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Abstract
Nanomaterials occur naturally in a variety of forms. They exist, for example, in the
aerosols produced from sea spray and in the particulates produced from incomplete
combustion of hydrocarbons. In the lattel"2@ntury, developmerf instruments such
as the scanning tunneling microscope and atomic force microscope have allowed us to
directly see and to manipulate nanoscale matter. Armed with these instrumental
capabilities and a desire to push the limits of our ability to createnamipulate matter,
we have begun to engineer nanomaterials for our own use. Today, nanomaterials are used
as additives in numerous commercial products to improve performance and/or reduce
cost. Examples include silver nanomaterials in fabrics to infmigitobial growth and
titanium dioxide nanomaterials in outdoor paints to reduce weathering. Less often,
nanomaterials serve a primary function in product performance; one important example
of this is the use of nanoscale mixed metal oxides as cathodeatsatelithiunmion

batteries, used in some electric vehicles.

The increasing commercial use of engineered nanomaterials increases direct human
contact with nanoscale matter beyond that which formerly occurred naturally. Taking a
proactive view of theseeselopments, a small group of researchers began, in the early
2000s, to assess the implications of nanomaterial exposure on human health, giving rise
to the field of nanotoxicology. In recent years, the field has expanded its focus beyond
human health tanclude environmental health, recognizing that the waste streams
resulting from the production, use, and disposal of products containing nanomaterials
serve as new sources in natural environments. The goal of environmental nhanotoxicity
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research, of which mgissertation research is a part, is to promote the sustainable use of
engineered nanomaterials by assessing their environmental toxicity and inforning the
designin order to minimizeenvironmental impacis a project rooted in chemistry, my
dissertatio focuses in particular on identifying molecular structures, both nanomaterial
and biological, that can be used to predict and control the environmental impact of

nanomaterials.

My research focuses on characterizing the interactions of commercially televan
nanomaterials with microorganisms, which play fundamental roles in healthy ecosystems.
The bacteriunShewanella oneidendidR-1, grown in culture, was used throughout my
research as a model, albeit greatly simplified, of microorganism communities fial natu
environments. This particular bacterium was chosen due to the worldwide distribution of
its genusshewanellaand its ability to survive in many environments, including aerobic,
anaerobic, lowtemperature, and higéalinity environments. Using thisastically

simplified model greatly facilitates isolation of experimental variables, which would be
much more difficult to achieve in the extremely chemically complex environment of soll
or water samples collected from nature. This, in turn, greatlytéaesi hypothesis

testing. However, experimentation using samples obtained directly from nature is also
necessary to develop a complete understanding of nanomaterial behavior in the

environment.

My research specifically addresses the following questionsitWipact does natural
organic matter (a ubiquitous component of natural sediments, soils, and water bodies)

have on nanoparticle toxicity to bacteria in aquatic environmétag”can we visually
v



observe nanomaterial interactions with bacteria, both oflwdiie near or below the
diffraction limit of light, under hydrated conditiong?hich structures on the bacterial

cell surface primarily interact with nanomaterials? By what mechanism(s) might
nanoscale battery cathode materials be toxic to bacasrtnow can we design less

toxic material® The five major outcomes of my research, briefly summarized below, are

presented in detail in Chapter$2

To address the first question (Chapters 2 and 3), | investigated the interactions between
silver nanoparti@s (also silver ions produced under aerobic conditions by the
dissolution of silver nanoparticleahd natural organic mattéMatural organic matter is a
complex mixture of polysaccharides, proteins, nucleic acids, and lipids and is produced
through tle decomposition of vegetative and microbial matter. Engineered nanopatrticles
entering natural environments, including soils, sediments, and water bodies, will
inevitably encounter natural organic matter. Previous research has demonstrated that
nanoparticlégransport, persistence, and toxicity are influenced by interactions with
natural organic matter. However, some repootsflict with these results and have
demonstrated little or no impact of natural organic matter on nanoparticle behavior (e.g.,
colloidd stability). This conflict may result from a lack of attention paid to differences in
the chemical compositioof natural organic matter derived from various natural sources.
Thechemical heterogeneityf natural organic matter in various natural envirenis is
significant, but researchers have often considered it &sbe a n dlas® af mdiecules
thathas common patterns of interaction witlanoparticles. My research, conducted in
collaboration with Drs. Philippe Bihlmann and Maral Mousavi at theéJsity of
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Minnesot® Twin Cities, sought to more specifically define the characteristics of natural
organic matter that influence the behavior of silver nanoparticles and ions in natural

aguatic environments.

This research revealed that natural organittenadsorption to silver nanoparticlkasd
binding to silver ions depend greatly on the concentration of sites with high affinity for
silver (e.g., sites rich in S and N). This result was affirmed by subsequent experiments
with Shewanellawhereinsilver nanoparticles and ions were less toxic only when first
exposed to natural organic matter with this high binding affinity. This research also
demonstrated a novel application ofiselective electrodes in retine monitoring of

the dissolution kinetics dfilver nanoparticles and the kinetics of natural organic matter
binding to silver ions. This approach represents a significant improvement over the
previous stat®f-the-art (i.e., inductivelycoupled plasma optical emission
spectroscopy/mass spectromgtiyhich was limited to observing total silver
concentration only (rather than distinguishing complexed and free forms of silver) and
could be applied only at discrete tirpeints rather than being used for continuous

measurements.

To address thproblem d visually observinghanomaterial interactions withacterial

cells (Chapter 4)I developed a novel and facile method to fluorescently stain bacterial
cell surfaces for supeesolution fluorescence microscopy (SRFM). SRFM is uniquely
capable of visualizig biological samples with high (swliffraction-limited) resolution
under hydrated conditions. Electron microscopy, the current gold standard for high

resolution imaging, achieves higher resolution than SRFM but requires that samples be
Vil



dehydrated and emeldded in resin, procedures that can significantly alter the sample
from its native state. Despite this advantage over electron microscopy, SRFM has been
underutilized due to the complex fluorescent labeling strategies required. Current
strategies based @enetic encoding of fluorescent proteins and fluorescent-small
molecule labels require significant development time and are not generalizable across

bacterial types (i.e., grajpositive and grarmegative bacteria).

The fluorescent labeling strategy | deped uses only commercially available reagents

and can be used to label both grpositive and grarmegative bacterial cells. Utilizing

the imaging instrumentation and resources at the Pacific Northwest National Laboratory,
Richland, WA and withthecotaor at i on of Dr . Ga lres@utioBr r 6 s
images of the gramegativeShewanella oneidensid the granpositiveBacillus

subtiliswere acquired using two SRFM techniques (structilheshination microscopy

and stochastic optical reconsttion microscopy). In addition, structurdtimination
microscopy was performed to visuali@aewanella oneidensexposed to fluorescent
cadmium selenide/zinc sulfide cesbell quantum dots under hydrated conditions. This
method achieved sufficient restibn to determine that quantum dots were bound to the

cell surface withoutranslocatingacross the cell membrane.

Research to further characterize the site of bacteriahealbmaterial interactions was
motivated in part by the aforementioned SRFM imggif Shewanella oneidensis

exposed to quantum dots. My goal was to determine which surface membrane species
mediated the interaction of the quantum dots with the bacterial cells. | hypothesized that

lipopolysaccharides, abundant molecules in the outéeted graninegative bacterial
viii



cell membranes and extending from the membrane surface into the surrounding solution,
was the criticabpecies. Lipopolysaccharides form a highly ciogsed, hydrated barrier
that helps protect the lipid membrane from dgencaused bgntimicrobial peptides,
hydrophobic antibioticsand surfactantdJsing ethylenediaminetetraacetic acid to release
divalent cation crosslinkers between adjacent molecules, | reduced the concentration of
lipopolysaccharides in the outer mentaf live Shewanella oneidensiglls. After

exposing cells with either intact or depleted lipopolysaccharides to gold nanoparticles, |
guantified nanoparticko-cell association using a novel flow cytometry method
developed in this work. This method éoited the high lightscattering cross section of

gold nanopatrticles as well as fluorescent labeling of cells to rapidly screen cells for gold
nanoparticle association with high throughput. To more precisely assess
lipopolysaccharideanoparticle interaains, parallel experiments using supported lipid
bilayers were conducted by Dr. Kurt Jacobson in the laboratory of Dr. Joel Pedersen at
the University of Wisconsih Madison. The association between gold nanopatrticles and
supported lipid bilayers containiniggbpolysaccharides was quantified using quartz

crystal microbalance with dissipation. Use of supported lipid bilayers enabled greater
control over lipopolysaccharide concentration and length than was possible using whole
cells Our combined results show#that lipopolysaccharide density and length determine
the extent and distance of nanoparticle interaction with the-geayative bacterial cell

outer membrane. This work provides a basis for predicting the extent of interaction

between nanopatrticles and graegative bacteria, whose constituent lipopolysaccharides



vary in length and density, and for engineering nanoparticles with enhanced or reduced

bactericidal activity.

The environmental implications of nanomaterial use in lithiambatteries is the sudgjt

of the final experimental chapter of my the€ifiapter 6. This research, performed in
collaboration with Mimi Hang from the laboratory of Dr. Robert Hamers at the

University of Wisconsid Madison, focused on nanoscale lithium nickel manganese

cobalt oxde (NMC), currently used as a cathode material in the batteries of some
commercially available electric vehicles. The goal of this research was to characterize the
impact of NMC exposure ac8hewanella oneidensimd to use this knowledge to propose

a modfied material design that reduces potential biological and environmental impacts.
Our results show that exposure to NMC reduces bacterial growth and respiration and that
this effect is attributable to leaching of metal ions (in particular Ni and Co spé&oies

NMC in agueous environments. Subsequently, we synthesized a seriesafibtred

(and Ni and Coedepleted) NMC species and characterized their impaShemwanella
oneidensis Manganese enrichment significantly
toxicity. Ongoing research is focused on developing new synthetic strategies to limit
metal ion leaching, including capping NMC with an insoluble layer, such as lithium iron

phosphate.

