstrates that even at increased nickel concentrations in the material, the toxicity
remained the same due to increased material stability leading to a similar dissolution
profile. For another important environmental organism, Daphnia magna, the toxicity did
increase with increasing nickel content, indicating that a material redesign will not
necessarily have the same impact on different organisms. Chapter Four investigates the

impact of iron oxide nanoparticles to S. oneidensis, which showed that these nanoparticles
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improved bacterial survival, mostly due to the release of beneficial iron ions. Since
changing bacterial populations can perturb an environment, a mesoporous silica coating
was applied to the iron oxide nanopatrticles to reduce their dissolution and their impact on
the bacteria.

While more understanding of the mechanisms by which nanoparticles can exhibit
toxicity is being gained, there are many nanoparticles for which there is a low toxicity to
organisms. In Chapter Five, we apply silica nanoparticles, which have been found to be
largely nontoxic, to our plant model, Citrullus lanatus. Through dissolution, silica
nanoparticles are capable of serving as a source of silicic acid, an important micronutrient,
for plants. These nanoparticles benefit healthy plants by increasing their biomass and
improving the overall fruit yield. This work demonstrates a way to apply nanoparticle
toxicity knowledge to proactively utilize nanoparticles to improve sustainability in

agriculture.
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Chapter 1

Understanding Nanoparticle Toxicity Mechanisms to Inform
Redesign Strategies to Reduce Environmental Impact

Reproduced in part from: Buchman, J.T.; Hudson-Smith, N.V.; Landy, K.M.; Haynes, C.L.
Understanding nanoparticle toxicity mechanisms to inform redesign strategies to reduce
environmental impact. Acc. Chem. Res., In Press. Copyright 2019, with permission from

the American Chemical Society.



1.1 Overview

There has been a surge of consumer products that incorporate nanoparticles, which
are used because they can improve or impart new functionalities to the products based
on their unique physicochemical properties. With such an increase in products containing
nanomaterials, there is a need to understand their potential impacts on the environment.
This is often done using various biological models that are abundant in the different
environmental compartments where the nanomaterials may end up after use.

Beyond studying whether nanomaterials simply kill an organism, the molecular
mechanisms by which nanoparticles exhibit toxicity has been extensively studied. Some
of the main mechanisms include: 1) direct nanoparticle association with the cell surface of
an organism, where the membrane can be damaged or initiate internal signalling pathways
that damage the cell, 2) dissolution of the material, releasing toxic ions that impact the
organism, generally through impairing important enzyme functions or through direct
interaction with a cell s DNA, and 3) the ge
subsequent oxidative stress on an organism, which can also damage important enzymes
oranorganismdés geneti c mat e reviewk theserl thxicity mechaaigms,e r
presenting examples for each with different types of nanomaterials.

Understanding the mechanism of nanopatrticle toxicity will inform efforts to redesign
nanoparticles with reduced environmental impact. The redesign strategies will need to be
chosen based on the major mode of toxicity, but also considering what changes can be
made to the nanomaterial that do not impact its ability to perform in its intended application.
To reduce interactions with the cell surface, nanomaterials can be designed to have a
negative surface charge, use ligands such as PEG that reduce protein binding, or have a
morphology that discourages binding with a cell surface. To reduce the nanoparticle
dissolution to toxic ions, the toxic species can be replaced with less toxic elements that
have similar properties, the nanoparticle can be capped with a shell material, the
morphology of the nanoparticle can be chosen to minimize surface area and thus minimize
dissolution, or a chelating agent can be co-introduced or functionalized onto the surface
of a nanomaterial. To reduce the production of reactive oxygen species, the band gap of
the material can be tuned either by using different elements or by doping, a shell material
can be utilized to inhibit direct contact with the core, or antioxidant molecules can be
tethered to the nanoparticle surface. When redesigning nanoparticles, it will be important
to test that the redesign strategy actually reduces its toxicity to organisms from relevant

environmental compartments. It is also necessary to confirm that the nanomaterial still



demonstrates the critical physicochemical properties that inspired its inclusion in a product
or device.
1.2 Introduction

Since being recognized as a particularly interesting size regime for materials,
engineered nanoparticles (NPs) have seen an increase in their intentional design,
manufacture, and incorporation into consumer products due to their novel
physicochemical properties. It is currently estimated that nanoparticles are used in over
1800 commercial products, in applications ranging from cosmetics to energy storage.! At
any stage in the lifetime of these nano-enhanced products, the nanoparticles they contain
could be released into the environment. As with any traditional molecular species that may
be discharged into the environment, efforts need to be taken to understand what impact
nanomaterials will have on the environment.

In the few decades that environmental nanotoxicity has been studied, significant
progress has been made in understanding ways nanoparticles may affect the
environment. Initially, studies that were completed focused on the effects of simple
nanomaterials on the viability of model
understand the mechanisms of toxicity of nanoparticles to environmentally relevant
organisms.? The mechanisms of nanotoxicity have been extensively reviewed,** and
some known mechanisms include: distressing the cell or organism by binding to its
exterior, releasing toxic ions, and inducing oxidative stress. These mechanisms will be
discussed in detail in this chapter.

Scientists working in this field have reached a stage where knowledge of nanotoxicity
mechanisms can be applied to drive the intentional redesign of nanomaterials to reduce
their environmental impact. Strategies have been developed that can discourage the
binding of nanoparticles to the cell surface, reduce the burden of dissolved toxic metal
ions, or to tune the band gap of nanoparticles to mitigate oxidative stress. In this chapter,
we review efforts in our group to redesign nanomaterials to reduce their overall toxicity,
focusing mostly on metal/metal oxide nanoparticles. We place some emphasis on
bacterial toxicity because bacteria are ubiquitous in the environment and have many
important environmental roles, making them a good diagnostic of overall environmental
health.>® For a more holistic environmental perspective, examples of toxicity to other
environmentally relevant organisms are also presented. The redesign strategies to
mitigate nanopatrticle toxicity that are discussed in this chapter are summarized in Figure
1.1.

organi



Dissolution of Toxic

Binding to Cell Exterior
lons

ROS Generation

Figure 1.1. The various redesign strategies presented in this chapter organized by the major
toxicity mechanism that the redesign is impacting.
1.3 Mechanisms of Nanoparticle Toxicity

In considering redesign of NPs to reduce their impact, it is important to first understand
the main, though certainly not the only, mechanism(s) by which they are toxic. Here, we
present some of the major mechanisms by which nanoparticles exhibit toxicity, namely,
through direct association with the cell membrane, by dissolving to release ions that have
toxic impacts on organisms, and oxidative stress. After presenting the toxicity
mechanisms, we give strategies for how these mechanisms may be mitigated, thus
reducing toxicity and promoting sustainable use of engineered nanomaterials.
1.3.1 Binding of Nanoparticles to Cell Exterior

One of the ways that nanoparticles elicit toxicity is through direct interaction with the
cell surface. For multicellular organisms, this interaction can lead to the nanoparticles
being taken up by a subset of cells, the consequences of which have been reviewed
elsewhere.”® For bacterial cells, the nanoparticles mostly stay on the cell surface, where



they can cause physical disruption by removing/destroying the lipid membrane,®*° induce
internal signaling pathways that damage the cell,!! dissolve to release cell-permeable toxic
ions right at the bacterial surface,'? as well as other toxic pathways.*14

When in proximity with cells or organisms, nanoparticles can interact based on
electrostatic attraction. Given that bacteria exhibit an overall negative surface charge,® it
is generally expected that positively charged nanopatrticles will associate with bacteria to
a greater extent than negatively charged nanoparticles. In work by Feng et al., gold
nanoparticles with ligands that gave them positive (via functionalization with
mercaptopropylamine or polyallylamine hydrochloride, PAH) or negative (via
functionalization with mercaptopropionic acid) charges were exposed to either a Gram-
positive or Gram-negative bacterium (Figure 1.2).'® They used biological transmission
electron microscopy (TEM) to demonstrate that the gold nanoparticles were bound to the
bacterial surfaces; in fact, in some images it is clear that intact lipid bilayers from the
bacterial cell wall had been extracted by and were adhered to the gold nanopatrticles. To
guantify the amount of bacteria with bound gold in situ, they used flow cytometry, which
revealed that there was minimal binding with the negatively charged gold nanoparticles to
either bacteria, and that both bacteria exhibit significant association with the positively
charged gold nanopatrticles. The observed toxicity of each gold nanopatrticle indicated that
more nanoparticle binding led to increased nanoparticle toxicity for both the Gram-positive

and Gram-negative bacterial species.
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Figure 1.2. Gold nanoparticle toxicity to two bacterial models. The toxicity of
a) mercaptopropylamine-functionalized gold nanoparticles (MPNH2-AuNPs) and b) polyallylamine
hydrochloride-functionalized gold nanoparticles (PAH-AuNPs) was determined for S. oneidensis
MR-1 (black bars) and B. subtilis SB491 (gray bars). c) The amount of bacteria that had AuNPs
bound to them (S. oneidensis: black bars, B. subtilis: gray bars) correlates with the observed
toxicities (mercaptopropionic acid-functionalized gold nanoparticles is abbreviated MPA-AuUNP).
d) Cartoon representations of the nanoparticles used for this study. Figure adapted with permission
from ref 16. Copyright 2015 Royal Society of Chemistry. **p<0.01, ***p<0.001, ****p<0.0001



Investigating how nanopatrticles bind to bacteria, Jacobson et al. showed that the
interaction with Gram-negative bacteria is dominated by binding to the lipopolysaccharides
(LPS), a negatively charged moiety present on the surface.’ In this work, the importance
of LPS for nanoparticle binding was shown in both supported lipid bilayers (SLBs) with
varying amounts of incorporated LPS as well as the bacterium, Shewanella oneidensis
MR-1. Binding of positively charged and negatively charged AuNPs to SLBs was
monitored with a quartz crystal microbalance in dissipation mode, which revealed that
SLBs with LPS exhibited higher binding with cationic NPs than those without LPS, and
that in an ionic strength of 25 mM, an increasing trend in binding amount was seen with
amount of incorporated LPS into the bilayer. To assess association with S. oneidensis,
flow cytometry, dark-field microscopy, and hyperspectral imaging were employed on
bacteria with native LPS levels and depleted LPS levels. This showed that more bacteria
were bound with cationic AUNPs when they had native LPS levels than the bacteria with
reduced LPS; in fact, a 50% depletion in wild type LPS led to a ~70% decrease in bacteria-
associated nanoparticles. Anionic gold nanoparticles were not found to appreciably bind
to the SLBs or bacteria.

An analogous moiety for Gram-positive bacteria is under investigation with the
hypothesis that teichoic acids may be the critical mediator for nanoparticle-bacteria
interactions. Even though it is still unclear what molecule on the Gram-positive bacterial
surface is the important site for NP binding, it is clear that NPs bind to their surface.®1®

Once bound to the bacterial surface, nanoparticles can disrupt and damage the cell
membrane, potentially causing the organism to die. Studies completed with
poly(diallyldimethylammonium chloride)-coated CdSe quantum dots (QDs) used atomic
force microscopy and quartz crystal microbalance in dissipation mode to show that these
QDs attach and embed themselves into a supported lipid bilayer.’® Once attached, they
disrupt the membrane by collapsing the liquid ordered domains of the bilayer; liquid
ordered domains are important for signal transduction and membrane trafficking for both
prokaryotic and eukaryotic cells.

In work by Lai et al., the association of QDs to Escherichia coli and model membranes
was correlated with their toxicity and membrane damage.?° Cysteamine-coated (positively
charged) and mercaptopropionic acid-coated (negatively charged) QDs were used, with
effects only being seen with the positively charged quantum dots. There was notable
inhibition of E. coli upon exposure to cysteamine-coated QDs (CA-QDs) as well as

increased attachment when investigated with TEM. Monitoring the lysis activity by sodium



dodecyl sulfate treatment revealed that there was increased membrane permeability for
E. coli after exposure to CA-QDs. These whole organism studies were supported by model
membrane studies, which showed an increase in membrane fluidity and increased
liposome leakage after exposure to CA-QDs.