In summary, this research has identified several moletaitat phenomea that govern
engineered nanomaterial interactions with bacterial cells, which are key members of

natural ecosystems. By contributing to a more complete and fundamental understanding

r



of engineered nanomaterial behavior in the environment, the authorthigesssearch

will promote the sustainable and responsible use of engineered nanomaterials.
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1.0 Introductory Chapter Overview

Chapter 1 reviews amatitically analyzes the applications of analytical methiods
nanotoxicologyresearchlt providesthe readewith perspective othefield of
nanotoxicology that will aid in understanding the subsequent experinileesédchapters
(Chapters ). Chapter 1is divided into two mairsectionsthe first focuses on methods
usedto characterize the dynamic physical and chemical properties of nanomaterials
themselvesvhile the second focuses on methadsdto characterize nanomaterial
interactions with biological system§his structure was chosen in part to emphabiee
importance of linkingspecificphysical and chemical propertiesnanomaterials with
their toxicityto organismsWhile the need for establishing this linkay seem obvious,
researchers face many expeental challenges idoing so Whereas a molecular
toxicologist can assume that a mole of molecules under consideration is chemically
uniform, a nanomaterial toxicologist cannot; nanomaterials, no matter how carefully
synthesized, display a distributionafemical and physical properties. In addition,
nanomaterials routinely undergo chemical and physical transformatibogh

laboratory andhatural environmentd'he dynamic behavior of nanomateriadakes it
challenging fomanotoxicologists to define ¢hphysical and chemical properties that
contribute to their toxicity. Chapter 1 aims to assist researchers in this endeavor by
reviewing the available analytical methdds characterizing the dynamic behavior of
nanomaterialeind highlighting deficiencieg he chapter then shifts attention to the
characterization of nanomaterials vitibiological systemsThe analytical methods

reviewed in this section address two ma&gperimental challenges facing



nanotoxicologists: the difficulty of visualizing nanoteaal interactions with biological
systems given the small size of nanomaterials, and the difficulty of extracting changes in
chemical signal from noise given the chemical complexity of biological environments.
Chapter 1 concludesith perspective on howanotoxicology researatanimpact
nanotechnology development, consideringlithies between experimental and
mathematical/computational approaches to characterize nanomaterial toxicity, the need
for causal, as opposed to correlative, knowledge of namoialetiological interactions,

and theneed for collaborative research efforts across the physical and biological sciences.

1.1Introduction

Nanotoxicology, the study of nanomaterial toxicity to biological systems, has become a
vibrant area of research @vthe past ten years. Two main factors drive this enthusiasm:

(1) industrial interest in engineered nanomatefissding to their increasing use in
consumer products and increasing possibility of human and environmental expdsure;

and (2) the unique physical and chemical properties of nanomaterials relative to their
bulk counterparts. The rapid growth of academic research in nanotoxicology is evidenced
by the sharp increase in the numbeanticles published on this subject over the past
approximately ten years (Figure 1).€lfollowing review highlights the analytical

methods used in nanotoxicology research, encompassing methods that probe the dynamic
physical and chemical properties ohoanaterials (section 1) as well as methods that
assess interactions between nanomaterials and biological systems (section 2). We will

restrict our discussion to the toxicity of engineered nanomaterials, the subjects of the vast



majority of nanotoxicity stdies to date, as opposed to naturally occurring nanomaterials.

The content of this review will be weighted towards work that has been published within

the past three years; almost 50% of the citations fall in the periodZ1E3
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Figure 1 Returnsfot he search term AnanotoXxicol ogyo c

organized by publication year.

Unigue experimental challenges distinguish nanotoxicology research from the more
classical field of molecular toxicology. Among these are the highly dyneimeimical
composition and physical properties of nanomaterials (Figure 2). Nanomaterials routinely
undergo both chemical and physical transformations even under controlled laboratory
conditions through mechanisms including dissolution, release of ligastddettorate

their surface, adsorption of secondary specigg, (eroteins), and aggregation.
4



Characterizing these dynamic chemical and physical properties is crucial to identifying

the mechanism of interaction with biological systems and the nanom&i&rcatly. Even

in the absence of these transformations, a population of nanomaterials does not have a
uniform chemical or physical identity. While a mole of a particular molecule is composed
of chemically identical units and is thus chemically uniform,cdenof a particular

nanomaterial exhibits a distribution of chemical and physical parameters like oxidation

state, size, and shape.

Physijcay transformations

Figure 2. Physical and chemical transformations of silver nanoparticles are depicted to

illustrate the dynamic propersief nanomaterials in general. Arrows are used to guide

the eye along the progression of a particular transformation over time. Depicted from left
to right: agglomeration of proteicoated nanoparticles (containing a diffuse layer around
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the nanoparticleare); oxidation of nanoparticles to release ionic silver; oxidation of the
nanoparticle surface to form a layer of silver oxide; and agglomeration of pristine

nanoparticles.

An additional, and equally important, set of experimental challenges ariseth&great
variability in chemical composition and structural complexity of commercially used
nanomaterials. In commercial products, nanomaterials are used as chemically inert or
active additives that impart desired qualities, such as increased hardsedace area,
antimicrobial behavior, UV protection, and colorihp some important emerging
applications, nanomaterials serve not just as useful additives, but form the basis of
product performance. This includes digivery for cancer theragyenergy

conversiorf and energy storage materi&lSanomaterials used in these and other
commercial applications are highly variable in size, shape, chemical composition, surface
functionalization, crystallinity, and incorporation into secondary strast(e.g., polymer
films). The chemical and structural diversity of nanomaterials, which is likely to increase
as new generations of nanomaterials are developed, leads to highly variable modes of
interaction with biological systems, challenging the esthbiient of standard

toxicological methods. This challenge has been addressed in two primary ways in the

nanotoxicology literature.

In the first approach, known routes of nanotoxicity, including disruption of cell
membrane integrity, DNA damage, and oxidatstress, are assessed. Commercially
available cytotoxicity assays, primarily based on small molecule probes of a particular
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biological pathway or endpoint, have been frequently employed for this purpose.
However, some assays experience significant ertenice resulting from probe
interactions with nanomaterialsmplicated nanomaterials include silver, titania, copper,
and iron oxide nanoparticles as well as carbon nanatddésvhile these assays provide
extensive insights into the toxicgjizal effects of nanomaterials on biological systems,
their specificity dictates that only a small set of hypotheses related to the nanomaterial
biological interaction can be tested. Methods with more general analytical capabilities are
also needed to enlabhypothesigiriven investigations of nanomateriablogical
interactions that are not limited to already known routes of toxicity. Such methods are
more likely to reveal unknown or unexpected mechanisms of nanomdieiadical
interaction, a criticastep towards predicting nanomaterial risk and developing

sustainable nanomaterials.

In a second approach, nanotoxicologists are increasingly adapting analytical methods
with origins in the chemical sciences (e.g., spectroscopy, mass spectrometry, and
electrochemical methods) and the biological sciences (e.g., genomics, proteomics, and
metabolomics) to assess the response of biological systems to nanomaterial exposure.
This review focuses on the application of analytical methods in two broad categoees. Th
first is methods used to characterize the physical interaction of nanomaterials with
biological systems based on uptake and distribution in cells and tissues and biophysical
changes in cell membrane integrity, and DNA and protein structure. The second is

methods used to characterize changes in biological function following exposure to



nanomaterials. These include changes in cell and organism survival and reproduction;

mobility; signaling; and gene, protein, and small molecule expression.

Continuing to deglop analytical methodology that probes the dynamic interface between
nanomaterials and biological systems, rather than just the toxicological outcome of this
interaction, remains a fundamental challenge in the field of nanotoxicology, but will
enabledismovery ofmore causal, as opposed to correlative, mechanisms of
nanotoxicity:® We suggest that causal, mechanistic knowledge of nanotoxicity is
necessary to design functional nanomaterials with controlled biological impacts and to
keep pace with the rate of new and increasingly complex nateoial incorporation into

consumer products.

Section 12 will focus nanomaterials themselves, reviewing methods that facilitate
characterization of nanomaterial aggregation, degradation, and molecular surface

adsorption.

1.2 Characterizing Dynamic Phystal and Chemcal Properties of Nanomaterials:

Aggregation and Degradation

1.2.1Microscopy. Transmission electron microscopy (TEM) remains the-gtddidard
for characterizing the primary size and structure of nanomaterials based on its high
spatial resoltion. Chemical information about a nanomaterial can also be obtained
through parallel analysis using spectroscopic methods such as electron energy loss

spectroscopy (EELS) or energispersive xray spectroscopy (EDX). Despite this



versatility, sample pregation requirements for TEM traditionally limits its utility for
characterizing nanomaterial dispersions in situ (i.e., under biologically or
environmentally relevant conditions). In particular, the highuum environment of
electron microscopes can le@mdsample preparation artifacts (e.g., nanomaterial
aggregation induced by solvent evaporation) that do not reflect nanomaterial behavior in
solution. However, advances in sample preparation are expanding the utility of electron
microscopy for in situ naamaterial characterization. CRKEM, in which samples are
imaged in a vitrified state, preserves the spatial arrangement of species as they exist in
solution. This technique has been used, for example, to observe decreased packing
density of poly(organokixane) nanopatrticles in the presence of serum, indicating
possible ceaggregation of nanoparticles and serum prot€i@syo-TEM has also been
used probe the molecular structure of hybrid perylene diimide/single watircarb
nanotube structuré$éBased on the observed distance betwadjacent carbon nanotubes
in cryo-TEM images, the authors concluded that a single molecular layer of perylene
diimide derivative exfoliated the nanotubes. While effeM is a powerful probe of
nanoscale packing, it cannot asses the dynamic behavianofmaterial dispersions.
Liquid-cell TEM does preserve the fluid environment around the nanomaterial. In this
technique, imaging electrons pass through a viewing window (typically composed of
SisN4) and encounter a liquid sample sealed in a chamber.ctteglii TEM has been

used extensively to observe the crystal growth of metal nanopatrticles, the subject of a
recent review? and liquidcell scanning TEM has been recently used to observe the

hydration layer around alumina nanoparticles, representing the first time that the solvent



shell (i.e., the ragn of solvent which is restructured relative to the bulk solvent through

its interaction with the nanomaterial surfeydas been directly visualizé8iRecent

development of a highly electraransparent liquid cell made from graphene sheets has
enabled liquiecell TEM to observe the molecular motion of nanio conjugates

(composed of Au nanoparticles and douttiended DNA) in solutio”®Wh i | e fisoft o
biological structures such as DNA are susceptible to damage from prolonged exposure to
an imaging electron beam, liquazll TEM offers a means to observe dynamic behavior

of nanabio structures with very high spatial resolution. Despite tadsances, long

image acquisition and analysis times make these methexistéd for highthroughput,

statistically significant characterization of nanomaterial properties.

Light microscopy is a lessivasive, simpler, and faster alternative to electron
microscopy, but is generally unsuitable for characterizing nanomaterial dispersions due to
its much lower spatial resolution. However, déigtd microscopy combined with
hyperspectral imaging (e.g., the CytoViva® Hyperspectral microscope) is an emerging
light microscopy method suitable for nanomaterial characterization. In the CytoViva®
imaging system, a novel dafield condenser illuminates a sample with highly collimated
light at oblique angles, improving sigratnoise and contrast over traditionatkléield
microscopy?? Scattered light in the range 40000 nm is resolved using a microscope
mounted spectrophotometer and spectrophotormgisgrated CCD and analyzed using
fienvironment for visualizing image$ENVI) software. Badireddy et al. employed the
CytoViva® imaging system to differentiate between silver, titania, and ceria
nanoparticles in a mixed sample in pure water, and to detect and quantify the relative
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amount of silver nanoparticles in complexaqus samples containing natural colloidal
species (i.e., simulated wetland ecosystem water and clarified wasteivEteg)neered
nanoparticles were detected and clasdify spectral similarity analysis; spectra

collected from a sample were compared to a library of reference spectra collected for
each nanopatrticle in pure water, and matches were determined by setting an arbitrary
similarity threshold of 90%. In anotheudy, Badireddy et al. used similar methods to
observe silver nanoparticle formation from silver ions in solutions containing chloride or
bacterial cells and extracellular polymeric substances exposed to visible light (Figure

3) .24

Microscopy is best used in combination with ensemble nmeamnts that can analyze a
much larger population of nanomaterials while also characterizing their dynamic,
hydrated behavior. Nanomaterials are prone to aggregation in high ionic strength
solutions, including many with biological and environmental relegde.g., blood

plasma and saltwater). Repulsive electrical double layer interactions between
nanomaterials are reduced as ionic strength increases, and when attractive van der Waals
forces dominate, aggregation occurs. Nanomaterials frequently exhiidimable

mobility under the conditions of most toxicological assays, where aggregation reduces
particle diffusion and can lead to particle settling. Dynamic changes in aggregation state
and mobility can significantly affect nanomaterial toxicity by iefiging the

nanomaterial dose and effective size that comes in direct contact with a biological
system. Consequently, it is imperative that nanomaterial aggregation and mobility be
understood in order to identify the source of nanomaterial toxicity. Ther® \aariety of
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analytical methods available to characterize the dynamic, hydrated behavior of

nanomaterials.
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Figure 3. Darkfield hyperspectral images of suspected individual Ag nanoparticles are
shown in panels-a and eg (400x magnification, scale baot provided). Images were
collected from a suspension of AgCl exposed to visible light (a, €) and a suspension of
the bacteriuniPseudomonas aeruginosamedium containing NaCl and extracellular
polymeric substances (b, f). Visible neafrared spectréd, h) collected from these
suspected nanoparticles from the areas highlighted in crosshairs closely match those
collected from polyvinylpyrrolidonetabilized Ag nanoparticles prepared directly (c, g),
suggesting nanoparticle formation under the conditgindied. Reprinted with

permission from Badireddy, A. R.; Budarz, J. F.; Marinakos, S. M.; Chellam, S.;
Wiesner, M. REnviron. Eng. Sciz014 31, 338 349 (ref 24). The publisher for this

copyrighted material is Mary Ann Liebert, Inc. publishers.
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1.22 Dynamic light scattering (DLS) is the most commonly used method to determine
nanomaterial mobility, and is based on measurements of hydrated diameter in solution.
Dynamic fluctuations in the intensity of light scattered by nanomaterials (due to
Brownianmotion) are monitored and fit to an autocorrelation function. From this fit, a
nanomaterial 6s diffusion coefficient can
StokesEinstein relation allows the hydrodynamic diameter to be calculated. Although

DLS is most commonly used to probe static nanomaterial suspensions, it can also operate
under continuous flow as, for example, when coupled with asymmetric field flow
fractionation (vide infra) to simultaneously fractionate and characterize nanoparticle

dispersons?®

DLS assumes a spherical particle geometry and thus has limited utility for characterizing
the behavior of nogpherical nanomaterials (e.g., commonly used materials such as gold
nanorods and carbon nanotubes). In addificS has greater sensitivity for larger

particles than smaller onésgdecreasing its ability to resolve multiple particle size
distributions. Light scattering from other colloidal species present in many biologically
and environmentally relevant matrices (e.g., protein aggregatelssati/ed organic

matter) can interfere with DLS measurements of nanomaterial behavior since, like most
methods used to track nanomaterial aggregation and mobility, DLS lacks chemical

selectivity?’

1.23 Nanoparticle tracking analysis (NTA) has better resolution than DLS for
characterizing mobility and size of nanopatrticles in dispersions. Like DLS, NTA detects

13



scattered light incidentrothe particles; unlike DLS, it uses a hifjamerate digital

camera to acquire images of nanopatrticles in solution. The Brownian motion of
individual particles is observed by tracking the evolution of their position across many
images, and the Stok&snstein relation is applied to calculate the hydrodynamic
diameter. Since NTA can discriminate between individual particles, it is typically better
suited to resolving distinct particle populations in polydisperse samples than is DLS,
which acquires an enséhe measurement of all particles simultaneously. Images
obtained from NTA can also be used to visualize the sample and determine the
approximate nanoparticle concentrattSNTA assumes, as does DLS, a spherical
morphology to calculate particle size from diffusion rate, making it generafiyitiéd to
studying norspherical nanomaterials. While the resolving power of NTA is generally
considered supiar to that of DLS, it is not adequate for all applications. For example, a
study by Anderson et al. showed that NTA and DLS could not resolve populations of

polystyrene nanoparticles in a dispersion containing 82816nm diameter particles.

1.24 Tunable resistive pulse sensing (TRP®gan be used when higher resolution is
required to distinguish multiple particle populations in a polydisperse sample. The
number density distribution of particle sizes obtainable with TRPS allows more accurate
determination of particle mobility and morghgy than is possible with DLS. This

method relies on the Coulter principle, widely exploited in Coulter counters used to size
and count cell$ The Coulter principle states that the flow of a particle through a pore

containing conductive fluid transiently increases the electrical impedance across the pore

14



in a manner proporti YWrilé traditionaltCbutter gpunters i c | e 0 s

utilize rigid pores of a fixed size, TRR#nploys pores fabricated in an elastic membrane.
Pore size can be precisely controlled by changing the tension across the membrane; this
increases the resolving power and dynamic range of TRP&.et al. have used TRPS to
individually measure the hydrated size and aggregation behavior of populations of
multiple nanomaterials with greater sensitivity and resolution than is possible with DLS
(Figure 4)* Particles studied include napherical carbotvased nanomaterials, cerium
oxide nanoparticles, and nickel nanoparticles. TRPS can be used to simultaneously
monitor nanoparticle zegaotential and si, based on a theoretical treatment of the
forces acting on the particle which determine its velocity through a®paralysis of

the impedance peak traces resulting from TRPS analyses (e.gvidthlf may reveal
additional informationmegarding dynamic changes in particle charge and other

parameters, such as protein corona thickfess.
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Figure 4. Comparison of Dl-%nd TRPSmeasuredsizedistributions of HO.-oxidized
single wall carbon nanohorns prepared in cell culture medium (RPMI medium)
supplemented with 10% fetal bovine serum. Sequential dilutions of a 500 pg/mL stock
solution of nanohorns in medium were prepared to achieveotieentrations listed. DLS
analysis indicated a single, broad distribution of nanohorn sizes at most nanomaterial
concentrations, though interfering signal in small size regimes due to serum proteins was
observed at low nanohorn concentrations. In contid&®S resolved two distinct
nanohorn populations at all concentrations studied. Measured average nanohorn size
varied with concentration when measured by DLS, while TRRS8sured averages
showed limited concentratiesiependence. Reprinted with permissiaom Pal, A. K;
Aalaei, I.; Gadde, S.; Gaines, P.; Schmidt, D.; Demokritou, P.; BelldaCS. Nan®014

8(9), 9003 9015 (ref 33). Copyright 2014 American Chemical Society.
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1.2.5Electrospray-differential mobility analysis (ES-DMA) has been used to
characterize the aggregation behavior of spherical andplogrical nanomaterials,

including silvef® and gold nanoparticled;3® 2 gold nanorods? graphene nanosheéts,

and singlewalled carbon nanotubé5This technique measures the electrical mobility of
aerosolized nanoparticlés a sheath flow of air under an applied electric field of variable
strength. To assess the properties ofgamerical particles, including nanosheet

thickness, nanorod diameter and length, and nanotube length, extensive data fitting and
correction paramters must be employed. These extensive data processing requirements

limit the usefulness of EBMA in routine analysis of noespherical nanomaterials.

1.2.6 Single particle inductively coupled plasma mass spectrometry (dP-MS)
addresses the lack ofaical selectivity inherent in other nanomaterial aggregation and
mobility analysis methods. Most methods used to track nanomaterial aggregation and
mobility cannot distinguish between nanomaterials of interest and other colloidal species
common to many bilogical matrices (e.g., lipid vesicles, dissolved organic matter, or
protein aggregates), potentially decreasing the accuracy of nanomaterial size and mobility
measurements due to signal interferentiee spICP-MS method significantly expands

the capalbiity of traditional ICRMS for studying nanomaterials by incorporating time
resolution into elemental composition analysis. lonized colloidal particles produce
transient signals in the MS detector, assuming an optimized-timelland sufficiently

dilute particle concentration such that particle ionization and detection events do not

overlap. Transient signals are analyzed according to their frequency, intensity, and
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elemental composition; from these data, colloidal concentration, size distribution, and
chamical identity, respectively, can be calculatéd® Soluble species produce signals

with more constant intensity, atioeir concentration can be separately quantified. The
ability of spICP-MS to distinguish colloidal species from soluble ions makes it a

valuable tool for studying the toxicity of nanomaterials prone to chemical degradation, as
these ions can contributgsificantly to overall toxicity*® 48 The spICP-MS method has
been shown to have a similar accuracy to DLS for determining nanoparticle size

distribution*®

Peters et al. have recently demonstrated the robustnes$GR-8pS for nanopatrticle
detection in various complex matrices, including food, waste water, culture media, and
biological issue, using four commonly used nanoparticles (Au, Agy,Tad SiQ).>°
Tuoriniemi et al. reported a size detectianitiof 20 nm for Ag nanoparticles; below

this, signal intensity spikes due to nanoparticle ionization overlapped with the
background signal of dissolved silver iofd.iu et al. demonstrated a size detection
lower limit of 10 nm for gold nanoparticles. This limit may vary by maarix

nanoparticle material since extent of dissolution will vary. An upper limit of 70 nm was
obtained when using a pulse mode counting detétfdvove this nanoparticle size, the
signal spike produced upon nanoparticle ionization exceeded the linear dynamic range of
the detector. Operating in a lower sensitivity analogue mode allowed the authors to

extend the size detection maximum to 200 nm.
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Liu et al.és study al s dCPdMS tocimudtaneoastyes t he
monitor nanomaterial size and chemical sa@an. Dissolved Au ions released from gold
nanoparticles contributed constant signal in the MS detector, while gold nanopatrticles
contributed spikes corresponding to individual nanoparticle evéhéhorda et al.

reported a similar ability to distinguish dissolv&d ions and Ag nanoparticl&3In

parallel, the authors measured the size distribution and number concentration of silver
nanoparties. Nanopatrticle sizing by d€P-MS generally assumes a spherical particle
morphology and compares the signal intensity from an unknown sample to a series of
standards. Nanoparticle diameter is calculated using the geometric relation between
spherical peicle mass and diamet&To the best of our knowledge,-#pP-MS has not

been applied to characterize rgpherical nanontarials.