Similarly, in work by Williams et al., the toxicity of traditional cadmium-based quantum
dots (CdSe and CdSe/ZnS core/shell structures) were evaluated in comparison with zinc-
based quantum dots (ZnSe and ZnSe/ZnS).2! All the quantum dots have the same
uncharged polyethylene glycol ligands and therefore only differ in their core composition.
Liposomes containing fluorescent dyes were used as a model membrane, with membrane
damage being evident if the fluorescent dye leaked out of the liposome, and S. oneidensis
MR-1 was used as a bacterial model to investigate the impacts of these quantum dots.
The liposomes showed greater membrane disruption in the cadmium-containing QDs
versus zinc-containing quantum dots; this was attributed to association of QDs to the
liposomes since negligible cadmium and selenium dissolution was observed over the
course of the experiment, and work with a 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) dye indicated that ROS was
not a major contributor to the liposome disruption. Association of the QDs led to a high
local release of ions, especially zinc ions. The greatest zinc ion release was observed for
CdSe/zZnS QDs, which also demonstrated the greatest liposome disruption. The crystal
plane mismatch between the CdSe core and ZnS shell are likely why such high zinc ion
release was observed, whereas minimal zinc ion release occurs for the cadmium-free QDs
used in this study. The QD association seen with S. oneidensis corroborated the liposome
results. In toxicity studies, both of the cadmium-free quantum dots exhibited negligible
impact whereas the cadmium-containing quantum dots exhibited toxicity even at doses as
low as 0.01 mg/L Se equivalents.

1.3.2 Dissolution to Toxic lons

Whet her through I eaching ions directly at an
by releasing ions into the surrounding environment that then interact with an organism,
the dissolution of toxic elements from nanoparticles is an important mechanism of
nanotoxicity. There are several ways by which ion release can be toxic, which partially
depend on the identity of the ion. Several ions are capable of binding to proteins and
enzymes, thus critically compromising their role for the organism.?22® In this way, the

presence of metal ions can inhibit important cellular functions. Metal ions can also directly



interact with an organismbés phospholipid
consequences.?* 26 Finally, metal ions can elicit oxidative stress in organisms.?’

For silver nanopatrticles, dissolution has been identified as a major cause of toxicity to
organisms.?® 31 Work by Xiu et al. takes advantage of the fact that AgNPs do not dissolve
to release Ag* ions under anaerobic conditions.®? Exposing AgNPs to E. coli in both
aerobic and anaerobic conditions, they found significant toxicity when oxygen was in the
test atmosphere and no toxicity under anaerobic conditions. To test this further, they
exposed AgNPs to aerobic conditions, measured the released Ag* ion concentration, and
then moved the nanoparticles to anaerobic conditions to prevent further dissolution and
compared the toxicity observed with toxicity from Ag" dosed via AgNOs. They found
indistinguishable toxicity between the AgNP doses and equivalent Ag* doses performed
in this way, indicating the importance of Ag* release. Along these lines, XANES/EXAFS
analysis has been used to show that the silver present inside of Bacillus subtilis after AQNP
exposure was in the form Ag»0, suggesting that Ag* ions penetrated the cell wall and were
oxidized by internal cell machinery.3

For complex oxides such as lithium nickel manganese cobalt oxide (NMC), dissolution
of the material was also revealed to be a major mode of its toxicity to the bacterium,
S. oneidensis MR-1.2* In this work, Hang et al. utilized optical density measurements to
monitor bacterial growth and respirometry to monitor bacterial respiration, which gives
insights into overall bacterial health and growth. These studies demonstrated that NMC
dissolved to release ions of lithium, nickel, manganese, and cobalt, but that the toxicity
observed from the NMC nanomaterial was recapitulated when the bacteria were dosed
with the released ion concentrations from nickel and cobalt. To further demonstrate the
importance of dissolution to NMC toxicity, equistoichiometric NMC was made to have
three different morphologies, and toxicity was tested toward S. oneidensis.®*® These
different morphologies were chosen so that they would present different crystal faces, as
it was expected that the energetics of dissolution might vary with the different crystal faces
that presented varied levels of transition metal coordination. The toxicity of the different
morphologies was observed, showing that nanosheets were most toxic, followed by
nanoblocks, and then a commercial, microscale NMC. Given that dissolution is related to
the exposed surface area of a material, the NMC was also dosed by surface area rather
than mass. In dosing with surface area, all morphologies exhibited the same toxicity,
indicating that if there were differences in dissolution based on the presented crystal face,

it was not significant enough to change the observed toxicity with S. oneidensis.
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Mahendra et al. investigated the effects of weathering of CdSe-based QDs on three
different bacteria.3® They monitored bacterial growth by taking optical density
measurements, and they noted that weathered CdSe-based QDs were toxic to three
bacteria, while unweathered QDs were minimally toxic. They attribute the toxicity observed
to the release of Cd?* and SeOs? ions by introducing the bacteria to Cd?* or to Cd?* and
Se03? simultaneously. Only when both ions were dosed simultaneously did the observed
toxicity match the QD toxicity. They also observed that addition of chelating agents such
as oxalate or EDTA reduced the dissolution of both Cd?* and SeO3* ions. Consequently,
bacteria that were exposed to these co-introduced QDs with chelating agents experienced
decreased toxicity from the QDs. Similarly, work by Gallagher et al., demonstrated the
toxicity of the weathered components of QDs embedded in poly(methyl methacrylate)
(PMMA) to S. oneidensis.®” Tracking the toxicity after various weathering times of the QD-
PMMA nanocomposites (210.5, 336, and 504 hr) indicated that as weathering time
increased, more toxicity was observed. This is likely because the polymer was degrading
to small polymer fragments that contained QDs, and over time, these polymer fragments
were being further degraded to smaller sizes. Since these smaller sizes are more likely to
associate with the bacterial surface, they would likely release high local concentrations of
toxic Cd?* ions.

1.3.3 Oxidative Stress

The production of reactive oxygen species (ROS) and the accompanying oxidative
stress as a mechanism for nanotoxicity has been extensively reviewed.**%3% Lipid
peroxidation is a commonly seen result of ROS generation.*° ROS is also capable of
targeting different enzymes that are important for cell functions, such as mononuclear iron
proteins.*'* Furthermore, ROS can oxidize the bases and ribose of DNA, causing
mutations and damage to the organism.**“® This is evident in work demonstrating that
mutants lacking enzyme machinery to scavenge ROS from cells acquired more mutations
when in an aerobic environment.*®

Work is being done to correlate the electronic structures of various nanomaterials with
their ROS production and with their toxicity. Li et al. used seven metal oxide nhanopatrticles
with band edges near the redox potential of reactive redox couples, and demonstrated
that the amount of abiotic ROS produced by the material correlated with its toxicity to
E. coli. In another study, the toxicity for 24 metal oxide nanoparticles to E. coli was
evaluated, finding seven of them to be toxic.*” When assessing ROS generation in E. coli

after nanoparticle exposure, it was observed that only the seven toxic nanoparticles
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caused increased intracellular ROS and that five of the seven toxic particles also directly
produced ROS even in the absence of bacteria. Using nano-structure activity relationship
analysis, the toxicity of metal oxide nanoparticles was found to be related to the conduction
band energy of the material as well as its ability to dissolve, as represented by its hydration
enthalpy; if the conduction band energy overlapped with that of biomolecules and the
material was more prone to dissolution, then the material was observed to be more toxic
(Figure 1.3). These results allow for predictability of the toxicity of some nanomaterials,
and can be useful for informing nanoparticle redesign to reduce the toxic impact.
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Figure 1.3. Nano-structure activity relationship predictions of nanoparticle toxicity. The
probability that a given metal oxide nanoparticle is toxic from nano-structure activity relationship
calculations is shown to be related to the hydration enthalpy and conduction band energy of the
material. Figure used with permission from ref 47. Copyright 2015 American Chemical Society.

In work by Wang et al., the generation of ROS by different metal oxide species after
photoillumination was investigated.”® All nanoparticles tested generated superoxide
radical, whereas hydroxyl radical and hydrogen peroxide were only detected from TiO-
and ZnO NPs. The toxicity of the materials to Photobacterium phosphoreum matched the
trend seen in superoxide production, with the materials generating more superoxide
exhibiting the highest toxicity. To further implicate the importance of superoxide in the

toxicity, superoxide dismutase was added to scavenge superoxide, resulting in reduced
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toxicity. However, when isopropanol was added to scavenge hydroxyl radical or hydrogen
peroxide was directly added, no change in toxicity was observed.

Beyond the production of ROS by nanomaterials themselves, the presence of
nanomaterials can activate signaling pathways within organisms that causes oxidative
stress. In work done by Dominguez et al.,*® oxidative stress in the guts of Daphnia magna
was evaluated after exposure to positively or negatively charged nanodiamond of two
sizes (5 and 15 nm). This revealed that 15-nm-diameter nanodiamonds induced ROS
generation in D. magna guts in a dose-dependent manner, while 5-nm-diameter
nanodiamond showed much lower ROS production. In the latter exposure, the gut cells
displayed increased expression of oxidative stress genes, like heat shock protein,
demonstrating that the cells were working to combat ROS.

1.4 Redesign Strategies to Mitigate Environmental Impact

The knowledge of important toxicity mechanisms for a given NP can inform how that
nanoparticle can be redesigned to reduce toxicity. To complicate matters, many NPs
exhibit toxicity that can be attributed to more than one of these mechanisms;* in this case,
mitigating one such mechanism will still lead to an overall reduction of NP toxicity. On the
other hand, many of these toxicity mechanisms can themselves be linked to each other,
such as ROS production that results from NP dissolution to ions.%* Therefore, reducing
one of the mechanisms of toxicity in a material may also reduce others. Another
complication is that the toxicity of a material can be specific to given organisms, and
therefore to evaluate the effectiveness of a redesign strategy, it would be beneficial to
assess the toxicity to a range of organisms relevant to the environments where a
nanomaterial is most likely to end up.

1.4.1 Binding of Nanoparticles to Cell Exterior

Since association of NPs to the exterior of an organism can lead to toxicity through
several pathways, one way that NPs can be redesigned to reduce their impact is to reduce
the binding affinity of a given NP for biological surfaces. One simple method to do so can
be seen in Section 1.3.1, in which work that used NPs with different surface charges was
introduced. Given that cells are commonly negatively charged, it is generally seen that
negatively charged NPs have little to no association with organisms and therefore have
reduced toxicity compared to positively charged analogues. Positively charged NPs show
more association to organisms and generally have increased toxicity.?%5253 Therefore, if
the NP application allows it, using negatively charged ligands is one way to redesign

nanoparticles to reduce their toxicity to environmental organisms. Similarly, while the
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mechanisms that cause PEG to be biocompatible are not fully understood,> coating a
nanoparticle with PEG can lead to reduction in its toxicity by reducing NP association to
organisms, by reducing nonspecific protein interactions. A PEG coating also often
stabilizes the particles, meaning that this coating would increase the environmental
persistence and therefore the time it is bioavailable to aquatic organisms.%®

Given that nanoparticle association can cause membrane damage in organisms,
studies will often look at the association and subsequent membrane damage to
understand toxicity. As a Cd-containing QD alternative, silicon-based QDs have also been
demonstrated to have reduced association with S. oneidensis MR-1 and B. subtilis
SB491.%% To both bacteria, high toxicity was observed after CdSe QD exposure, and
CdSe/znS QDs were only toxic to B. subtilis at the highest concentration tested
(200 mg/L). SIQDs exhibited no toxicity to either bacteria at the concentrations tested.
While CdSe QDs showed bacterial membrane damage in TEM, there was no QD
association or membrane damage present for bacteria that had been exposed to SiQDs;
this was further corroborated by a LIVE/DEAD assay looking at membrane integrity, which
also showed that there was no membrane damage for SiQDs. Though redesign of the
CdSe QD was successful both by addition of a ZnS shell and by replacing the cadmium
completely with silicon, the better redesign strategy was judged to be the latter, based on
the earth abundance of silicon compared to cadmium and zinc. In a follow-up study
investigating boron- and phosphorus-doped SiQDs,*” it was shown that both dopants
caused the otherwise nontoxic SiQDs to exhibit some toxicity to bacteria, with the most
highly doped phosphorus-doped SiQDs being most toxic. This correlated with significantly
increased ROS production by phosphorus-doped SiQDs and a slight increase in ROS
production by boron-doped SiQDs. Interestingly, boron-doped SiQDs were observed to
significantly bind to the surface of S. oneidensis yet showed less damage, revealing that
not all toxicity mechanisms have the same level of bacterial impact (i.e. in this case, the
ROS production effects outweigh the membrane association effects).