1.2.7 Differential centrifugal sedimentation is a very highresolution method to

determine nanopatrticle size that relies on tracking nanoparticle transport through a
density gradient? Nanoparticles are introduced into a carrier solution (typically sugrose)
which establishes a density gradient as the solution spins and is subjected to centrifugal
force. While this method has high resolution and a large dynamic range, it cannot be used
for in situ measurement of nanopatrticle transformations in biologicalcestue to the
requirement that nanoparticles be introduced into a carrier sofdtitowever, a

centrifugal method for particle size discrimination that can be applied to nanoparticles
suspended in biologically relevamiatrices has been developed by DeLoid ét @hese

researchers developed a standard method using volumetric centrifugation (pellet volume
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determination) to determine the effective density of nanomaterials, which they applied to
calculate delivered nanomaterial dose to surfamend cell cultures, a common mode of
toxicological assesmepit.The latter calculation was achieved usingitheitro

sedimentation, diffusion and dosimetry (ISDD) model created by Hinderliter et al, which

uses nanomaterial hydrated size (measured by DLS) and density as’inputs.

1.2.8lon-selective electrodes (ISEg)ffer a means to monitor the chemical speciation of
nanomaterials in complex matricaisd are primarily useful for tracking the dissolution of
chemically unstable nanomaterials. ISEs are potentiometric chemical sensors with high
selectivity for a target ionic analyte and are routinely employeih feitu quantification

in complex matricesuch as plasma and whole blo8dhe earliest ISE, the glass pH
electrode, was based on the selective permeability of glass for hydrogen ionsf-State
the-art ISEs use ion receptors (i.e., ionophor@s$Es employing ionophores present in
matrices of highly fluorinatedoznpounds have shown very high selectivities and

stabilities, making them among the most selective chemical séf$drs.

While ISEs are not capable of analyzing nanomaterial sizéditi@an to chemical
speciation, as is possible usingl§P-MS, their capacity to monitor chemical speciation
with high selectivity and timeesolution is superior to that of $pP-MS. Commercially
available solidstate Ag/AgS ISEs have been used to mongilver nanopatrticle
speciation (i.e., to observe release of Ag(l) from Ag nanopatrticles) in a number of
studies¥ %8 Kakinen et almoritored copper ion release froBuO nanoparticles in

various media commonly used for biological toxicity testing using both a commercially
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available CuISE (sensitive only to Cu (11)) and a bioluminescent bactéxaled

biosensor (sensitive to bioalable copper ions)’ The authors observed that more

dissolved copper was detected by the bacterial biosensor than by the ISE, suggesting that
copper was bioavailable in some form other than free Cu (l). This study suggests that
both free and complexed metahs may be bioavailable and contribute to overall

organismal toxicity.

Custommade ISEs also have been used to monitor nanoparticle dissolution. Maurer
Jones et al. employed a fluoregpisase silver ISE to monitor silver nanopatrticle

dissolution in reatime in a biological matrix containing live bacterial celhéwanella
oneidensidviR-1).%8 They observed altered nanoparticle dissolution kinetics and lower
total silver ion release from nanopatrticles in the presence of cells than in an identical cell
free matrix, demonstrating that the presence of orgareamsalter nanopatrticle

dissolution behavior. Koch et al. similarly observed decreased silver nanoparticle
dissolution in the presence of human alveolar epithelial cells versus-fnegedulture

media using a commercially available sediite membran&g/Ag2S ISES®

As discussed hereyultiple analytical methods are available to characterize the dynamic,
hydrated behavior of nanomaterials. Given the increasingly common occurrence of
nanomaterials with neapherical morphologies (e.g., nanosheets, nanotubes, nanocubes),
it is imperativethat researchers move beyond light scattering techniques that assume
spherical geometry as the primary means to characterize nanomaterial aggregation
behavior. Electron microscopy remains the most readily available option for many

researchers to characteiboth spherical and n@pherical nanomaterial aggregation or
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size change due to dissolution, though its low throughput and small sampling size present
significant limitations. TRPS and H3MA represent two highethroughput options to
characterize bothpherical and nespherical nanomaterials in complex, biologically

relevant matrices, and commercial instruments are available. TRPS will be much more
easily implemented by most nanotoxicologists, based on far lower data processing
requirements than EBMA. ISEs provide a means to monitor the chemical speciation of
nanomaterials with exceptionally high selectivity whilel§p-MS, though its

application to nanomaterials with ngpherical morphology remains unexplored, offers

the unique capability to simalheously monitor nanomaterial size and chemical

speciation.

1.3 Characterizing Dynamic Physical and Chemical Properties of Nanomaterials:

Probes of Molecules at Nanomaterial Surfaces

Nanomaterials exhibit not only dynamic colloidal behavior uti@ogically relevant
conditions, but dynamic changes in surface chemistry as well. Components of biological
and environmental matrices, including proteits,lipoproteins’? and dissolved organic
matter’>"4can adsorb onto nanomaterial surfaces under realistic exposure scenarios,
forming a mol ec uloranas, beiagthe onosawidely sRudiad t have lmeenc
shown to significantly alter nanomaterial colloidal behavior and interaction with

biological systems relative to the pristine nanomaterial by modifying factors such as
nanomaterial size, surface charge, andace chemistr{? The composition of the

protein corona, e.g. the glycosylation state of adsorbed proteins, can influence the extent
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of nanomaterial interalization by cell$®’” Adsorbed proteins can also influence

immune response in cells, a subject that has been recently reviohdsbrption of

other molecules, including humic and fulvic acids, has also been shown to alter
nanomaterial colloidal behavior and toxicif{£! Detailed cheacterization of the

dynamic composition of the protein corona, as well as coronas formed frostuds=d
molecules like dissolved organic matter, is necessary to understand the interface between
nanomaterials and biological systems under biologicalliyeanvironmentally relevant

exposure scenarios.

The binding constants controlling molecular adsorption to nanomaterial surfaces and the
composition, surfaceoverage, thickness, and orientation of molecules on the
nanomaterial surface have been studiedgiainumber of analytical techniques. A
significant barrier to characterization of molecular adsorption to nanomaterial suinfaces
situis signal interference due to the high chemical complexity of biologically relevant
media (which may contain proteirdgids, and dissolved organic matter). Additionally,
discriminating between species adsorbed to the nanoparticle surface and those in solution
can be difficult due to their similar chemical signatures. These problems can be
ameliorated by isolating subpdptions of nanomaterials or by isolating nanomaterials
from interfering colloidal species in the sample matrix prior to analysis; however,
separation methods have been infrequently employed in published studies. Currently
available separation methods imbducolumn chromatography and field flow

fractionation and its derivatives (sBection 14). Development of more rapidly
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implementable and generalizable methods to separate nanomaterials from complex

biological matrices would facilitate accurate nanomatetaracterization.

1.3.1X-ray photoelectron spectroscopy (XPSis widely used to probe the chemical
environment of planar surfaces, but is more difficult to perform on nanoparticle surfaces
due to their nosplanar geometry and small si%eTorelli et al. have recently developed a
guantitative method to correct XPS data obtained from small, spherical, surface
functionalized nanoparticleg/laccounting for the effects of surface curvature on spectral
intensities. Their geometric correction method can be applied to quantitatively measure
ligand density on the surface of nanoparticles smaller than 20 nm using XPS, which

would otherwise give alsrant quantitative daf.

1.3.2Attenuated total reflectance Fourier transform infrared (ATR-FTIR)

spectroscopyis used to assess the aggion of molecules to nanomaterial surfaces both
gualitatively (identity and structure of surfaadsorbed ligands) and quantitatively

(kinetics of adsorptiorf> ATR-FTIR can be used to study the interactions of both small
molecules (e.qg., carboxylic acitf€® and catechof§) and largemolecules (e.g., proteins)

with nanomaterials, though studies of larger molecules are less common. Nanomaterials

are introduced to the ATR crystal surface by drop casting, which creates a thin film, and
molecules of interest are then introduced usingwa-tioe | | pl aced on the ci
An evanescent infrared wave, produced as a result of total internal reflection at the crystal

surface, serves as a probe of the chemical environment within a short (~ 1 um) distance
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from the crystakolution interfae. This short penetration depth limits signal
contributions from the bulk solution (i.e., from species not bound to the nanomaterial
surface), although interfering signal from the bulk may still be significant enough to

complicate analysis in complex soan environments.

Quialitative characterization of AFRTIR spectra requires assigning vibrational peak
modes and monitoring relative changes in peak position, width, and intensity. For
example, Tsai et al. used ATIRTIR to qualitatively asses BSA adsoqutito PEG
functionalized gold nanoparticlé§The authors monitored observed peak broadening
and decreased intensitythe amide | regin, which they attributed to a loss of secondary
s t r u c-helices® Quarnlitative characterization was achieved by monitoring changes
in peak intensity in the amide Il region as a function of BSA concentration introduced to
the flow cell housing the gdlnanoparticles. This vibrational region is relatively
insensitive to protein secondary structure and can be used to quantify total protein
adsorption. Using the Langmuir adsorption model, the authors used these data to
determine the adsorption density anniface binding constant of BSA on PEG
functionalized gold nanopatrticles. They found fairly good agreement between these
parameters as determined by AFRIR, a fluorescence assay of adsorbed protein

concentration, and electrosprdifferential mobility analysis.

Quantitative analysis of protein adsorption to or desorption from nanomaterials can,
however, be significantly complicated by spectral artifacts such as experimental drift,
commonly introduced during blank subtractfShn addtion, distinguishing spectral

intensity changes resulting from protein exchange with the nanomaterial surface versus
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protein conformational changes can be difficult, as has been described in the case of
human plasma protein adsorption to syp@ramagnetiaon oxide nanoparticle¥.For
these reasons, AFRTIR is best used in combination with other techniques to probe

molecular adsorption to nanomaterial surfaces.

1.3.3Surface-enhanced Raman spectroscopy (SER®) another surfaesensitive

method capable of probing biomolecule interactions with nanomaterials. SERS relies on
the significant enhancement of Raman scattering intensity that occurs within a
nanometetength region of a plasmonically active surface (like a noble metal
nanoparticle). Consequently, this technique is inherently limited in scope and has been
infrequently employed to characterize biomoleend@momaterial interactions. However,

by exploiting thefact that surface enhancement occurs over a hanometer length scale,
SERS can be used to probe biomolecule binding distance from a plasmonically active
surface. For example, Treuel et al. observed that Raman features of proteins adsorbed to
citratefunctionalized silver and gold nanoparticle surfaces diminished when the capping

agent was replaced with a thicker polymer coafng.

1.3.4Circular Dichroism. Protein adsorption to nanomaterial surfaces commonly results
in a loss of secondary structure. Consequently, circular dichroism (CD) spectroscopy can
be applied to quantify protein adsorption to nanomaterial surfaces by monitoring loss of
protein secondary structure in the bulk solufibA.theoretical treatment of the effects of

proteinto-nanoparticle adsorption on protein secondary structure has bedopae\viy
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Li et al®°. The authors used coafgeined molecular dynamics simulations to model the
interaction of aplipoprotein A1, the main component of higlensity lipoprotein, with

silver nanoparticles, and validated these simulations against direct CD measuféments.