Another direct way to tune nanopatrticle interactions with the cell membrane is by
changing the morphology of the nanoparticles. The different morphologies of NPs can help
to facilitate their interaction and potential internalization into cells. Theoretical calculations
done by Li et al. demonstrate that at low ligand coverage for gold nanospheres,
nanocubes, nanorods, and nanodisks, the biological membrane wrapping times,
simulating endocytosis, around the nanopatrticles increases in the order nanospheres <

nanocubes < nanorods < nanodisks.®® This trend mirrors the membrane bending energy
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associated with each nanoparticle type. Experimental data with silver nanoplates,
nanowires, and nanospheres of different diameters (10, 20, 40 nm) show that nanoplates
exhibit the most toxicity to a fish gill cell line, followed by nanospheres (whose toxicity was
related to their surface area) and then nanowires.®® The nanoplate toxicity was due to its
ability to cause oxidative stress, as demonstrated by Mitosox Red dye that showed
superoxide radical production and that addition of N-acetylcysteine dramatically reduced
toxicity. Even though silver nanoplates were the most toxic, they released the lowest
amount of dissolved silver. It was demonstrated that direct cell contact was required for
toxicity; thus, when the nanomaterials were physically separated from fish gill cells with a
dialysis membrane, their toxicity was drastically reduced. When exposed to zebrafish
embryos, nanoplates were again the most toxic material. When comparing the results of
this study with the theoretical study by Li et al., it demonstrates the importance of
determining the main mechanism of toxicity, since solely from a membrane interaction
standpoint, the theoretical study shows that nanospheres should have the greatest
membrane interaction. Despite their reduced membrane interactions, the nanoplates were
significantly more redox active and were, therefore, the more toxic morphology.
1.4.2 Dissolution to Toxic lons

It has been demonstrated that the dissolution of toxic ions from nanomaterials can
impact organisms. Given that nanopatrticles dissolve to release these ions, this could lead
to a high localized concentration of ions that would impact the biota more than just a
homogeneous solution of the ions, especially if the nanopatrticles release these ions in an
environment where the anions that normally sequester the ions by forming precipitates
are not available. To combat this toxicity, there are several ways to reduce nanopatrticle
dissolution to toxic ions. One method is to simply replace the toxic species in the
nanomaterial with something less toxic, though that will usually lead to significant changes
in the nanomaterial properties that make them useful (e.g. decreasing catalytic activity or
shifting a nanocathode material 0s redox
method to reduce dissolution of toxic species is to stabilize the structure of the
nanomaterial. This can be done by tuning the composition or doping in an extra
component for improved stability, or by adding a shell to the nanomaterial in question.
Given that different nanoparticle morphologies have different dissolution rates, controlling
the morphology may be another way to reduce dissolution. Finally, addition of exogenous

chelating agents may help to reduce the toxicity of dissolved ions.
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1.4.2.1 Replace Toxic Elements with a More Benign Element

A direct way to reduce dissolution is to replace the toxic species with more benign
elements. For example, in the complex oxide material, NMC, it was shown that the
dissolution to produce nickel and cobalt ions dominated the toxicity to the bacterium,
S. oneidensis MR-1 for an equistoichiometric NMC material, Lio33Nio.33MnNo.33C00.3302.
Reduction of the toxicity of NMC was achieved by changing the composition to have more
manganese at the expense of nickel and cobalt, namely by making
Lio.esNio.31MnN0.39C00.3002, Lio.61Ni0.23MNo.55C00.2202, and Lio.52Ni0.14Mno.72C00.1402
nanosheets.®® Using respirometry as a marker for bacterial health, a clear pattern
emerged, showing that as the manganese content of NMC was increased, the
nano mat ienpactan thesgrowth rate of bacteria was decreased (Figure 1.4). The
respiration of bacteria exposed to Mn-enriched NMC recovered more quickly than those
exposed to NMC containing less manganese. This work demonstrates that by replacing
the toxic species in the material, the dissolution of toxic ions is reduced, which reduces
the overall toxicity of the material. Since the composition of these transition metal oxide
battery materials can often be tuned to change battery characteristics,®%%! it is expected

that the stoichiometries used in the Mn-enriched NMC would be functional cathode

materials.
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Figure 1.4. Mn-enriched NMC nanosheets demonstrated reduced toxicity to bacteria. As the
manganese content in NMC nanosheets was increased, a) decreased amounts of nickel and cobalt
were dissolved and subsequently, b) reduced toxicity to S. oneidensis MR-1 was observed with
respirometry, indicated by the fact that the respiration in bacteria exposed to NMC with higher Mn
content recovered to the same levels as the control more quickly. Figure adapted with permission

from Ref 51. Copyright 2017 Royal Society of Chemistry.
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1.4.2.2 Improve Nanoparticle Stability to Reduce Overall Dissolution

To see if the dissolution-dominated toxicity trend observed with manganese-enriched
NMC would hold true for other formulations of NMC, other compositions with increased
nickel content were synthesized. Given that nickel is one of the toxic components of NMC,
it was expected that a Ni-enriched NMC would be more toxic than equistoichiometric NMC.
When S. oneidensis MR-1 were exposed to NMC with increasing nickel content, however,
the toxicity was observed to be the same between all the materials. This led to a
computational investigation of NMC dissolution energies, which showed that additional
nickel in Ni-enriched NMC had an oxidation state greater than +2, which has a less
energetically favorable release since a redox reaction needs to be initiated to get it to the
stable +2 oxidation state to dissolve. Theoretical calculations predict that metal release
from equistoichiometric NMC and Ni-enriched NMC will be similar because of the
enhanced stability of Ni-enriched NMC, which explains the similar toxicity to S. oneidensis
exhibited by these materials. Ni-enriched NMC is discussed in more detail in Chapter 3.

Other work has taken advantage of increased nanoparticle stability to reduce NP
toxicity. In work by Xia et al., the toxicity of ZnO nanopatrticles to zebrafish, mice, and rats
was noted to be due to the release of toxic Zn?' ions.%? Iron was doped into ZnO
nanoparticles by mixing zinc naphthenate with iron naphthenate at desired weight
percents and then synthesizing nanoparticles by flame spray pyrolysis. Zinc dissolution
was reduced for nanoparticles with increasing iron content, and therefore the hatching rate
of zebrafish was found to increase with increasing iron content of the nanoparticles.
Increasing the iron content also benefitted the mice and rats, both of which showed
reduced pulmonary inflammation.
1.4.2.3 Use of a Shell Material

Another way to reduce the dissolution of a material is to put a capping material over it,
such as a polymer or silica shells.®® The shell serves as a physical barrier that should
minimize water interaction with the nanomaterial surface and the release of toxic ions from
the core material to interact with organisms. It has been discussed in previous sections
that for QDs, the addition of a ZnS shell can reduce toxicity by preventing dissolution of
cadmium ions.®® In work by Derfus et al., QDs were synthesized to have different coatings
(ZnS and bovine serum albumin (BSA)).%* Both coatings showed reduced cadmium
dissolution from QDs, and therefore also demonstrated reduced toxicity to hepatocytes.
In other work, the dissolution of QDs with PEG carboxylic acid, PEG amine, and PDDA

surface coatings was investigated.®® Both PEG-based shells exhibited similar dissolution
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of cadmium and selenium, while the PDDA-coated QDs showed decreased dissolution.
While toxicity was not evaluated in this work, it is likely that the reduced dissolution would
cause reduced toxicity. It was suggested that the decreased dissolution seen with PDDA-
coated QDs is because QDs demonstrate improved stability when coated with polymer
shells that have longer chains, higher molecular weights, and greater structural
complexity.

Similarly, a mesoporous silica shell presents itself as a good redesign strategy when
aqueous infiltration to the core is required for nanoparticle performance, as the pores still
allow access to the core by small molecules.®® Mahoney et al. investigated the use of
various silica coatings with <2-nm-diameter nickel nanoparticles: 1) NiNPs that were
associated with the outside of a silica shell (Ni-SiO2), 2) NiNPs in the pores of a nonhollow
silica shell (hNi@SiO,), and 3) NiNPs in the middle cavity of a porous hollow silica shell
(NhNi@SiO2).5” While reduced Ni?* dissolution was observed for NiNPs within silica shells
compared to NiNPs on the exterior of a silica shell, there were no effects to survival of
zebrafish embryos or noticeable larval deformations that formed. Differences in larval
motor behavior were seen after exposure to hNi@SiO, and Ni-SiO.. While bare NiNPs
were not used in this study, they have been previously shown to be toxic,%®%° partly due
to nickel dissolution, and the lack of toxicity in this study indicates that a silica shell is
mitigating NiNP toxicity. Use of a mesoporous silica shell to mitigate the effects of iron
oxide nanopatrticles on bacteria is further discussed in Chapter 4.
1.4.2.4 Nanoparticle Morphology

While nanoparticle morphology was addressed in Section 1.4.1, as morphology can
impact the interaction of nanoparticles with cellular membranes, nanoparticle morphology
can also be related to dissolution of the material.” When relating nanoparticle morphology
to dissolution, two potentially important parameters are the different surface areas
associated with each particle morphology and the different crystal planes that are revealed
with varied particle morphology. As surface area increases, dissolution rate will also be
expected to increase. The curvature of a particle is also important, as particles with a
smaller curvature radius are less energetically favorable and consequently undergo more
dissolution. Therefore, it would be expected that morphologies like nanorods would
dissolve less than nanospheres, meaning nanorods would be a less toxic nanoparticle
morphology. Indeed, in work done by Helmlinger et al. with silver nanospheres,
nanoplatelets, nanorods, and nanocubes, it was found that the dissolution rates were

nanoplatelets > nanospheres (avg diameter: 60 nm) > nanospheres (avg diameter:
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150n m) & nsamanocobds, which matches the trend for decreasing surface area
of the material.”* When the AgNPs were introduced to Staphylococcus aureus, toxicity
was found to also match this trend, with nanoplatelets exhibiting the highest toxicity and
nanocubes the lowest toxicity. The trends for dissolution with these morphologies is
slightly different from the trend for nanoparticle binding to cell surfaces presented in
Section 1.4.1, again illustrating the importance of determine the main toxicity mechanism
to inform the redesign method chosen.
1.4.2.5 Chelating Agents

For nanoparticles that release toxic ions, a potential redesign strategy that would leave
the nanomaterial of interest intact would be to synthesize the nanoparticles with a
chelating agent for its ions as a ligand. Several instances of using chelating agents as
nanoparticle ligands can be found in the literature, with applications ranging from removing
metal ions during water treatment’® to removing metal ions in the brains of patients with
Al zhei mer &In tdeifisle af srwironmental nanotoxicity, the use of chelating
agents as ligands has the potential to reduce the impact of dissolved toxic ions, as they
would complex with the chelating agent shortly after dissolution. There is precedent for
co-exposing toxic nanoparticles and chelating agents to environmental organisms to
reduce toxicity.*® Also, as the chelating agents for cationic metal ions are generally
negatively charged, using them as a nanoparticle ligand should further reduce toxicity by
imparting a negative surface charge, which as discussed above, causes a reduction in NP
toxicity. Directly attaching the chelating agent to the nanopatrticle increases the likelihood
that the chelating agent will end up in the same environmental site as the nanopatrticle, as
it would be impractical to add chelating agents to the environments that have
unintentionally been exposed to nanoparticles. It is important to assess the efficacy of this
redesign strategy, as the success of coexposure to toxic nanoparticles and chelating
agents is dependent on the biological system and environmental matrix for the given
nanopatrticle type. Future active nanoparticle design could also include a slow release or
delayed release of chelating agents to potentially increase the efficacy of this approach.
1.4.3 Generation of Reactive Oxygen Species

A major toxicity mechanism of QDs, and many other nanopatrticles, to organisms is
related to oxidative stress. A classical method that reduces the toxicity of cadmium-based
QDs is to coat them with a passivating high energy band gap material like ZnS.?* Although
this is generally done to maintain core integrity and improve quantum yield of the QD,

these coatings reduce the ability of the material to produce ROS, thus reducing toxicity.®*
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Other ways to mitigate ROS generation is to replace some of the metals with other
materials that are less redox active, or to dope a material to change its electronic structure.
Also, as was suggested with chelating agents above, addition of antioxidants to the
nanoparticle surface can alleviate oxidative stress.

1.4.3.1 Use of Dopants and Other Materials to Tune Band Gap Properties

Beyond putting a coating onto cadmium-containing QDs to inhibit ROS production,
Brunetti et al. demonstrated that changing the core material to be InP caused a reduction
of oxidative stress in the environmental model, Drosophila melanogaster, when fed with
QD-supplemented food.”™ Increased apoptosis of larval hemocytes was noted for CdSe,
which correlated with increased expression of genes related to combating oxidative stress;
INP/ZnS QDs caused minimal larval hemocyte death and no changes in oxidative stress
gene expression. This suggests that the band gap energy of CdSe QDs favors the
production of reactive oxygen species more than that of InP QDs. It is worth noting their
observation that, when investigating human cell lines, both InP/ZnS and CdSe/ZnS QDs
released similar amounts of indium and cadmium into the cell medium, respectively, but
toxicity was only seen in CdSe/ZnS QDs and could be attributed to released Cd?*. This
suggests that InP/ZnS may be a good redesign strategy in aqueous environments by also
reducing the amount of released cadmium.

Carbon dots are also being investigated as alternatives to cadmium-based quantum
dots, as carbon dots are capable of luminescence. There are many types of carbon dots
which are capable of luminescence,” and here we discuss the use of amorphous
polymeric carbon dots as a cadmium-containing quantum dot alternative. Unlike quantum
dots, of which one of the main mechanisms of toxicity is oxidative stress, carbon dots
generally do not produce a substantial amount of ROS.”® Zhi et al. recently demonstrated
that both malic acid- and citric acid-based carbon dots, as well as their phosphorus-doped
counterparts, are not toxic to S. oneidensis MR-1, and that they actually facilitate bacterial
growth, even at very high concentrations (5 mg/mL). This suggests that S. oneidensis can
use the carbon dots as a source of nutritional carbon. Therefore, unlike with cadmium-
based carbon dots, not only does the band gap energy of carbon dots seem to not favor
significant reactive oxygen species generation, the carbon dots themselves are also
beneficial for sustaining bacterial growth.

Metal oxide nanopatrticles also can be toxic due to the induction of oxidative stress. A
way to combat this is to use dopants that tune the band gap of the material to reduce

production of ROS. This has been demonstrated many times with materials that are used
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in a human context,’”’® although generally with the goal of increasing oxidative stress and
toxicity to clinical models such as cancer cells.”®'® However, while a number of doped
systems have been studied, examples of demonstrating reduced nanopatrticle toxicity to
environmental organisms via reduced ROS production due to the use of dopants are
challenging to find. Similarly, the band gap of quantum dots can be tuned, the strategies
of which have been extensively reviewed.®? These strategies should be employed for the
redesign of nanoparticles to investigate their reduction in toxicity to environmentally
relevant organisms such as bacteria or D. magna.
1.4.3.2 Antioxidant Addition

Given that the function of antioxidants is to combat oxidation, antioxidants can also be
used to reduce toxicity of nanomaterials. In work by Posgai et al., in which the impact of
feeding TiO2 NPs and AgNPs to D. melanogaster was investigated, it was found that titania
nanoparticles didnot i mpact survival or
increased superoxide dismutase and glutathione activity. For fruit flies that consumed
AgNPs, decreased survival and issues with development were noted, as well as increased
superoxide dismutase and glutathione activity. When the food source was supplemented
with the antioxidant, vitamin C, these negative effects were found to be at least partially
alleviated. However, it is not practical to consider a separate addition of antioxidants to
environmental compartments that have been exposed unintentionally to nanoparticles.

While some nanopatrticles have been found to have intrinsic antioxidant behavior, such
as ceria or yttria nanoparticles,® antioxidant molecules can also be tethered to
nanoparticles that otherwise do not exhibit antioxidant activity. This will allow the
nanoparticle itself to act as a scavenger for ROS. This has been demonstrated in work by
Nie et al., where AuNPs are functionalized with a vitamin E analogue, Trolox.84 In a system
without any organisms, the effectiveness of the Trolox-AuNPs at reacting with 2,2-
diphenyl-1-picrylhydrazyl (DPPHA radical was compared to Trolox. This demonstrated
that the reaction rate for Trolox-AuNPs with DPPHAwas about eight times higher than for
Trolox alone, indicating that functionalizing the antioxidant on this surface was improving
its function. Other antioxidant-functionalized nanoparticles have been developed for
clinical applications.®*'8 The strategies employed in synthesizing antioxidant-
functionalized nanoparticles could also be applied to redesigning nanopatrticles for non-
biomedical applications with the goal of reducing environmental impact when the

nanoparticles are ultimately released.
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1.5 Conclusions

Herein, we describe several methods in which redesign of nanopatrticles for reduced
environmental impact may be possible, and we offer some redesign ideas that, to our
knowledge, have not been investigated before with an environmental focus. With these
methods, examples are given to demonstrate where they have been successfully
implemented. Currently, there is a dearth of literature on redesigning nanoparticles to
reduce their environmental impact, offering many opportunities to use some of the
strategies outlined in this chapter, as well as working to add to our redesign arsenal. When
redesigning nanoparticles, an important consideration is that the nanoparticles still work
in their original application; it does no good to design an environmentally friendly
nanoparticle that is no longer functional for the desired application or product. This chapter
focuses on the properties of as-synthesized nanoparticles. Another aspect that is
important to consider is how these materials will be transformed in the environmental
compartments they end up in, such as interaction with natural organic matter,°2%%° put

that is beyond the scope of this chapter.
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Chapter 2

Using an Environmentally Relevant Panel of Gram-negative

Bacteria to Assess the Toxicity of Polyallylamine Hydrochloride-

wrapped Gold Nanoparticles

t=0.92ns t=1.i;|s t=19ns

% Stained cells with bound AuNP

Reprinted in part from: Buchman, J.T.; Rahnamoun, A.; Landy, K.M.; Zhang, X.; Vartanian,
A.M.; Jacob, L.M.; Murphy, C.J.; Hernandez, R.; Haynes, C.L. Using an environmentally-
relevant panel of Gram-negative bacteria to assess the toxicity of polyallylamine
hydrochloride-wrapped gold nanopatrticles. Environ. Sci.: Nano, 5, 279-288. Copyright
2018, with permission from the Royal Society of Chemistry.
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2.1 Overview

We aim to establish the effect of environmental diversity in evaluating nanotoxicity to
bacteria. We assessed the toxicity of 4 nm polyallylamine hydrochloride-wrapped gold
nanoparticles (PAH AuNPSs) to a panel of bacteria from diverse environmental niches. The
bacteria experienced a range of toxicities as evidenced by the different minimum
bactericidal concentrations determined; the sensitivities of the bacteria was A. vinelandii
= P. aeruginosa > S. oneidensis MR-4 > A. baylyi > S. oneidensis MR-1. Interactions
between gold nanoparticles and molecular components of the cell wall were investigated
by TEM, flow cytometry, and computational modeling. Binding results showed a general
trend that bacteria with smooth LPS bind more PAH AuNPs than bacteria with rough LPS,
however the observed toxicity is not directly related to the amount of nanoparticle binding.
Computational models reveal that the PAH molecule that is wrapped on the NP surface
migrates to phosphate groups in the core of the LPS structure. While a simplified model
was used, the simulations also demonstrate that the PAH molecule interacts similarly with
rough and smooth LPS structures. Overall, our results demonstrate that simple
interactions between nanoparticles and the bacterial cell wall cannot fully account for
observed trends in toxicity, which points to the importance of establishing more
comprehensive approaches for modeling environmental nanotoxicity.
2.2 Introduction

One method to probe the potential environmental impact of nanoparticles is through
the use of bacterial models, which, as decomposers, occupy an important trophic level,
decomposers recycle nutrients that can be used by primary producers.® Therefore, any
effects on bacteria may impact organisms in other trophic levels, making bacteria a good
diagnostic for overall environmental health. Often, only one bacterial model is used in
nanoparticle toxicity studies,?“ but this can lead to results that may not be generalizable
across bacteria from different environments. Therefore, we have assembled a panel of
Gram-negative bacteria with sequenced genomes that occupy different environmental
niches for use in nanotoxicity studies.

When evaluating nanoparticle toxicity to bacteria, direct interactions of nanoparticles
to the bacterial surface play a role in the toxicity, with several studies demonstrating a
correlation between the amount of NPs bound to bacteria and observed toxicities.>'8 It has
been shown that bound NPs can rupture the bacterial cell membrane,®*° lead to alterations
in the membrane potential,! release ions that are localized right at the bacterial surface,*?

and generate reactive oxygen species at the cell membrane.*® In previous work, we have

23



shown that a main component of the Gram-negative bacterial surface,
lipopolysaccharides, are important in facilitating the binding of nanoparticles with the
surface of the model bacterium, S. oneidensis MR-1.** There are two broad classes of
LPS, designated as either rough or smooth. Rough LPS have a lipid A region that anchors
the LPS into the membrane and an oligosaccharide portion that is bound to the lipid A. In
contrast, smooth LPS have both lipid A and core oligosaccharide regions, with the addition
of an O-antigen, a polysaccharide domain bound to the core oligosaccharide, elongating
the overall LPS structure. Based on the clear role of LPS in binding nanopatrticles, it makes
sense to generate a panel that focuses on variation in LPS structure. Such a panel would
exclude Gram-positive bacteria, which are also important environmental organisms, but
allows us to focus on specific surface chemistry differences between the bacteria used.

Table 2.1. Different characteristics of bacteria in the panel. The bacteria in the panel come
from a range of habitats and have different respiration abilities. The panel includes bacteria with

either rough or smooth LPS presented on their surface. Each bacterium in the panel has an
important role in the environment.

Bacterial Strain Habitat Respiration LPS type Environmental Role
Azotobacter s Obligate 16 .
vinelandii UW Soil aerobels Smooth Nitrogen cycle
. . Saill, . . .
Acinetobacter baylyi sediment, Obllgatle7 Smootht? Metabolize aromatic
ADP1 17 aerobe compounds
aquatic
Shewanella Sail, Facultative Rought Geochemical nutrient
oneidensis MR-1 marine!® anaerobe!® 9 cycle
Shewanella Sail, Facultative Rough?0 Geochemical nutrient
oneidensis MR-4 marine!® anaerobe!® 9 cycle
Pseudomonas C o Obligate 22 e
aeruginosa PAO1 Ubiquitous aerobe?! Smooth Metabolic diversity

The five bacteria that make up the bacterial panel introduced in this chapter include
Azotobacter vinelandii UW, Acinetobacter baylyi ADP1, Shewanella oneidensis MR-1,
Shewanella oneidensis MR-4, and Pseudomonas aeruginosa PAOL. They are a mix of
Gram-negative bacteria that have smooth or rough LPS on their surface. Differences
between the bacteria in the panel are highlighted in Table 2.1. In the environment, A.
vinelandii has an important role in the nitrogen cycle since it is capable of fixing nitrogen
even in the presence of atmospheric oxygen.?® The smooth LPS of A. baylyi likely has
branched O-antigens since that is characteristic of the genus Acinetobacter;!’” this
bacterium is capable of great metabolic diversity, notably in its ability to metabolize
aromatic compounds that are often products of plant degradation.?* S. oneidensis MR-1

has an important environmental role in geochemical nutrient cycling since it is capable of
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reducing a wide variety of metals.'® Similarly, S. oneidensis MR-4 is also capable of
dissimilatory reduction of many different metals.?° Finally, P. aeruginosa PAOL1 is an
obligate aerobe that can adapt to live in many different environments due to its metabolic
diversity. P. aeruginosa is often used as a biofilm formation model; biofilms may serve as
a sink for NPs entering the environment, making it likely that P. aeruginosa would
encounter nanomaterials that are released into the environment.

Since these bacteria occupy diverse environmental niches and have different surface
compositions, we expect that they will be representative of bacteria in the environments
that nanoparticles may end up in. These differences should also make them suitable for
showing a range of responses to nanoparticle exposure so that a particular nanopatrticle
is not deemed non-toxic because a single bacterial species happens to be tolerant to it.
The motivation for noting the different
surface is that the differences in LPS length and composition may impact their interaction
with the NPs used in this study. The saccharide portions of the LPS structures of
P. aeruginosa,?®?’ S. oneidensis MR-1,'° and S. oneidensis MR-42° have been elucidated
(Figure 2.1), but the LPS structures of the other bacteria in the panel are not as well
characterized. The structures given for P. aeruginosa, S. oneidensis MR-1, and
S. oneidensis MR-1 can be used to calculate the charges of their LPS. Indeed, the charges
of these LPS structures as well as other LPS structures used in simulations in this chapter

are available in Table 2.2.