I n both their simulations and experitments,
hel i ces a nstieeticmaractes fallovang intbraction with nanoparticles. Gagner

et al . obser-hekixén d-shieetssecontlarylstoutture intboth lysozyme and
U-chymotrypsinfollowing their adsorption to gold nanospheres and nandfods.
Lysozymenanoparticle conjugates showed greater losses in secondary structure (and

protein activity, measured in parallel using enzymatic assays)kbaymotrypsin
nanoparticle conjugat es. -lilixtstudtureanBSA al . al
upon interaction with gold nanorods funtionalized with antéreninated polyethylene

glycol ®? In contrast to these studies, Wang et al. observed that weak, reversible binding

of Subtilisin Carlsberg, an enzyme representative of serinegs®es, to silica

nanoparticles resulted in no loss of secondary strugtiitewever, the authors observed
alterednearUV CD spectra following enzyme interaction with nanoparticles, suggesting
altered tertiary structure. Despite being weak, these enngmeparticle interactions

decreased the catalytic efficiency of the enzyme, with smaller nanoparticles inducing a

greater reduction than larger nanoparticles.

1.3.5Nuclear magnetic resonance spectroscopy (NMR based on a more general
detection principle than are the previously mentioned techniques, which complicates its

use in complex biological matrices (e.g9d$k containing multiple amino acids or
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proteins). However, its high chemical sensitivity and versatile detection platform,
including the ability to be combined with measurement of diffusion coefficients, makes it
a valuable method for probing biomolecuiéeractions with nanomaterial surfaces.
Solid-state NMR can provide detailed information about the chemical environment at
nanoparticle surfaces. For example, ssliate NMR has been used to characterize the
orientation of L.cysteine on gold nanoparticteirfaces based on measurements of
discretetH, 13C, and™N resonance¥"*>Both broad and sharpi resonances wer

observed, with the former attributed to cysteine bound close to the nanoparticle surface
and the latter attributed to cysteine present in an outer layer not chemisorbed to the

nanoparticle surface.

Solutionbased NMRhasalso been used to characterize adsorbed species. Hellstrand et
al. usedH/'D NMR to identify adsorbed lipids that had been extracted (into dolond

from lipoproteins bound to the surface of copolymer nanoparti€®si et al. used 1D

and 2D (DOSY)}H NMR to observe the strength of interaction between human serum
albumin (HSA) and poly(amindaaine) dendrimers of various generations and with
various terminal groups (e.g., NMs. OH)% Their experiments revealed overall weak
interactions between the dendrimers and HSA, indicated by small chemical shifts and
changes in diffusion constants. The authors also employed saturation transfer difference
(STD) NMR to identify protein domains displaying the strongest interactions with
dendrimersin STD NMR, short RF pulses are used to saturate host molecule (e.g.,
protein) resonances without affecting other molecules in solfiGnest molecules that
bind to the host experience saturation through intermolecular saturation transfer, while
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molecules that do not bind remainsaturated. The difference spectrum resulting from

pre- and postsaturation NMR spectra reveals the chemical environment of only the
bound guest molecules. Protons closer to the dendrimer core were more saturated (as a
result of saturation transfer froHSA) than those farther from the core, indicating

stronger interactions between HSA and inner dendrimer protons than outer ptotons.

1.3.6Mass Spectrometryprovides a more sensitive and quantitative means to identify
biomolecules adsorbed to nanomaterials than does NMR spectroscopy. Multiple mass
spectrometry platforms have been applied to characterize molecules adsorbed to
nanomaterial surtas; these vary in their sample preparation requirements (e.g., need to
separate sample components prior to mass spectral analysis), which subsequently

determines their time resolution.

Sisco et al. used 2D gel electrophoresis aneMSIMS to identify progins adsorbed to
polymerwrapped gold nanorod8 Nanorods terminated with negatively or positively
charged head groups or polyethylene glycol were incubated in rat cardiac fibroblast cell
culture nedia, allowing proteins to adsorb to the nanorod surface overnight. Adsorbed
proteins were eluted by increasing the solution salt concentration, separated by 2D gel
electrophoresis, and identified usingIMS/MS. Adsorption of biglycan, a protein that
influences cellular interactions with the extracellular matrix, was found to correlate with
the impact of nanorod exposure on fibroblast contractile ability: negatively and positively

charged nanorods adsorbed biglycan and decreased contractile abilitypolyekhylene
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glycol-functionalized nanorods resisted biglycan adsorption and had no effect on

contractile ability.

Similar methods based on protein separation by 2D gel electrophoresis and detection by
LC-MS have been employed to characterize the nanolegorotein corona in other

studies® 77100102 However, these methods generally lack the sigslution required to
observe the dynamics of protein corona evolution; unbound proteins are typically
separatedrom nanoparticles and nanopartigleotein complexes via centrifugation or
sizeexclusion chromatography, and the length of this separation procedure determines
the timeresolution of the technique. Higher timesolution has be obtained by

centrifuging mnoparticles and proteins through a sucrose cushion to isolate nanoparticle
protein complexe&?® Subsequently, labdiee LG-MS proteomics was used to

gualitatively and quantitively characterize protein adsorption to silica and polystyrene
nanoparticles. The high tinresolution of this approach allowed for observation of rapid
(<0.5 min) adsorption of hundreds of distinct proteins. With continued incubation time,
changes werprimarily observed in the quantity (rather than the identity) of adsorbed
proteins. Subsequent evaluation of the impact of silica nanopatrticle exposure to
thrombocytes, erythrocytes, and endothelial cells (measured as cell aggregation,
hemolysis, and ATRontent, respectively) showed that even short (0.5 min) nanoparticle
exposure to proteins reduced their biological impact. Previously employed methods to
characterize protetpolystyrene nanoparticle interactions, including differential

centrifugal sedimemation, dynamic light scattering, and transmission electron
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microscopy;®* have less control over the nanopartigtetein interaction time than the
proteomic approach employeg henzer et al., resulting in lower tirmesolution.

Laser desorption/ionization mass spectrometry (M3) has been used to rapidly
characterize the structure of monolayer and mixed monolayer ligands on magnetic
nanoparticles (FePt and 48 nanoparticle) 1% Though LDFMS has not yet been

applied to study biomecule adsorption to nanoparticles (to the best of our knowledge),
it provides a rapid means to analyze pristine nanoparticle surface chemistry, a key
determinant of nanoparticl@omolecule interactions. In the study by Yan et al., sample
preparation fomass spectral analysis required only spotting nanoparticle suspensions on
a steel target plate and allowing them teday; subsequent analysis consumed a very
small amount of sample (2 u¢y> In addition to qualitative characterization of ligand
structure, quantitative analysis of ligand composition on thepaatiole surface was also
performed. Six mixed monolayer FePt nanoparticle populations were prepared, each
containing a different ratio of two ligands. Following mass spectral analysis, signal
intensities from ions unique to each ligand were summed anectedl for differing
ionization efficiencies based on analysis of a nanopatrticle with a 1:1 ligand ratio (verified
by ICP-MS). The resulting ligand compositions (expressed as a ratio of ligand
concentrations) were compared to those measured using-NFLGIlowing digestion

of the nanopatrticle core. The two methods showed good agreement, thoultSLDI
analysis was performed in one hour while HPMGS analysis required 18 hours.

Szakal et al. developed a tiroéflight secondary ion mass spectrometry (78MS)

method to characterize nanoparticle surface chemistry in simple and complex m#trices.
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Using TiQG: nanoparticles as a model, they deposited nanoparticles as aggregate rings
onto silica substrates using Het printing technology; aggregate rings were
subsequently scanned using T®8MS. In this technique, an energetic ion bean sputters
atoms and molecules off a sample surface; the fraction liberated as ions are subsequently
mass analyzed in ToF mass spectrometer. Nanoparticles exposed to natural organic
matter prior to deposition sh@a lower ratios of Tito GsHs" than did pristine
nanoparticles, indicating greater adsorption of organic material to the nanopatrticle
surface in this case. Repeated scanning usingSIMFS removed material from the
nanoparticle surface, allowing the authors to probe the chemical emérn both at the
nanoparticle surface and in the core. In subsequent work, Szakal et al. appH8tMDF
with ink-jet printing to visualize Ag nanoparticle dissolution (Figuré®5Nanoparticles
and ions produced distinct chemical distribution maps after deposition onto silica

substrates which allowed nanopatrticle dissolution to be visualized.

32



As-synthesized Replicates 1 & 2 Forced Dissolution Replicates 1 & 2

b)

Overlay

Figure 5. TOFSIMS images of inkjeprinted droplets of asynthesized Ag nanoparticle
suspension (panel columns a, e, i and b, f, ) and Ag nanoparticle suspension treated with
300 nm UV light to force nanoparticle dissolution (panel columns c, g, k and d, h, I).
Panel ows depict the spatial distribution of the sum of all signal intensities across all
secondary ions measureddp the signal intensity df’Ag* (e-h), and the signal
intensities oft’Ag* in red, NaOH" (indicative of nossilver ionic species is solutipm
green, and®Si* (indicative of the silicon substrate) in blud)(iThe°’Ag* signal was
concentrated in a ring around the perimeter of the drisyrihiesized Ag nanoparticle
droplet (e, f) and showed no overlap witho®&d" (i, j), consistent wh separation of

intact Ag nanoparticles from watsoluble species. In contradt’/Ag* signal was more
evenly dispersed throughout the droplet of-ti¥ated Ag nanoparticles (g, h), suggesting
that nanoparticle dissolution occurred. Howev&Ag* signalwas not entirely co

localized with that of other wateoluble ionic species (indicated by 08" signal),
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suggesting that dissolved Ag species were of only partially ionic character or consisted of
a mix of soluble and insoluble species. Images showesnad 500 500 pm. Reprinted

with permission from Szakal, C.; Ugelow, M. S.; Gorham, J. M.; Konicek, A. R.;

Holbrook, R. D.Anal. Chem2014 86 (7), 3517 3524 (ref 107). Copyright 2014

American Chemical Society.

1.3.7Small-angle xray scattering (SAXS has been used to study the interactions of
colloidal systems with biomolecules; however, it requires a significant amount of data
processing. Elastic Xay scattering intensity is measured as a function of the incident X
ray beam angle (i.e., the scaittgrvector). The resulting data are fit to one of several
particle scattering models (e.g., for spherical polymer mi¢é€#&¥ that can account for

particle size, shape, and pease of adsorbates. Henzler et al. used SAXS to analyze the

spatial di st r i bu tlactogiobulinjadgorben to@adlystyend bovi ne
nanoparticles functionalized with poly(styrene sulfonate)c@ted polyelectrolyte
brushes}°Modeling the SAXS data as a function of the scattering vector as well as
nanoparticle and protein concentration, these authors observed protein adsorption within
the polyelectrolyte chains rather that at the particle core. SAXS analysis was also used to
guantify total protein adsorption; results were compared to those obtained by isothermal
titration calorimetry (ITC) and ultrafiltration characterization. SAXS and ITC showed

good agreement, while ultrafiltration, which removes weakly adsorbed proteihuand t
provides quantitative information on only

protein adsorption.
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1.3.8Electron and Atomic Force MicroscopiesWhile electron microscopy alone

cannot quantitatively assess adsorption processes on the surfaneroftexials, it can
provide highresolution images of labeled adsorbed species. Kelly et al. studied the
spatial distribution of transferrin protein on polystyrene nanoparticles by subjecting the
proteincoated nanoparticles to treatment with smathi§®) gold nanoparticles bearing
antibodies for transferrin epitop&s.The spatial distribution of protein was inferred from
the location of the gold nanopartickesder saturation conditions (i.e., when all

accessible transferrin epitopes had been labelatbtasmined by differential centrifugal
sedimentation analysis of particle saeer a range ajold labelconcentrations the

relatively small number of epitopes available for interaction with antibodies reduced the
likelihood that gold nanoparticles (dteetheir size) would blockeighboring interaction
sites.Protein distribution appeared random, a result consistent with stochastic adsorption.
Though difficult to apply when studying small, electaense nanomaterials,
biomoleculetargeted labeling connted with highresolution electron microscopy

imaging remains one of the few methods available (in addition to-segp@ution
fluorescence microscopy) to visualize biomolecule adsorption to nanomaterials with

nanometer spatial resolution.

Atomic force nicroscopy (AFM) has been used in one study to observe the binding
modes of various proteins to singlalled carbon nanotubé¥ While AFM can readily
achieve sulmanometer resolution along thaxis (verical resolution), its resolution in
the xy plane (lateral resolution) is limited by the size of the instrument tip, and is
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typically tens of nanometers. Consequently, AFM cannot resolve the spatial distribution
of individual proteins om nanoparticle sdace, though it can be used to visualize the
spatial distribution of protein aggregates. In work by Ge et al., bovine fibrinogen and
gamma globulin aggregated naniformly, transferrin aggregated in uniform nodes, and
bovine serum albumin bound uniformf{£.Molecular dynamics modeling was used to
examine the mechanism of protein to nanotube binding and identified tyrosine and

phenylalanine as the dominant amino acid residues in contact with the nanotube surfa

1.3.9Fluorescencecorrelation spectroscopy(FCS) can be used to calculate diffusion
constants of fluorescently labeled nanoparticles or biomolecules by measuring
fluctuations in the number of fluorescent particles within a small (typically femjétiter
probe volume. Since FCS is sensitive only to fluorescent species, it caed&

measure diffusion constants in complex matrices, where the presence of multiple species
may interfere with light scattering techniques (e.g., DLS). While FCS cannot directly
reveal protein conformation, binding constants and surface coverages calcudated

from changes in diffusion coefficients of interacting species. Milani et al. used FCS to
measure changes in the diffusion time of fluorescently labeled transferrin (a major protein
component of blood) upon binding to polystyrene nanopartiétdhe fraction of bound
transferrin was determined by fitting the autocorrelation function describing its time
dependent diffusion with a twwomponent function previously described by Rusu e

al.1'® By tracking the fraction of nanopartieb®und tansferrin as a function of the

proteinto-nanoparticle concentration ratio, Milani et al. determined that protein

36



adsorption occurred in two distinct phases: in the first phase, proteins adsorbed

irreversibly to the nanoparticle surface until surfaa@ration was achieved (forming a

so-called hard protein corona); in the second phase, additional proteins bound reversibly
to those already adsorbed to the particle

dynamically with solution proteins.

Treuel etal. observed completely reversible adsorption of human serum albumin to
dihydrolipoic acidfunctionalized CdSe/ZnS coeshell quantum dots using FC'$® The

extent of adsorption was determined as a function of the protein surface charge (made
more negative by addition of carboxyl groups or less negative by addition of amino
groups). They observed larger increases in nanopatrticle hydrodynamic radii (calculated
from the diffusion coefficient using the Stokésstein relation) when nanopatrticles

were exposed to chargaodified vs. native human serum albumin. Chargalified and
native proteins were suggested to adopt different conformations when binding to the
guantum dots, resulting in a me lesscompact protein corona and, consequently,
hydraed radius. The authors acknowledge that previous studies (including their own) had
demonstrated irreversible (compact) protein adsorption to other nanoparticles (including
silvert'”118and gold'®), underscoring the lack of mechanistic knowledge on the
reversibility of protein adsorptiolt® We note that nanoparticle polymer coatings, at least
for some noble metal nanoparticles, have been shown to favor soft protein corona
formation, due to weak polymgrotein interactions relative to polympolymer

interactions at the nanopiate surfacé® In contrast, polymenanoparticle entanglement,
which is more likely to occur with increasing polymer length, may leaddoced
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protein desorption, or formation of a hard coréi¥dt is likely that nanomaterial surface
functionalization plays a role in determining the reversibility of binding interactions with

proteins.

1.3.10Isothermal titration calorimetry (ITC) provides a means to directly probe the
enthalpy change associated with biomolecule adsorption to a nanomaterial surface, from
which multiple thermodynamic parameters can be calculated. Zeng et al. measured the
thermodynamic parameters controllitng tinteraction of acrylamidieased polymer
nanoparticles with the polysaccharide hep&fi.itration of heparin into a nanoparticle
solution released heat when binding occurred and, by fitting the titration curve resulting
from multiple additions of heparin, the binding constant, stoichiometry, and enthalpy
changewee cal cul ated. The entropy change was
series of nanoparticles composed of polymers with varying ionic character,
hydrophobicity/hydrophilicity, and crodmking were tested. The authors proposed that
hydrogen bondingpnic interactions, and dehydration of polar groups were the
predominant modes of heparin and nanoparticle interaction and that nanoparticles with
higher charge density and degree of cilodsng had greater affinity for heparin.

Loosli et al. recently el ITC to measure the thermodynamic parameters controlling the
adsorption of Suwannee River humic acids to>@noparticles and to elucidate the
mechanism of the adsorption proc&8dnitial experiments were performed at a pH

where nanoparticles had a positive surface charge and haischead a negative charge.

Differing behavior was observed when humic acids were titrated into a suspension of
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nanoparticles versus when nanoparticles were titrated into a suspension of humic acids.
In the former case, humic acid adsorption to the natiofgasurface was primarily
enthalpically driven for most ratios of nanoparticle to humic acid concentration; small but
also favorable entropy changes were observed. The reaction stoichiometry was calculated
to be less than one, indicating incomplete cagerof the nanoparticle surface by humic
acids. In the latter case, enthalpy changes upon nanoparticle association to humic acids
were lower than in the former case. The authors suggest that greater homoagglomeration
of humic acids in the former case (Waehe humic acid concentration is higher) leads to
complexation of humic acids with more nanopatrticles and a more enthalpically driven
interaction. Nanoparticles were also titrated with humic acids at a higher pH, where each
has a negative charge. Assoilmatwas observed despite unfavorable electrostatic

interactions, suggesting that van der Waals interactions were also present.

1.4 Separating nanomaterials from complex biological matrices

1.4.1Chromatography. As mentioned above, nanomaterial characterization in complex
matrices of biological and environmental relevance is complicated by the need to
selectively monitor target nanomaterials or biomolecules in the presence of multiple
interfering species (e.g.is$olved organic matter, lipid vesicles, or proteins). Improved
methods to separate nanomaterials from interfering colloidal species would facilitate
more accurate nanomaterial characterization in such complex matrices. Column
chromatography, including Higperformance liquid chromatograpk},size-exclusion
chromatography?2 and gelelectrophoresi$* have been used previously to separate
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nanoparticles based on their size, but have not until recently been applied to separate
nanomaterials from complex matrices. Zhou et al. recently publeshedid
chromatography method to separate silver nanopatrticles and silver ions in complex
matrices including naturally samples waters (i.e., lake water and waste water treatment
plant influent and effluent?® An amineterminated column was used as the stationary
phase; FE70 surfatant and sodium thiosulfate were added to the mobile phase to elute
silver nanopatrticles and ions, respectively. The column was connected to-BtSI€iP

silver detection. Recoveries of ionic silver and silver nanoparticles in naturally sampled
waters raged from 84.796.4% and 81-306.3%, respectively. Hydrodynamic
chromatography (HDC), wherein colloidal species are separated by size based on their
flow velocities through the dead space of a column packed with nonporous beads, has
been used to distingtissilver, gold, and polystyrene nanoparticles spiked into naturally
sampled river water with neimaseline resolutiof?* Nanoparticles were identified by size
analysis using both online DLS and offline DLS and single particleNiSRletection.

Silver nanoparticles spiked into river water could not be detected by DLS due to the
presence of multiple colloidal populations, but separation by HDC and subsequent DLS

analysis allowed the nanoparticle population to be distinguished from natural colloids.

1.4.2Field-flow fractionation. Though liquid chromatography has been used tars¢p
nanoparticles from complex matrices, as described above, the most widely used method
to separate nanoparticles from complex matrices is-fied fractionation (FFF). Gray et

al. showed that FFF can achieve significantly greater nanoparticle sieti@n than
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HDC; mixtures of Au nanoparticles with diameters between 5 and 100 nm could not be
resolved by HDC, while FFF produced baseline resoldéiowhile FFF method
development time can be significadAtthis family of techniques is versatile both in the
range of particles sizes that can be efficiently separated (fspproxdmately 1 nm to 100

¢ m¥’and the separation mechanism (not only size but also charge). In FFF, a field is
applied perpendicular to fluid flow through a channel. The type of field used depends on
the desired separation principle, but may be, e.g., a crossflowiddds in the case of

flow field-flow fractionation, F4), an electric field, or a thermal gradiéhEluid flowing
from the instrument inlet to outlet adopts a parabolic flow profile and thus contains
distinct laminae having unequal flow velocities. Application pegpendicular field

drives suspended particles (e.g., nanomaterials) towards the edge of the channel.
Subsequent diffusion drives particles into distinct laminae based on their mobility,

causing patrticles to elute from the device at different times.

FFFhas been employed to study nanomaterial transformations under biologically and
environmentally relevant conditions. Ashby et al. used F4 to rapidly (<10 min.) separate
serum proteins exposed to superparamagnetic iron oxide nanopaffi€eparation was
based on nanoparticle binding affinity. The lag&rting proteins (i.e., those with mild
affinity for the nanoparticle surface, the-salled soft protein coron'a?) were isolated

and identified by LEMS/MS analysis.