25

LPS



a) Pseudomonas aeruginosa PAO1
Core Polysaccharide
R-(1->2)-a-L-Rha-(1->6)-a-Glc
1

Cm P

N | |

4 7 4

a-Gle-(1->6)-B-Gle-(1->3)-a-GalN-(1->3)-a-Hep-(1->3)-a-Hep-(1->5)-a-Kdo-(2->6)-B-GlcN4P-(1->6)-a-GlcN1P
2 6 2 4
| | | y
R=H or a-Glc L-Ala P X-P 2
a-Kdo
X=H or ENP

A-band O-antigen
-»3)-a-D-Rha-(1->2)-a-D-Rha-(1-»3)-a-D-Rha-(1->

B-band O-antigen
-4)-B-D-Man(2NAc3N)A-(1->4)-B-D-Man({2NAc3NACc)A-(1->3)-a-D-FucNAc-(1>

CH,C=NH

b) shewanella oneidensis MR-1

(15)-GalNAco-(1->4,6)-a-Gal-(1->6)-a-Gal-(1->3)-a-Gal-(1-P-3)-a-DDHep-(1->5)-a-8-aminoKdo4R-(2->6)-B-GlcN4P-(1->6)-a-GlcN1P
R=P or EtNPP

¢) shewanella oneidensis MR-4

LPS variant 1
a-GalA-(1-P-4)

B-Fruf-(2-»6)-a-Gal-(1-»6)-a-Gal-(1-»3)-a-Gal-(1-P-3)-a-DDHep-(1-»5)-a-8-aminoKdo-(2-»6)-B-GlcN4P-(1->6)-a-GIcN1P

LPS variant 2
a-GalA-{1-P-4)

a-DDHep(2PPEtN3PN)-(1->5)-a-8-aminoKdo-(2-»6)-B-GlcN4P-(1->6)-a-GlcN1P

Figure 2.1. Known LPS structures for bacteria in the panel. The structure of the polysaccharide
portion of the LPS and a representative TEM image of a) P. aeruginosa.?® This bacterium creates
two different O-antigens, namely the A-band and B-band; the A-band has about 23 repeats and the
B-band has over 50 repeats.?’” The saccharide region and representative TEM images of b) S.
oneidensis MR-11° and c) S. oneidensis MR-4. S. oneidensis MR-4 expresses two variants for its
core polysaccharide structure.?® These structures have been adapted from references.19.2026.27 The
structures of the polysaccharide portion of LPS for A. vinelandii and A. baylyi are not as well

characterized and are therefore not shown here.
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Table 2.2. Important LPS characteristics for simulations. The number of phosphates and
charge of the LPS core polysaccharide structure are provided for several bacterial strain variants
(first three rows) and model structures (remaining four rows). O-antigens were entirely absent in all
rough model structures and onlytwo O-ant i gens are included iDnoetd
PAH wrapping around the NP, it is expected that the LPS would first interact with the surface PAH
molecules. The PAH used in the simulations has a charge of +10 leading to the total charges listed
in the final column, corresponding to the overall charge after the interaction of PAH with each LPS.
Negative and positive charges were neutralized in the simulations using the corresponding number

of sodium cations or chloride anions, respectively.

Bacterial Strain Number of Charge of Charge of
Phosphate Units LPS LPS + PAH
S. oneidensis MR-1 5 -7 +3
S. oneidensis MR-4 variant 1 4 -6 +4
S. oneidensis MR-4 variant 2 6 -5 +5
Rough P. aerl_ngosa PAO1 6 12 2
variant
i Smo o tPhagrugmosa PAO1 6 14 4
variant
Rough S. typhimurium 4 -10 0
Rough E. coli 5 -9 +1

To demonstrate the use of the bacterial panel in this chapter, each species was
exposed to 4-nm-diameter polyallylamine hydrochloride-wrapped gold nanopatrticles.
AuNPs were used in this study due to their chemical inertness and ease of
characterization.?®?® Polyelectrolyte coating is an industrially-relevant modification of
materials as these functionalized materials have many applications in diverse fields,3' 32
and this particular coating is known to interact with bacterial surfaces and cause
membrane disruption as its toxicity mechanism.>3* While there is limited work studying
PAH AuNPs with the bacteria in this panel,** in previous work, the toxicity of PAH AuNPs
was investigated for S. oneidensis MR-1 using a colony counting method.® In this chapter,
the effects of the PAH AuNPs to each bacterium are noted by determining the minimum
bactericidal concentration (MBC). The MBC is defined as the lowest nanoparticle
concentration that kills at least 99% of the bacteria. This is a facile method to demonstrate
the different responses that each bacterium has to NP exposure. To test the hypothesis
that extent of NP binding to the bacterial cell surface correlates with toxicity, transmission
electron microscopy was used to visualize and flow cytometry was used to quantify PAH
AuNP association with each species. In parallel, a molecular dynamics simulation was

used to calculate relative association energies of the PAH that caps the nanoparticles with
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different LPS structures to determine if the presentation of negatively charged phosphate
groups facilitates the interaction of LPS with the amine groups of PAH. Taken together,
the results demonstrate that a simple hypothesis related to the molecular character of the
LPS is not sufficient to explain the nanoparticle association and toxicity results. This is a
benefit to using such a panel, as it identifies instances where the biological complexity can
mask simple, expected trends. Indeed, this panel does reveal which bacterial strains are
most critical for follow-on work and facilitates the formulation of further hypotheses. While
AuNPs are the focus of this work, this panel can be adapted for use with a range of
nanomaterials.
2.3 Materials and Methods
2.3.1 Materials

Magnesium sulfate (MgSO.), sucrose, sodium molybdate dihydrate (Na:MoO4-2H-0),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), gold (lll) chloride trihydrate
(HAuUCls-3H20), sodium citrate tribasic dihydrate (CsHsNazO7:2H20), polyallylamine
hydrochloride (PAH, MW 17.5 kDa), sodium borohydride (NaBH.), and sodium chloride
(NaCl) were purchased from Sigma-Aldrich (Milwaukee, WI). Potassium phosphate
dibasic trihydrate (K:HPO4-3H,0) was purchased from Mallinckrodt (Phillipsburg, NJ).
Potassium phosphate monobasic (KH2PO,) was obtained from J.T. Baker (Center Valley,
PA) . Dul bec c ddfsredsdline svas buachased from Corning (Aurora, CO) and
LB broth and agar were obtained from BD Difco (Franklin Lakes, NJ). SYTO9 nucleic acid
stain was obtained from Molecular Probes (Waltham, MA). Calcium chloride (CaCl;) and
ferrous sulfate (FeSO,4) were purchased from Fisher Scientific (Rockford, IL). Absolute

anhydrous 99.5% ethanol was obtained from Pharmco-Aaper (Brookfield, CT). All

chemicals were used as r eceicmpwhs puldiediusingiaz e d

Milli-Q Millipore water purification system (Billerica, MA).

Shewanella oneidensis MR-1 was obtained from Jeffrey Gralnick (Dept of
Microbiology, University of Minnesota). Shewanella oneidensis MR-4 was obtained from
Daad Saffarini (Dept of Biological Sciences, University of Wisconsin 1 Milwaukee).

Acinetobacter baylyi ( AT CCE 3 3 Az6t@é&c)er, vinelandii ( ATCCE 13705E) ,

Pseudomonas aeruginosa ( ATCCE 47085E) were purchased

Culture Collection (Manassas, VA)
2.3.2 Polyallylamine Hydrochloride-wrapped Gold Nanoparticles
PAH AuNPs were synthesized by polyelectrolyte wrapping of as-synthesized citrate-

capped AuNPs. 4-nm-diameter citrate-capped AuNPs were synthesized using a flow
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reactor based on modified procedures that have been previously reported.®>3¢ Briefly,
20 mL of 0.01 M HAuCIl, was added to 1600 mL nanopure deionized water in a 2 L
Erlenmeyer flask to make the gold precursor solution. At the same time, 10 mL of 0.1 M
NaBH, was added to 1616 mL of chilled nanopure deionized water in another 2 L
Erlenmeyer flask. 6 mL of 0.1 M sodium citrate was added to the gold precursor solution
prior to the synthesis. Both the gold precursor solution and sodium borohydride solution
were put through a flow reactor (peristaltic pump) at 40 mL/min into a 4 L jug with gentle
stirring. Once the two solutions were combined in the reactor lines, the resulting solution
became a light pink color, and was stirred for at least 1 h before using. The diameters of
citrate-capped AuNPs were determined in suspension by UVT vis extinction spectroscopy
(Figure 2.3a).%"

To the approximately 3.2 L of as-synthesized citrate-capped AuNPs, 32.0 mL of
100 mM NaCl and 100.0 mL of a PAH solution (MW 17.5 kDa) (10 mg/mL in 1 mM NacCl)
was added with vigorous stirring. The solution was stirred overnight and concentrated to
around 30 mL by diafiltration cassettes (Tangential Flow Filtration Capsules, 50K MWCO,
VWR). The concentrated PAH AuNPs were purified by centrifugation at 13,000xg for
55 min.

2.3.3 Gold Nanoparticle Characterization

PAH AuNPs were characterized post-synthesis by UV-vis extinction spectroscopy,
TEM, and e-potential measurement. The size and e-potential for the PAH AuNPs were
also characterized in the exposure medium using UV-vis extinction spectroscopy and e-
potential measurement. UV-vis extinction spectra post-synthesis were obtained on a Cary
500 UV-vis-NIR spectrophotometer and the measurements taken in exposure medium
were obtained on an Ocean Optics USB2000 spectrophotometer. For TEM studies, 5 ¢ L
of a dilute solution of PAH AuNPs was drop-cast onto a TEM grid (Ted Pella, Redding,
CA), and the PAH AuNP sample images were taken with a JEOL 2100 TEM. e-potential
measurements were obtained using a Brookhaven ZetaPALS instrument.

2.3.4 Quantification of Free Polyallylamine Hydrochloride

To wrap the AuNPs with PAH, a suspension containing excess PAH was mixed with
the citrate-capped AuNPs. Purification via centrifugation was performed on the resulting
PAH AuNP suspension, however, some excess PAH remained in the suspension as well.
The amount of leftover free PAH in the AUNP suspension was quantified so that relevant
free PAH controls could be completed in this study. The concentration of free PAH in the

AUNP suspension was determined using a fluorescamine assay as described previously.3®
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Briefly, the samples were first centrifuged at 66,000xg for 45 min at 4 °C to remove all of
the AuNPs. The supernatant was removed and concentrated using a Savant Speedvac
concentrator. Then, 120 pL of the sample was mixed with 20 pL of sodium borate buffer
(pH 8) and 60 pL of 0.1% (w/v) fluorescamine in acetonitrile in a 96 well plate. The reaction
occurred at room temperature for 5 min before the fluorescence was detected using a
plate reader that excited at 425 nm and quantified the emission at 480 nm. The
fluorescence detected was converted to a PAH concentration with the use of a calibration
curve. This information is critical for doing free PAH controls during toxicity experiments.
2.3.5 Bacterial Culture Conditions

Bacteria were stored at -80 °C until ready for use. For S. oneidensis MR-1,
S. oneidensis MR-4, A. baylyi, and P. aeruginosa, the appropriate bacterial stock was
plated on a sterilized Luria-Bertani (LB) agar plate and incubated at 30 °C. Two colonies
were inoculated in 10 mL of LB broth and incubated overnight. For A. vinelandii, plates
with Bur k 6s medi um adap etealf® were ased aNdetwa amlanies were
i nocul ated i n 10 nhe bacteriaBtilate lo@d phaseneerk icamtrifuged at
750xgf or 10 min and washed wiuffeled sBlind (DPBS)bafodes p h o s p
resuspension in HEPES buffer (2 mM HEPES, 25 mM NaCl, pH=7.4) to the appropriate
cell density.
2.3.6 Minimum Bactericidal Concentration Determination

The cells were diluted in HEPES buffer to a cell density of 2x10° cells/mL. Cells were
either exposed to PAH AuNPs (2.81, 0.28, or 0.028 ppm) or to free PAH (21.16, 2.116, or
0.2116 ppm) for 10 minutes by mixing 180 pL of bacterial suspension with 20 uL of PAH
AuNP or free PAH suspension. Free PAH controls were performed since the PAH AuNP
suspension contained free PAH that was left over from the wrapping process. The
concentrations of free PAH present in the AUNP suspensions were determined using a
fluorescamine assay and were used to distinguish the impact of free polyelectrolyte from
polyelectrolyte presented on the AuNP surface. Following the 10-minute exposure, Six
10eL drops of each treat ment -sieelizedl LBdJagas plggee d ont o
(Burkds medi um pl Atvieedandiy.eOnee the draps abdorbed into the
agar, the plates were incubated upside-down in a 30 °C incubator overnight. The PAH
AUNP and free PAH concentration that killed at least 99% of the bacteria were recorded.
2.3.7 Transmission Electron Microscopy Analysis

Before taking images of nanoparticle-exposed bacteria with the TEM, the samples had

to be embedded in epoxy resin.>*° At an optical density of 0.8 in HEPES, the bacteria
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were exposed to 0.281 ppm PAH AuNPs for 10 min and then washed three times in 0.1 M
cacodylate buffer. The cells were fixed using 2.5% glutaraldehyde in 0.1 M cacodylate
buffer. This step proceeds for 50 min, flipping the pellet after 25 min to ensure fixation.
The pellet is then washed (without resuspension) three times in 0.1 M cacodylate buffer.
To dehydrate the cells, they were washed for 5 min with increasing concentrations of
ethanol in water (30%, 50%, 70%, 80%, 95%, and 100% ethanol). They were rinsed three
times with propylene oxide before being incubated with a 2:1 propylene oxide:resin mix
for 2 hours uncovered. Then they were incubated with 1:1 propylene oxide:resin overnight
followed by 1:1 propylene oxide:resin for 4 hours and pure resin overnight. After
replacement with fresh resin, the samples were incubated at 40 °C for 24 hours and then
60 °C for 48 hours. The samples were cut into ~70-nm-thick sections using a LEICA EM
UC6 ultramicrotome and stained with uranyl acetate and lead citrate to improve image
contrast. The sections were placed on 200 mesh copper grids that have Formvar and
carbon supports, and images were taken using a FEI Tecnai T12 transmission electron
microscope using an operating voltage of 120 kV.
2.3.8 Flow Cytometry Analysis