Asymmetric F4 (AF4), which utilizes a perpendicular flow field created by the continual
exit of carrier fluid through the bottom of the device, Hae Aeen applied to separate

nanoparticles from complex, environmentally relevant matrices. Koopmans et al.
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separated citrateind PVPRcapped silver nanoparticles from sandy and clay soils and

used inline UV-vis spectroscopy to detect the concentratioalated particles and DLS

to determine nanoparticle siz&.The authors found that a low concentratf®r01% wiv)

of sodium dodecyl sulfate was required to separate nanoparticles from soil, demonstrating
the critical role of the carrier fluid in F4 separations. Othdinia detection systems can

be coupled with FFF. For example, Mitrano et al. have desmlithe improved selectivity

and sensitivity of FFF coupled with I@RS versus UWis spectroscopy and its

advantages for analyzing nanomaterials in complex environmental satiblesone

example, FFF coupled with ICRIS distinguished silver and gold nanoparticles by both

size and chemical composition, while FFF coupled with\iB/spectroscopy could only

distinguish the nanoparticles by sizé.

Johann et al. have recently expanded the utility of FFF beyond separations by combining
AF4 and electrical FFF to measure nanopatrticle or protein electrophoretic mobility as a
function of size!*2 Sequential AF4 experiments were performed with aheovit

application of an electric field applied across the flow channel, and the electrophoretic
mobilities of discrete nanoparticle populations were determined from the dependence of
their retention times (and thus, flow velocities) on the magnitude @ipked electric

field. By creating a parallel separation and measurement system, the authors have
addressed an important theme within the field of nanomaterial toxicology, which is the
need for rapid, parallel analysis of multiple nanomaterial physnziba chemical

properties.
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Sectiors 1.2-1.4 have focused on analytical methods to characterize nanomaterials and
their transformations relevant to nanotoxicity. Secib®-1.6will focus on analytical
methods to directly characterize nanomaterial impactsiological systems, including
both the physical interaction between nanomaterials and membranes, cells, and

organisms, and the physiological consequences of those interactions.

1.5Interactions of Nanomaterials with Biological Systems

While the previas section focused on separating nanomaterials from a complex matrix

for analysis, there are critical questions about nanomatealalgical interactions that

require direct visualization or measurement of these interactions in situ. To understand
the mebanisms underlying nanomateriabuced changes in survival of isolated cells or
whole organisms, the interactions between nanomaterials and the biomolecules that
compose the cell membrane and interior must be characterized. Reversible or irreversible
adsaption of nanomaterials to cell membranes has potential consequences for membrane
fluidity and integrity and membrane small molecule and ion transport, while nanomaterial
internalization or endocytosis provides nanomaterial access to intracellular agamell
biomolecules. Release of ionic or radical species from nanomaterials in the biologic

matrix may disrupt the cell membrane or intracellular biomolecules.

The two major obstacles to characterizing the physical interaction of nanomaterials with
biological systems are the small scale of nanomaterials, which makes direct visualization
of interactions difficult, and the chemical complexity of biological environments, from

which it is difficult to extract any change in chemical signal from noise.
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To addres the first challenge, researchers have applied a variety of microscopy methods
with nanometescale resolution, including electron microscopy, atomic force

microscopy, and supeesolution fluorescence microscopy to visualize the nanomaterial
biological nterface. To address the second challenge, reseahaversipplieanethods

with chemical selectivity (e.g.say and infrared spectroscopies and mass spectrometry)
to quantitatively and qualitatively characterize the impact of nanomaterial interactions

with biological systems at the molecular scale.

1.5.1Electron microscopy and xray techniques.Electron microscopies such as TEM

and SEM provide very high resolution, making them useful for observing the interface of
biological systems with nanomateriatsost of which are smaller than the diffraction

limit of visible light (~200 nm):33 however, electron microscopies typically have low
contrast for low molecular weight, i.e. carbonaceous, species. Another limisatiai

these techniques use ultnagh vacuum conditions that usually require extensive sample
preparation (e.g., fixation, dehydration, embedding into resin, sectioning, staining, and/or
application of a conductive coating); these conditions precludgdraequisition under
native, hydrated conditions. Advances in sample preparation for electron microscopy,
such as high pressure freezing, facilitate more rapid characterization of nanomaterial
biological interactions and with fewer sample preparationaatsfthan is possible using
traditional sample preparation methods (i.e., fixation with glutaraldehyde, dehydration,

and staining}3*
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Opportunities for idine chemical analysis using, e.g-fay spectroscopies, further
expand the utility of electron microscopy for ndsio characterization to include

chemical sensitivity. Omajali et al. observed thaspnthesized Pd nanopatrticles
localized inDesulfovibrio desulfuricanbacterial cells exposed to Pd (ll) were not readily
visible by traditional TEM, but could be easily visualized by electron backscattering
measurements usirggh angle annular dafield scanning transmission electron
microscopy (HAADFSTEM). Energy dispersive-say spectroscopy (abbreviated EDX

or EDS) was performedline with HAADF-STEM imaging to create an elemental map
of the environment within the cell and to unequivocallyniifg intracellular Pt
HAADF-STEM produces images with higiignatto-noise and higitontrast by

detecting only electrons that are highly scattered following interaction withnhégs

areas in a sample. Ktreet al. have suggested that HAAISFEM may be unable to
distinguish native higimass species within a cell from nanomaterials, since both would
produce high scattering® They suggest that dafield TEM, which achieves contrast
based on sample crydtnity rather than mass, may be more suitable than HAADF
STEM for distinguishing biological material from inorganic (crystalline) nanomaterial in
biological samples. The authors used d&ld TEM to produce higisignatto-noise,
high-contrast images ofadd nanoparticles associated with the surfad®adfillus subtilis
bacterial cells and iron oxide nanopatrticles internalized by peripheral blood mononuclear
cells. Iron oxide nanoparticles were distinguished from biological material stained with
osmium tetoxide and uranyl acetate by tilting the incident electron beam to an angle that

produced diffraction selectively from nanoparticles.
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Like Omajali et al., several over studies have usedlyxmicroscopies to track
nanomaterial distribution in tissueseittify nanomaterials internalized by or associated
with cells, and track nanomaterial chemical speciation. Plase¥iilzzet al. used field
emission scanning electron microscopy+$&EM) and scanning transmission electron
microscopy (STEM) in combinationith EDX to characterize the interaction of GeO
TiO2, and ZnO nanoparticles with unstained, uncoated mouse macropHZRSEM
images showed that Ce@nd TiQ nanoparticles induced small protrusions in the cell
surface, while ZnO nanoparticles induced larger protrusions. Using EDX, the authors
guantified the weight percent of nanoparticles associated with cells by commpatizlg
peak area (arising from nanoparticles) to those of C, N, and O (arising from biological
material). Brightfield and darkfield STEM images of thin sections of cells were
acquired to visualize nanomaterial uptake by cells, and EDX chemical mapping
corfirmed the location of nanoparticles inside cells. Mu et al. used EDX to observe the
distribution of silica nanoparticles withadenocarcinomic human alveolar basal
epithelial (A549) cells; the particles were too small and electron poor to conclusively

identify using TEM aloné3®

HernandezViezcas applied synchrotron microfocusegd Xay f | u o-XRFyam& nce ( ¢
microX-r ay absor pti on -XANES)toprdbg the distributiondnd r e (¢
chemical speciation &nO and Ce@nanoparticles within soybeans grown in
nanoparticleenriched soil*°e-XRF was used to map the spatial distributidizn and

Ce in soybean tissue wi XANE&Wwas usedioedeterminer e s o |
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metal speciation (i.e., metal coordination environment); the latter was achieved by fitting
XANES spectra obtained from metadntaining locations within soybedissue with

linear combinations of spectra obtained from reference metal compounds. Results
showed that Cegnanoparticles were taken up into soybean pods while ZnO
nanoparticles were not; Zn accumulated in pods in a form that could not be directly
idenified based on reference compounds, but resembleditizte.Similarly, Gilbert et

al . UXRED aXANEScto probe ZnO nanoparticle accumulation and speciation in
human bronchial epithelial ceft§? Zn signals were detected in cells, but in&lular Zn

| ocali zation could not be deter mi-KRFd due
Parallel XANES analysis showed that intracellular Zn was present in the form of free
Zn?* or Zr?* complexes rather than intact nanoparticles. Control symtiformed using
Fe-doped ZnO nanopatrticles, which had higher chemical stability than undoped ZnO
nanoparticles and served as markers of cellular internalization of nanoparticles, provided
further evidence that ZnO nanoparticles dissolved after beinmatized by cells, rather
than before internalization. Szymanski et al. used scanning transmissign X

microscopy (STXM) to quantify the oxidation state of Ge@noparticles (i.e., ratio of

Ce* to Cé) within and outside of hydrated, fixed mouse alaeepithelial cells (Figure
6).14 Maps of nanoparticle distribution within cells wasbtained with 50 nm spatial
resolution. Subsequent lirgeans across intracellular and extracellular nanopatrticle
aggregates revealed their oxidation state. Internalization of nanoparticles by cells led to
their net reduction (i.e., an increase in thé*@a C€" ratio); correlated measurements of

intracellular reactive oxygen species, a general indicator of oxidative stress, showed
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reduced oxidative stress following cell exposure to some concentrations pf CeO
nanoparticles. The authors postulated @&ty nanoparticles may reduce cellular
oxidative stress through superoxide dismutaseatalasdike reactions, though they are

also capable of increasing oxidative stress at some exposure concentrations.

nucleus

10 pm

Figure 6. STXM (a) anfluorescenceoverlay STXM (b) images of mouse alveolar type

Il epithelial cells exposed to Ce@anopatrticles. Cerium distribution within a cell was
observed using STXM by subtracting a scan acquired below the cenaynabsorption
edge from that acquideabove it (a). The cell perimeter and nucleus were observed in
scans acquired above the ceriusray absorption edge and are indicated with white lines.
Cerium absorbance intensity is indicated in the gray dmaleCerium distribution was

also observewith respect to fluorescently labeled lysosomes present in the cell
cytoplasm (b). Cerium (green, observed using STXM) was observed to be encased by
lysosomes (red, observed using structured illumination microscopy) in overlaid STXM

and fluorescence imagaadicated by white arrows. Reprinted with permission from
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Szymanski, C. J.; Munusamy, P.; Mihai, C.; Xie, Y.; Hu, D.; Gilles, M. K.; Tyliszczak,
T.; Thevuthasan, S.; Baer, D. R.; Orr,Bsomaterials2015 62, 147 154 (ref 141).

Copyright 2015 Elsevier.

Because Xrays easily penetrate biological materialray microscopies typically lack

the ability to discriminate nanomaterial distribution in thag®ensions. However,
James et a-KRFwithdocusead ior lsbaneablation and SEM to determine the
threedimensional distribution of ZnO nanoparticles in human macropHégeso-
dimensional nanopartice di st r i but i o+XBFimparalelwithSEMIi r ed by
scans of sample topography. The sample surface was subsequently ablated to remove
cellular material and nanomaterials using a focus€do&am, and its topography was
again probed by SEM. By regiing this process serially, a thrdenensional mapping of
nanoparticle distribution in the cell was obtained. Drescher et al. observed the three
dimensional distribution of silicaoated silver nanoparticles in vitrified mouse

fibroblasts and macrophagesing cryogenic synchrotron-bay tomography*?