After the bacteria reached the late log phase, they were washed in DPBS and
resuspended in HEPES buffer. Bacterial suspensions at 4 x108 cells/mL were exposed to
2.81 ppm PAH AuNPs for 10 min and then incubated with 3.34 mM SYTO9 dye at room
temperature for 15 min. The samples were analyzed with a Becton Dickenson LSRII
SORP flow cytometer with a 20 mW, 488 nm laser, using a control set of bacteria not
exposed to NPs to draw the gates. SYTO9 fluorescence was used to distinguish bacteria
from other debris in the sample, and light scattering was used to determine which bacteria
had associated AuNPs. In total, each sample was done in triplicate, collecting
20,000 events in each run.
2.3.9 Computational Models and Simulation

The use of molecular dynamics simulations to characterize the large-scale association
and relaxation of LPS with the PAH presented on the AuNP surface can yield insight into
the underlying chemistry by resolving which sites, or sets of sites, induce interactions.*!42
Representative model structures of the LPS molecules found on the surface of
P. aeruginosa, Salmonella typhimurium, and Escherichia coli have been prepared. While
these three structures are not perfect matches for the bacteria in this panel (largely
because not all the LPS structures are well-known), they represent a range of LPS

structures and should still yield insight about critical interaction features, since they exhibit
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different overall charges and have differing numbers of phosphate units in their structure.
Several force fields have been developed for prediction of interfacial properties of
biological materials and their interactions with inorganic and organic nanostructures.*3' 46
We employed the CHARMMS36 force field because it is a transferable potential that has
been widely used and benchmarked, and it presented no challenges to the numerical
convergence in the current studies. These structures have been energy minimized and
equilibrated in the presence of 13,0007 25,000 explicit (TIP3P) water molecules
(depending on the size of the system) through equations of motion driven by the
CHARMM3E6 force field. The mixture of PAH, LPS molecules, and water is neutralized
through the addition of counter-ions that corresponds to the number of sodium cations or
chloride anions needed to neutralize the fich
corresponding column of Table 2.2. For simplicity, we use a 10-mer PAH construct as it
provides a balance between the non-chain like monomer and computationally expensive
long-chain polymers with hundreds or more monomeric units. The chemical and molecular
structure of the selected LPS have been obtained from known properties of the LPS from
the chosen bacteria listed above. Each trajectory was then propagated for 19-
20 nanoseconds at a cost of 65-75 hours of computer time on the XSEDE Bridges regular
memory nodes with 2.3 GHz Intel Xeon EP-Series CPUs and 128 GB memory per CPU.
In all cases, the PAH approaches the LPS molecule, allowing us to consider the time to

approach and the location of the approach as figures of merit (or observables).

a)

Figure 2.2. Roughandi Smoot her 0 LPS momuktioss. Bal-and-stick nenderings
of representative structures of a) rough LPS and b) rough LPS with two added O-antigen units onto
the P. aeruginosa LPS structure.

A computational study was performed to investigate PAH binding using a rough LPS

mo d e | and a LPS construct with fAsmoother o char
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according to the corresponding incorporation of O-antigens. The addition of two O-antigen
units to the rough P. aeruginosa LPS was constructed using the CHARMM-GUI*" and
models a smoother construct (Figure 2.2) useful for our systematic study. The interaction
between PAH and the LPS of P. aeruginosa, E. coli, and S. typhimurium (structures shown
in Figure 2.6), was observed through similar molecular dynamics trajectories.

The strength of the association of PAH to each LPS was evaluated from trajectory
simulations to better understand specific interactions between the polyelectrolytes and
LPS with different structures. Specifically, the changes in the interaction energies between
the LPS and PAH are calculated after the complete simulation trajectories are obtained.
The effects of the water molecules and ions on these energies are subtracted.
Consequently, the reported energies include only the contributions from the interaction
between the polyelectrolytes and LPS molecules.

2.4 Results and Discussion
2.4.1 Synthesis and Characterization of Gold Nanoparticles

We first verified the size of the citrate-capped AuNPs before and after functionalization
with PAH using several methods. Citrate-capped AuNPs in solution were validated after
synthesis by UV-vis spectroscopy®” (Figure 2.3a), which demonstrated that the
nanoparticle diameter was approximately 4 nm. After functionalization with PAH, TEM
analysis indicated that the PAH AuNPs possessed a core diameter of 4.2 + 1.2 nm
(n>200), and a representative TEM image is shown (Figure 2.3b). T h e-potntial of the
PAH AuNPs was 46.6 = 2.6 mV. Taken together, these results demonstrate that positively
charged PAH AuNPs were synthesized with uniform size distribution. In the exposure
medium, the size of the PAH AuNPs were determined to be 12 + 2 nm by UV-vis extinction
spectroscopy, indicating there was some affiliation of the nanoparticles to each other
during the exposure. The g-potential of the PAH AuNPs was 34 + 2 mV, which shows a
sl ight r e-potedial in BIEPES buffeig but the magnitude is large enough for the

particles to remain stable in suspension.
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Figure 2.3. UV-vis spectra for citrate-capped AuNPs and PAH AuNPs and a representative
TEM image of PAH AuNPs. a) UV-vis spectra reveal that citrate-capped AuNPs have a diameter
of approximately 4 nm and b) from TEM images, a core diameter for PAH AuNPs was determined
to be 4.2 + 1.2 nm (n>200).

2.4.2 Minimum Bactericidal Concentration Determination

To test their toxicity, the MBCs were determined for PAH AuNPs and free PAH (Table
2.3). With the use of the fluorescamine assay, the concentration of free PAH in the AUNP
suspension was determined to be 7.53 =+ 0.20 mg/L of PAH per mg Au/L of AuNPs.
Analyzing the minimum bactericidal concentrations showed that each of the bacteria had
different sensitivities to the toxicants used in this study. The sensitivities of each bacterium
to PAH AuNPs are A. vinelandii = P. aeruginosa > S. oneidensis MR-4 > A. baylyi >
S. oneidensis MR-1, which was tolerant to all concentrations of PAH AuNPs used in this
study. The trend identified by MBC shows that the toxicity cannot be as easily predicted
simply based on the smooth or rough character of bacterial LPS as originally
hypothesized, since the observed sensitivities do not follow a pattern correlated with LPS
type. For three of the bacteria (A. baylyi, S. oneidensis MR-1, S. oneidensis MR-4), the
toxicity of the PAH AuNPs is explained by the free PAH that is present in those
suspensions, which is consistent with previous findings.® For A. vinelandii and
P. aeruginosa, a nanospecific effect is seen for the PAH AuNPs since the concentration
of free PAH required to kill 99% of these bacteria was higher than the concentration
present in the toxic PAH AuNP suspensions. The wide range of sensitivities to both PAH
AuNPs and PAH demonstrates the importance of using a bacterial panel when assessing
nanoparticle properties that impact toxicity. From this experiment, the two bacteria

exhibiting a nanoparticle effect have been identified to be used for follow-on work to study
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the mechanism of toxicity for this nanoparticle type, whereas the other three bacteria were
merely experiencing the toxicity of free PAH.

Table 2.3. Determination of minimum bactericidal concentrations for each bacterium.
Minimum bactericidal concentration values observed for each bacterium after exposure to PAH
AuUNPs and to free PAH. The value in the column after the MBC for PAH AuNPs indicates the
amount of free PAH present in that concentration of PAH AuNPs as determined by the
fluorescamine assay.®® (Ex: 0.281 ppm of PAH AuNPs contains a free PAH concentration of
2.12 ppm). The MBCs were determined in at least triplicate measurements.

MBCpaHaunes  Free PAH present at PAH AuNP MB Crree PaH

Bacteria
(ppm) MBC concentration (ppm) (ppm)
A. vinelandii UW 00.02¢ 00.212 2.12
P. aeruginosaPAO1 OO0 . 028 00.212 >21.2
S. oneidensis MR-4 0.281 212 2.12
A. baylyi ADP1 2.09 15.8 14.8
S. oneidensis MR-1 02.81 021.2 021.2

2.4.3 Nanoparticle Association with Bacteria

Post-exposure to PAH AuNPs, the binding was visualized using TEM, with examples
where binding is visible shown with a red arrow in the top images of Figure 2.4a-e. Dark-
field TEM was utilized to confirm the presence of the diffracting AuNPs as the high
crystallinity of AUNPs greatly improves their contrast in dark-field mode,* making them
appear as bright spots amidst the bacterial matrix. The dark-field images are shown in the
bottom images of Figure 2.4a-e and the bright spots (AuNPs) can be seen at the cell
surfaces for each of the bacteria. The images show that bound PAH AuNPs cover just a
small area of the bacterial cell envelope, with upwards of tens of nanoparticles bound to
any particular bacterium. However, only a thin slice can be imaged with TEM, making it a
more qualitative technique.

To quantify NP binding to bacteria, flow cytometry was used (Figure 2.4f-h). To draw
the gates in flow cytometry to determine which bacterial population was bound by PAH
AuNPs, a control sample of bacterial cells with SYTO9 stain that was not exposed to
AuNPs was used. A representation of this data can be seen for A. baylyi in Figure 2.4f.
The bacterial cells are first distinguished from other debris by the presence of SYTQO9 stain
(top plot). The gate was then drawn using the scattering of the cells (bottom plot), as
AuNPs have efficient scattering properties, which means cells bound to AuNPs have a

higher forward and side scattering than bare bacterial cells. Therefore, the gate was drawn
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at the high edge of scattering for the bacterial cell controls for each species of bacteria.
Based on flow cytometry data, at 2.81 ppm PAH AuNP, binding was seen for all bacteria
except S. oneidensis MR-4, which showed minimal binding. The order of binding from
greatest to least is A. vinelandii (12 £ 1%), A. baylyi (6.2 + 0.8%), P. aeruginosa (5.3 +
0.7%), S. oneidensis MR-1 (4.2 = 0.5%), and S. oneidensis MR-4 (0.3 + 0.1%). These
data show that, in general, the bacteria with smooth LPS exhibit higher AUNP binding than
those with rough LPS, although for P. aeruginosa and S. oneidensis MR-1, these binding
amounts are very similar. We speculate that this is because the O-antigen of smooth LPS
generally has a larger number of negatively charged sites for cationic nanoparticles to
interact with than rough LPS.*°

Comparing the binding data with toxicity data reveals some interesting observations.
Namely, there are instances where there are similar binding amounts but different
observed toxicities (i.e. P. aeruginosa and S. oneidensis MR-1) and where there is similar
toxicity but a different amount of binding (A. vinelandii and P. aeruginosa). It is often
assumed that direct nanopatrticle interactions with the cell envelope drive toxicity, and
these simple relationships between molecular components of the cell wall and
nanoparticle properties can and have been identified.> Once you start incorporating a
wider range of organisms, however, some of these simple relationships start to be masked
by an increasing biological complexity. This indicates that there are more complex
mechanisms involved in this interaction, and identifying these other mechanisms will be
important for each nanoparticle/bacterial interaction and can lead to insight into that

biological complexity.
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Figure 2.4. Association of PAH AuNPs to bacteria as assessed by transmission electron
microscopy and flow cytometry. Transmission electron micrographs showing association of PAH
AuNPs with a) A. baylyi ADP1, b) A. vinelandii UW, c¢) P. aeruginosa PAO1, d) S. oneidensis MR-
1, and e) S. oneidensis MR-4 in bright-field (top images) with their corresponding dark-field images
(bottom images). The red arrows show an example of PAH AuNP attachment to the bacterial cell
wall. Representative data for f) A. baylyi is shown to demonstrate how the gate determining PAH
AuNP binding was drawn. With a sample of cells stained with SYTO9 and no AuNPs, the left plot
was used to determine what events were bacterial cells based on the presence of SYTO9 stain.
The right plot shows only events that had SYTO9 stain present, and the gate for AUNP binding was
drawn at the high scattering edge of the events from this control experiment lacking AuNPs.
Representative flow cytometry data for g) A. baylyi exposed to 2.81 ppm PAH AuNPs. The left plot
was used to identify cells based on the presence of SYTQO9 stain, which is the boxed region of
events | abeled ASYTO 9 Posodo. The right plot contair
the left plot, and the events with both high side scattering and forward scattering were the

population of cells with bound AuNPs. This gate was drawn using the maximum scattering seen in
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cells that were not exposed to PAH AuNPs. The blue dots correspond to cells stained with SYTO9
and the green events are stained bacterial cells that are bound to AUNPs. From flow cytometry, the
h) percentage of cells that were bound to AuNPs are shown for the bacterial species after exposure
to 2.81 ppm PAH AuNPs. *p<0.05, **p<0.001, ****p<0.0001
2.4.4 Computational Model Results

While the experiments performed cannot be done at the same time-scale as the
computational models, simulations are used here to derive some molecular-level insight
about the interaction between the PAH on the nanoparticle surface (modeled as a 10-
mer) and LPS. Representative snapshots of the motion of PAH toward LPS (from
P. aeruginosa) are shown in

Figure 2.5. The PAH molecule was seen to move towards phosphate units of the core

region in the trajectory.

Nki; m}ﬁxg}/’ ' ‘
t=0.92ns t=1.2ns t

Figure 2.5. Computational simulation of the interaction of PAH with LPS. Snapshots of LPS

from P. aeruginosa (in color-coded atoms) and PAH (with atoms in magenta) during a 19 ns
simulation of the two molecules in explicit water (not shown). The PAH can be seen migrating
toward the phosphate groups of the LPS.

Since the PAH molecules were seen to migrate to the phosphate units of LPS, the
distance between phosphorus atoms in the P. aeruginosa, E. coli, and S. typhimurium
LPS and the center of mass of the PAH molecule were monitored during the computational
simulation. The configurations of the rough LPS structures for these three bacteria along
with labeled positions for each phosphorus atom are shown in Figure 2.6. The distances

between the PAH center of mass and each phosphorus atom throughout the 19 ns
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simulations can also be seen in Figure 2.6. The PAH relaxes to equilibrium distances
within the first 5 nanoseconds of the simulation. On average, P1 shows highest proximity

to the PAH center of mass.
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Figure 2.6. LPS structures used in simulations and distance between PAH and phosphorus
atoms. Ball-and-stick renderings of representative structures (left structures) of rough LPS for
a) P. aeruginosa, b) E. coli, and ¢) S. typhimurium with labeled phosphorus atoms. The distance
between the PAH center of mass and the labeled phosphorus atoms in each LPS structure was
monitored through 19 ns simulations (right graphs).

The electrostatic association energies of PAH with rough LPS extracted from
P. aeruginosa, S. typhimurium, and E. coli were also monitored. The number of
phosphates in the core region of the LPS from S. typhimurium is one unit less than that of
E. coli and two units less than the P. aeruginosa LPS structure, allowing consideration of
the impact of the core phosphate on association with PAH. Overall charge differences

between the structures also allows for consideration of the impact of charge. The
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electrostatic association energies are shown in Figure 2.7. These graphs suggest that the
total charge of the LPS and the number of phosphate units are important parameters in
determining PAH association. The E. coli LPS has one unit less total negative charge
compared to that of S. typhimurium (Table 2.2). Consequently, we observe a slower
association of PAH to E. coli LPS. However, the E. coli LPS has one phosphate unit more
than the LPS of S. typhimurium. The combination of these two competing factors is one
possible reason for the observation of nearly equal association energy values at the end
of the simulations for E. coli and S. typhimurium LPS. On the other hand, the LPS of
P. aeruginosa has a higher negative charge and more phosphate units, leading to a
quicker association of PAH to LPS that is also stronger at the end of the simulation than
the other two bacteria.
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Figure 2.7. Electrostatic association energies during LPS/PAH interaction. Electrostatic
energies of the LPS/PAH association during a 19 ns simulation of 10-mer PAH interacting with the
rough LPS of P. aeruginosa (green), E. coli (red), and S. typhimurium (blue), whose structures are
shown in Figure 2.6.

We also investigated the different electrostatic association energies of PAH with
increasingly smooth LPS character. The degree of PAH association to the rough LPS-
exhibiting P. aeruginosa was compared to that of a smoother construct of P. aeruginosa
with two added O-antigen units and is shown in Figure 2.8. The LPS structure of
P. aeruginosa with two added O-antigen units has a total charge of -14. The changes in
the LPS/PAH electrostatic association energies and the distance between a selected
phosphorus atom and the PAH center of mass are shown in Figure 2.8. The traces in
Figure 2.8 suggest that PAH associates to the O-antigen sections of the smoother LPS

molecule at early stages of the simulation and finally moves toward the phosphate units

40



in the core region. Moreover, the addition of two O-antigen units does not significantly
slow down the overall movement of PAH towards the core region of LPS. Typically, smooth
LPS has many more than the two repeats of O-antigen monomer used here. In the case
of the B-band in P. aeruginosa, for example, there can be greater than 50 repeats. Future
computational work will build toward this more complex LPS structure. Since the B-band
LPS structure of P. aeruginosa PAO1 has many more negatively charged sitesd because
many of its sugars are amino-derivatized uronic acid or fucose moieties,*®d this band is
expected to offer more binding sites for cationic particles than the more hydrophobic A-
band. Therefore, smooth LPS should have many more binding sites that extend further
into solution than those of rough LPS. This is likely why we see more binding to the
bacteria with smooth LPS in our experimental work.

[ [ |
. 0 | Rough N
o6 -300 L Smooth _
%6 -600 —I'?l'- .
.
_— - - ’ ]
=19 900 .
W 1 1 A |
2 1500 | i «ff“‘"&'“ *th'ww ,.&‘h
-1800 | | \I .
oz 50 .
3
> 40 1 i
« ph
= 30 P i
- ‘\
= .
< 20 —
n
e 10 -
0 ]‘M”WPMN i L A L T 5 ’ .
| | |
0 5 10 15 20
time (ns)

Figure 2.8. Electrostatic association energies and PAH/phosphorus distance for PAH with
rough and @ s mo Bldcthostatio endrgies of the LPS/PAH association (top) and the
distance between a selected phosphorus on LPS to the PAH center of mass (bottom) during a

20 ns simulation of 10-mer PAH interacting with the rough (green) and smoother (purple) LPS
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constructs from P. aeruginosa, whose structures are shown in Figure 2.2. (Note that the
electrostatic energy trace for rough LPS is recapitulated from Figure 2.7 to facilitate interpretation.)
2.5 Conclusions

This work exploits a set of bacteria that represent a diverse array of environments
where nanoparticles may be released. These bacteria also have important ecological
roles, making any effects felt by them impactful on overall environmental health. We
demonstrated the use of this bacterial panel in monitoring the toxicity of a model
nanoparticle, PAH AuNPs. While we observed increased PAH AuNP binding for bacteria
with smooth LPS compared to those with rough LPS, the resulting toxicity did not follow
this same trend. We expected that the toxicity observed would correlate with the binding
of these NPs to the bacteria, aproce ss medi ated by the bac
major surface structure, making up 75% of the Gram-negative bacterial surface for some
bacteria.® In reality, the situation is more complex, which demonstrates the importance of
using a bacterial panel for nanotoxicity studies. Regardless of the care in controlling for
many variables, biology can introduce complexity to otherwise simple relationships.

The increased complexity of the biological panel presented here can be used for
several applications. Due to the different LPS present on the surface of these bacteria,
this panel is a good candidate for investigating bacterial surfaces. Indeed, the results
obtained from the molecular dynamics simulation yield early insight into the interactions
of polyelectrolyte-wrapped NPs with bacteria by taking the sugar sequences of the LPS
into account. This panel is also good for an initial screen of nanopatrticle toxicity; in using
this bacterial panel, we can identify which bacteria are experiencing an effect specific to
nanoparticles, which merit further investigation. While we would expect different results
than those presented here if different NPs were used, this Gram-negative bacterial panel

can be adapted for use with a range of nanomaterials.
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Chapter 3

The Technologically Relevant Complex Oxide Battery Material,
Ni-enriched NMC, has Differential Toxicity to S. oneidensis MR-1

and D. magna
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Adapted from: Buchman, J.T.; Bennett, E.A.; Bennett, J.W.; Wang, C.; Abbaspour
Tamijani, A.; Hudson, B.G.; Clement, P.L.; Zhi, B.; Green, C.M.; Henke, A.H.; Laudadio,
E.D.; Hamers, R.J.; Mason, S.E.; Klaper, R.D.; Haynes, C.L. The technologically relevant
complex oxide battery material, Ni-enriched NMC, has differential toxicity to S. oneidensis
MR-1 and D. magna. In preparation.
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3.1 Overview

Lithium intercalation compounds, such as the complex metal oxide, lithium nickel
manganese cobalt oxide, have demonstrated importance due to their utility as energy
storage materials. In response to recent concerns about the global supply of cobalt,
industrially-synthesized NMCs are shifting from using equal stoichiometries of nickel,
manganese, and cobalt, to enriching the nickel content of these materials. However, nickel
is one of the more toxic components of NMC materials, meriting investigation of the toxicity
of these materials on environmentally-relevant organisms. Herein, the toxicity of both
nanoscale and microscale Ni-enriched NMC to the bacterium, Shewanella oneidensis MR-
1, and the zooplankton, Daphnia magna, was assessed. For the bacterium, all of these
materials exhibited similar toxicity when exposed to equal surface area-based doses.
Material dissolution to toxic species, namely nickel and cobalt ions, was modelled using
density functional theory calculations, which showed an increase in material stability due
to the Ni-enriched material containing nickel with an oxidation state >2. This increased
stability means that similar dissolution is expected between Ni-enriched NMC and
equistoichiometric NMC. In fact, similar dissolution to the toxic species was found in
experiments, which correlates to the similar toxicity seen when S. oneidensis were
exposed to these materials. For D. magna, nickel enrichment increased the observed
toxicity for the nanoscale materials, while microscale materials indicated no toxicity. As in
previous work, the bulk release of ions from NMC materials did not reduce the viability of
D. magna. Different ROS profiles were noted for the materials in the bacterial and daphnid
media. Nanoscale and microscale materials both associate with the surface of
S. oneidensis whereas with D. magna, the nanoscale materials tended to adhere to the
daphnid carapace and the microscale materials were largely ingested. This work
demonstrates that for organisms where the major mode of toxicity is based on ion release,
including more nickel in NMC does not impact toxicity due to increased particle stability;
however, for organisms where the core composition dictates the toxicity, including more
nickel in the redesign strategy may lead to greater toxicity due to NP-specific impacts on
the organism.
3.2 Introduction

Complex metal oxides are used in a variety of applications, such as catalysts or as
cathode materials for lithium ion batteries.!? Layered lithium-intercalation compounds
such as LiCoO, have long served as the primary cathode materials for lithium ion

batteries.® In recent years, concerns about the potential global supply of cobalt has driven
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increasing interest in exploring compositions that replace cobalt with nickel, manganese,

and other more earth-abundant transition metals.* Therefore, materials of the general

composition LiNixMnyC01xyO2, herer ef erred t o as ANMC, 0 have

low cost of nickel and manganese compared with cobalt.

Increases in NMC commercialization lead to correspondingly larger manufacturing
guantities and therefore increased potential for environmental release. Recent estimates
predict that by 2025, worldwide manufacture of NMC materials will be between
136 kilotons/year and 330 kilotons/year, where the exact amount of nickel, manganese,
and cobalt depends on the cathode stoichiometries used.® While many present-generation
cathodes use particles with primary sizes in the micron size range, nanoscale materials
have been shown to improve certain performance characteristics such as charge rate.®'8
As a result, nanoparticulate materials are increasingly being used in both cathodes and
anodes. Furthermore, even for large particles, weathering of electrodes during use leads
to extensive fracturing and formation of much smaller particles, including those in the
nanoparticle size regime.% 11

Within the family of NMC materials, the equistoichiometric composition,
LiNi1/asMn13C01305, someti mes r ef BMQ ‘®4dis theomost stabld as3it3
perfectly balances the preferred oxidation state of all three metal ions: Ni?*, Mn*", and
Co® 121415 vet, economic driving factors are leading to rapidly increased
commercialization of Ni-enriched materials such as LiNigsMng2C00.202 (622 NMC) and
LiNio.sMng.1C00.102 (811 NMC). In order to balance the oxidation states, increases in nickel
concentration lead to some of the nickel being present in the 3+ and 4+ oxidation states,
which are highly reactive. As a result, such Ni-enriched NMC materials are expected to
show unusual reactivity when compared to 333 NMC, as high-valence cations tend to
change the lattice stability.® If such ions are released into aqueous media, they are also
able to induce reactions such as the oxidation of OH" to -OH, a highly potent oxidizing
agent. Because of the significant changes in stability and reactivity, many studies have
been devoted to understanding how these changes impact the utilization of Ni-enriched
NMC materials for energy storage. However, no prior studies have investigated how such
high nickel concentrations impact chemical transformations relevant to understanding the
environmental impact of this class of materials.

Here, we report investigations of the impact of Ni-enriched NMC compositions on two
model organisms relevant to understanding the potential environmental impact that could

result from release of these materials into the environment. Both Shewanella oneidensis
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MR-1 and Daphnia magna are aquatic organisms that represent different trophic levels.
In this work, they are used as model organisms for assessing environmental impact, as
they are ubiquitous in a range of aquatic environments, making them likely to be exposed
to NMC in the event of aquatic introduction. S. oneidensis is capable of respiring many
different metals in its environment,!’ and D. magna is an important component of the
freshwater food web and is sensitive to many environmental pollutants.*® Daphnids are a
parthenogenetic organism and therefore maintain nearly identical genetic composition
throughout a population, which makes them ideal for experimentation.

Our results show that at matching surface area-based doses, all of the NMC materials
studied here had similar toxicity to our bacterial model, S. oneidensis. Dissolution analysis
of the nanoscale materials reveals that the dissolution to ions toxic to S. oneidensis,
namely nickel and cobalt, is similar between 333 and 622 NMC. In contrast, with D. magna,
nickel-enriched NMC nanoparticles exhibited a higher toxicity than 333 NMC
nanoparticles. This comparative work demonstrates the importance of using multiple
organisms to assess environmental toxicity of a nanomaterial, and shows how the same
strategy to redesign a hanomaterial can have different organismal impacts based on the
nanomaterial toxicity mechanism.

3.3 Experimental
3.3.1 Materials

Nickel (II) chloride hexahydrate (NiCl,-6H,Q), magnesium chloride (MgCly),
ammonium chloride (NH4Cl), calcium chloride (CaCl.), hydrogen peroxide (H2O2) , - 4 Nj
ami nophenyl f | uor e sdcldorofluoréséirPdiagetate @sDEF-C2ANyyere Nj
purchased from Thermofisher Scientific (Waltham, MA). Sodium chloride (NaCl), sodium
sulfate (Na,SO.), dibasic sodium phosphate (Na;HPO.), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), dimethylsulfoxide (DMSO), manganese (ll)
nitrate tetrahydrate (Mn(NOs)2-4H20), cobalt (ll) nitrate hexahydrate (Co(NOs).-6H-0),
and lithium nitrate (LINOs) were obtained from Sigma-Aldrich (St. Louis, MO). Manganese
(I1) sulfate monohydrate (MnSQO4-H20), cobalt () chloride hexahydrate (CoCl,-6H,0), and
potassium chloride (KCI) were acquired from Mallinckrodt (St. Louis, MO). Propylene
oxide and 10% glutaraldehyde in water were purchased from Electron Microscopy
Sciences (Hatfield, PA). Poly/Bed® 812 resin kit was obtained from Polysciences, Inc.
(Warrington, PA). A horseradish peroxidase (HRP) solution containing Triton-X and
cholate, came from an amplex red kit that was acquired from Cayman Chemical (Ann

Arbor, MI). Absolute ethanol was purchased from Pharmco-Aaper (Brookfield, CT).
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Sodium lactate and nickel (Il) nitrate hexahydrate (Ni(NO3)2-6H20) were purchased from
Alfa Aesar (Haverhill, MA). Lithium hydroxide monohydrate (LiOH-H>O) was obtained from
VWR (Radnor, PA). Luria-Bertani broth and agar were purchased from BD Difco (Franklin
Lakes, NJ). Commercial 333, 622, and 811 NMC (herein referred to as ¢333, ¢622, and
c811 NMC) were acquired from Electrodes and More (Richardson, TX). Ultrapure water
(18.2 MqgqlLcm resistivit yQMilpoaeswater purifichtionesgsterh
(Billerica, MA). S. oneidensis MR-1 BAA1096 was purchased from the American Type
Culture Collection (Manassas, VA).
3.3.2 Synthesis of NMC Nanoparticles

333 NMC nanoparticles were synthesized using a two-step procedure. First, a nickel
manganese cobalt hydroxide precursor was synthesized via a co-precipitation technique
in which an aqueous mixture of 0.2 M Ni(NOs3)2-6H,0, 0.2 M Mn(NO3),-4H,0, and 0.2 M
Co(NOs3)2-6H,0 was added dropwise to 0.2 M LiOH under magnetic stirring. To make 622
NMC nanosheets, the following concentrations were instead used: 0.3 M Ni(NO3).-6H-0,
0.1 M Mn(NOs)2-4H,0, and 0.1 M Co(NOs)2-6H,0. A dark brown precipitate of metal
hydroxides was collected via repeated cycles of centrifugation (Thermo Scientific Sorvall
Legend X1R centrifuge with Thermo TX-400 rotor, 4696xg) and resuspension in water
(1x) and methanol (4x) followed by drying under vacuum at 30 °C. This metal hydroxide
precursor (D500 mg) was then added to a 10 g molten flux containing 6:4 molar ratio of
LiNO3:LIOH at 230 °C in a high-alumina crucible. The reaction was quenched after 3 hours
using ultrapure water, producing NMC with a nanosheet morphology. These nanosheets
were isolated using repetitive cycles of centrifugation at 4696xg and resuspension in water
(2x) and methanol (3x) and dried under vacuum at 30 °C. The collected pellets were
ground into a fine powder using an agate mortar and pestle. These purified nanoparticles
were characterized using powder X-ray diffraction (XRD), inductively coupled plasma
optical emission spectrometry (ICP-OES) to determine NMC stoichiometry, scanning
electron microscopy, and nitrogen physisorption prior to being used for ion release and
toxicity studies.
3.3.3 Characterization of NMC Stoichiometry

To analyze the chemical composition of both synthesized 333 and 622 NMC
nanosheets, a PerkinElmer 4300 Dual View inductively coupled plasma optical emission
spectrometer was used. First, solid materials were completely dissolved in freshly made
aqua regia (3:1 v/v mixture consisting of 37% v/v HCIl and 70% v/v HNOs; caution: aqua

regia is highly corrosive!) through soaking overnight. Then the dissolved contents were
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diluted with ultrapure water and analyzed. The standards were prepared using a certified
reference solution and the blank was 2% aqua regia aqueous solution. The ion
concentrations were measured using three analytical replicates.

3.3.4 Powder X-ray Diffraction (XRD)

To analyze the structure of NMC materials, a Bruker D8 Advance Powder X-ray

di ffractometer with a Cu KU source wasaused.

SiO; zero diffraction plate (MTI Corporation, Richmond, CA) and smoothed out with a
spatula before analysis.
3.3.5 TEM and EDS of NMC

To acquire TEM images of the samples, the stock NMC materials were suspended in
ultrapure water at 500 ppm and sonicated for 10 min to ensure dispersal. Afterward, 2 pL
drops were placed on a 200 mesh TEM grid made of copper with Formvar and carbon
supports (Ted Pella, Inc., Redding, CA). The grids were allowed to dry overnight prior to
using a FEI Tecnai T12 TEM to acquire images at an operating voltage of 120 kV.

To determine the ratio of transition metals in each NMC material, energy-dispersive X-
ray spectroscopy (EDS) was used. EDS spectra for the materials were acquired with an
Oxford INCAXx-sight EDS that was paired with the T12 TEM. TEM was used to focus on
the NMC material, and then EDS was acquired for 0-10 keV with an ultrathin window Si(Li)
detector. The ratios of the transition metals in each material were determined using the
atomic percentages reported by EDS.

3.3.6 Morphology Characterization using Scanning Electron Microscopy

To characterize the morphology of the 333 and 622 NMC nanosheets, a methanolic
colloidal suspension of each NMC was made and drop-cast onto boron-doped Si wafers.
For imaging, a Leo Supra55 VP scanning electron microscope (SEM) was used with a
standard in-lens detector (3 kV incident electron energy).

3.3.7 Surface Area Measurements

The Brunauer-Emmett-Teller (BET) specific surface areas of 333 and 622 NMC
nanosheets were determined using N, adsorption/desorption isotherms obtained from a
Micromeritics Gemini VIl 2390 surface area analyzer. Each sample holder (Micromeritics)
was loaded with D70 mg of powder (~100 mg were used for commercial 622 and
commercial 811 NMC samples) and outgassed at 120 °C under vacuum for 1 h using a
Micromeritics VacPrep 061 sample degas system. The sample was subsequently
introduced into the surface area analyzer and measured over the relative pressure range
(PIPo) of 0. 0571 Qis ti# satuvatecpressur® of N..
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3.3.8 Zeta Potential of NMC in Exposure Media

To det er mpotential af NMC insthe exposure media, each NMC sample was
suspended in either bacterial medium or moderately hard reconstituted water at a
concentr at i o motential m2dsurements .were acquired using a Brookhaven
ZetaPALS instrument.
3.3.9 Bacterial Culture Conditions

S. oneidensis MR-1 BAA1096 was stored at -80 °C until needed. Then, the bacterial
suspension was streaked onto a sterile LB agar plate and incubated overnight at 30 °C.
Two colonies were inoculated in LB broth and incubated for ~16 hr (300 rpm, 30 °C). The
bacteria in late log phase were centrifuged at 750xg for 10 min and resuspended in 0.85%
NaCl. They were again centrifuged (10 min, 750xg) and resuspended in bacterial medium
(composed of 11.6 mM NacCl, 4.0 mM KCI, 1.4 mM MgCl;, 2.8 mM Na;SO4, 2.8 mM NH4CI,
88.1 eHPOMNa50. 5 £MmMUAERES, and 100 mM sodium lactate). The
ODsoo Was determined and adjusted as needed.
3.3.10 Bacterial Growth-based Viability Assays

To determine the toxicity of the NMC samples to S. oneidensis, a previously published
growth-based viability assay protocol was adapted.?® Briefly, the ODgoo Of S. oneidensis in
bacterial medium was adjusted to 0.1 and then exposed to 333, 622, c622, and ¢c811 NMC
at surface area-based concentrations (determined based on BET analysis) ranging from
0.18-2.8 m?/L in a 96-well plate for 3 hours with agitation. For ion controls, bacteria were
exposed to a mixture of LiIOH-H20, NiClz-6H>0, MnSO4-H20, and CoCl,-6H,0 so that the
concentrations of each metal matched the released concentration determined by ICP-MS
for each nanoparticle exposure. In parallel, a calibration curve was set up using the stock
bacterial suspension and diluting 1:1 with bacterial medium to get a range from 6.25-100%
viable. After exposure, 5 pL of each suspension was diluted into 195 pL of fresh LB broth
and ODgo was meas ured wusing a Bi o-nedk mSopate readgrE 2 mu |
taking measurements every 20 min after 30 s shaking overnight. The resulting growth
curves were analyzed using the R package provided by Qiu et al. to determine the
bacterial viability post-exposure.®
3.3.11 Daphnia magna Culture Maintenance

D. magna were originally acquired from Aquatic Research Organisms (Hampton, NH)
and were then maintained in the lab of Dr. Rebecca Klaper at the University of Wisconsin-
Milwaukee School of Freshwater Sciences following guidelines described by the US EPA.

D. magna were kept in moderately hard reconstituted water (daphnid medium), which was
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produced at 2x concentrations and diluted to 96 mg/L NaHCO3, 60 mg/L CaSO., 60 mg/L
MgSOs, 4 mg/L of KCI, and 0.02 ml/L of Na,SeOsA 5,8 (added using a 330 mg/L
Na,SeOsA 5,8 solution). Media was aerated with an air stone for 48 hours before use.
The cultures were kept at a population density of 20 adult daphnids/L in an incubator at
20 °C with a 16:8 light:dark cycle. The cultures were fed three times a week using 25 mL
of algae (Raphidocelis subcapitata, 500,000 algal cells/mL) as well as 10 mL of alfalfa
(Medigo sativa) supernatant (prepared by suspending 8 grams in 1 L of Milli-Q water and
agitating the suspension for 20 min at 130 rpm on a Thermo Scientific MaxQ 4450 orbital
shaker).
3.3.12 Daphnia magna Acute Toxicity Assays

D. magna were exposed to five different types of NMC materials: commercially
produced microscale ¢333, ¢622, and ¢811 NMC, as well as 333 and 622 NMC materials
synthesized in the lab. To test the toxicity of released ions, D. magna were also exposed
to a mixture of LIOH-H20O, NiCl,-6H20, MnS0O4-H>0, and CoCl,-6H>0 at concentrations
equivalent to those that were determined to be released by the nanoparticles. NMC stocks
were prepared by adding 2.0 mg of NMC material to Milli-Q water (40 mL) to bring the
concentration to 50 mg/L. The stock was sonicated for 10 minutes immediately prior to
use. D. magna neonates (<24 hours old) from adults aged 14-28 days were placed in
10 mL solutions (comprised of 5 mL of 2x daphnid medium, and a combination of NMC
stock for desired nanoparticle concentration, and Milli-Q water). The nanoscale NMC
materials were tested at concentrations ranging from 0-2.8 m?/L, and the commercially-
available, microscale NMC materials were used at concentrations ranging from O-
0.024 m?/L (corresponding to mass-based doses ranging from 0-10 mg/L). Exposures
included 4 replicates per treatment with 5 neonates per replicate, and acute toxicity tests
were conducted as per OECD guideline 202 with the assays being run for 48 hours with
no food supplementation during this time. S