Nanometer spatial resolution was achieved without the need farsix¢ sample
preparation or microtome slicing, as is required for electron microscopy; previous work
has shown that synchrotrorray tomography using softpays can achieve spatial
resolution of 36 nm by the Rayleigh critertétwhile imaging through samples 5 to 10

um in thickness#14° Descher et al. observed that cellular uptake of nanoparticles

induced aggregation that was not observed infosl media. Nanoparticle association to
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the nuclear membrane and other organelles was observed, though nanopatrticles did not

appear to rave into the nucleus.

1.5.2Atomic force microscopy (AFM) has a few advantages over electron microscopy
for characterizing interactions between nanomaterials and biological systems. These
include its high spatial resolution in three dimensions, compstiith imaging under
ambient pressure in liquids and in air, and ability to probe the physical properties of a
sample, like stiffness and adhesion strength. Unlike electron microscopy, however, AFM
cannot be easily combined with secondary spectrosoagiicods to analyze chemical
composition; chemical information can be obtained by measuring interaction forces
between a sample (e.qg., live bacterial cells) and an AFM tip decorated with specific
functional groups, though this method has not been wideleapp study nanomaterial
biological interactions (see Fig. 7 for a related example). Image acquisition time is
typically greater for AFM than for electron microscopy because it is a scanning method.
AFM has been applied to study the interactions of bwtldel biological systems (i.e.,
supported lipid bilayers, models of cell membranes) and living organisms with

nanomaterials.

Troiano et al. used AFM to observe association of negatively charged gold nanopatrticles
with negatively charged lipid bilayers, aontrast to the expectation for electrostatic
repulsion between these two systéfi<Combined with other surface characterization
methods, notably second harmonic generation, their results suggest that multivalent
interactions can lead to associative nanoparbidbe/er interactions that are not expected
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from average charge density measurements. Beyond assessment of nanbpaytle
association, Bhattacharya et al. studied the penetration of dendrimer nanoparticles into
supported lipid bilayers and the consequences on membrane ordering using AFM, high
resolution Xray scattering and diffraction, and molecular dynamics simulatins.

Three and fourgeneration poly(ether imine) dendrimers were incubated with DMPC
supported lipid bilayers, and AFM images showed that-ipgeration dendrimers

induced formation of barrel structures in the bilayers without penetrating, while-fourth
generation dendrimsmpenetrated into the bilayers, leaving less dendrimer material
protruding from the membrane surface. As lipid packing density increased, penetration
depth decreased.-day scattering analysis of the membrane electron density profiles
further confirmed thiafourth-generation dendrimers disrupted membranes to a greater
extent than thirdyeneration dendrimers, as evidenced by increased reduction of the lipid

head group density and top leaflet thickness.

Carbonaceous nanomaterials are difficult to obserndntron microscopy due to their
low electron density (resulting in low massntrast), but can be observed readily using
AFM. Spurlin et al. observed that fullerengghanoparticle aggregates associated with
the surface of cationic DMTAP lipid bilayevathout inducing changes in lipid packing

density (based on phas@nsition temperature measuremehts).

In contrast to the negligible effects of fullerene nanoparticles on lipid packing density,
Leroueil et al. observed the formation or expansion of defects in DMPC lipid bilayers
exposed to a variety of cationic nanopatrticles of variable size, charge density, shape,

chemical composition, and rigidness using AE¥Their results demonstrate that
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cationic nanoparticles present above a threshold concentration disrupt lipid bilayers,
suggesting that membrane disruption may be a generalized mechanism of cationic

nanoparticle toxicity to cells.

Work by Van Lehn et al. using AFM combined with atongisimulations and quartz
crystal microbalance measurements suggests that nanopatrticle insertion into lipid bilayers
required the presence of membrane defects, the edges of which acted as the primary

binding sites for nanoparticlé%’

AFM has also been used to study nanomaterial interactions with whisleDx@lobantu

et al. acquired AFM images of the bacté&?seudomonas aeruginoaadStaphylococcus
aureus the yeasBaccharomyces cerevisjabe algaChlorella protothecoidesand the
unicellular flagellat€euglena graciliollowing exposure to equimal@oncentrations of
silver nanoparticles or silver nitrate Aliquots of cell suspension were loaded onto glass
slides coated with-aminopropyltrimethoxysilane, and Mrimages were acquired in
tapping mode after allowing cells to settle for 60 minutes. The AFM images identified
adsorbed nanopatrticles on the cell surface and also demonstrated changes in cell
morphology and membrane integrity following nanoparticle ongbal exposure. Silver
ions and nanoparticles induced the greatest damdgagiena gracilisamong the
organisms studied; release of silver ion was determined to be the major route of silver

nanoparticle toxicity, consistent with previous rep6tts;152.153

As mentioned above, AFM can probe the physical properties of biological samples,

including physical changes induced by exposure to nanomaterials. For example, Liu et al.
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used AFM to studghanges irfEscherichia colandBacillus subtilismorphology and
mechanical properties following interaction with singlalled carbon nanotubé¥: Cell
morphology wa evaluated by drying cells suspensions on glass slides and acquiring
AFM images in tapping mode. Nanotubes accumulated on the cell surface and induced
membrane damage, which progressed from increased surface roughness to release of
cytoplasm and cell cabpse over 2 h. Spring constants of cell surfaces were obtained by
measuring forcalistance curves of cells immobilized on pahlysine-coated glass

slides immersed in saline solution. Nanotube exposure reduced the cell surface spring
constant, which theughors speculated may be due to a loss of cell turgor pressure caused
by membrane damage and leakage of cytoplasm. Liu et al. showed thdispetked
singlewalled carbon nanotubes can puncture the cell surface of multiple species of
bacteria, acting aso-c a | | e el afr H°Bifferences in the relative susceptibilities of
bacterial species to puncture by nanotubes were correlated with differences in bacterial
surface stiffness, measured by AFM. Fedigtance profiles of bacterial cells immersed

in agueous solution showed that graggative bacterial cells were stiffer than gram
positive cells, and bacterial activity tests showed that gragative cells were also more

resistant to puncture by nanotubes.

AFM can also be applied to directly prole tphysical interaction between nanomaterials
and cells, not just the biological consequences of this interaction. For example, Castrillon
et al. functionalized an AFM probe with graphene oxide nanosheets and used force
spectroscopy to measure the adhefoce between them and the surfac&stherichia

coli cells immobilized on a pot-lysine-coated glass slide through amiceupling and
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electrostatic attraction (Figure ¥f Repulsive forces were observed when the probe
approached the cell surface, and were also observed when the probe was pliéed off t
cell surface. Attractive forces were observed irregularly inq@ffilevents. The authors
acknowledged that immobilized graphene oxide nanosheets cannot change their
orientation relative to the cell surface to adopt more energetically favorable doiesitat
as they can in solution. However, they maintain that physical disruption of the cell
membrane is unlikely to be the dominant mechanism of graphene oxide nanosheet
toxicity given the overall repulsive interactions observed. They suggest, instead, that
graphene oxidénduced oxidative stress, which they demonstrated by measuring
glutathione oxidation in the absence of cells, may play a role in toxicity. This suggestion
is consistent with previous reports showing that graphene oxide induces oxidasge str
in the bacteriunPseudomonas aerugind$aand that direct contact between graphene

oxide and cells is not a prerequisite for toxi¢is.
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Figure 7. Average force curves for the approach (a) anebfiulb) of an AFM probe to

and from arkEscherichia colcell surface as a function of thp position (Z). Tip

position ranges from Z=0 (fully retracted probe) to Z=1 um, at which the maximum force
is applied. The top three force curves (red, blue, black) were collected by measuring the
interaction force between the cell surface and AFM tipdiftdrent surface chemistries;

tips were composed of silicon, silicon coated with polydopamine and graphene oxide
(PDA-GO), and silicon coated with polydopamine alone (PDA). The bottom two curves
(orange, green) were collected by measuring the interdctioa between PDA or PDA

GO probe tips and a cdllee, polyL-lysine (PLL)coated glass slide. Repulsive

interaction (positive adhesive force) was observed bet&seherichia colcells and Si,
PDA-GO, and PDA probe tips upon approach; in the case 8+8D probe tips, the

authors suggest that electrostatic repulsion occurs between the negatively charged cell
surface and negatively charged carboxylate groups in GO nanosheets, and that steric
repulsion occurs between lipopolysaccharides in the cell mésrbrane leaflet and GO

(a). Some attractive interaction (negative adhesive force) was observed between the
PDA-GO probe and the cell surface during gaffl (b), which the authors attribute to
lipopolysaccharide molecules bridging the probe and cellsirRReprinted with

permission from RomerWargas Castrillon, S.; Perreault, F.; de Faria, A. F.; Elimelech,
M. Environ. Sci. Technol. Let2015 2 (4), 112 117 (ref 156). Copyright 2015 American

Chemical Society.
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1.5.3Hyperspectral Imaging. Dark-field microscopy combined with hyperspectral
imaging, introduced in Section 1.1, has been used to rapidly detect engineered
nanomaterials bound to or internalized by cells and organisms with minimal sample
preparation. For example, Pratsinis et atjuared darkfield micrographs of murine
macrophages exposed to silver nanoparticles and measured the extinction spectrum from
400-1000 nm within each pixel of the dafikld image using the Cytoviva® imaging
system‘>® Visible-nearinfrared spectra indicated partial nanoparticle agglomeration upon
internalization by cells. Though hyperspectral imadiag been modtequently

employed to study noble metal nanoparticles, carbonaceous nanomaterials have also been
studied by this technique. For example, Smith et al. used Cytoviva&iidariand
hyperspectral imaging to observe single wall carbon nanaeipiade into circulating

mouse blood cells following nanotube injection into the mouse tail*{&Additional

flow cytometry experiments showed that nanotube uptake occurred selectivel@'Ly
monocytes over other blood cells, andarttal microscopy showed that monocytes
delivered nanotubes to the tumor site. Schwab et al. also used Cytovivafietthand
hyperspectral imaging to observe carbon nanotube attachment to the su@aterelfa
vulgarisalgal cells; no spectral match&or nanotubes were observed in the cell interior,
suggesting no nanotube uptake by céftdvortimer et al. recently assessed the capability
of the Cytoviva® dariield and hyperspectral imaging system to detect and quantify the
uptake of a vaety of nanomaterials (including Ag, Au, CuO, and Ti@noparticles and
CdSe/ZnS corshell guantum dots) into a model organism (the protoZearmahymena

thermophild.'®? Reference spectra of each nanopartighe twere acquired after
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suspending nanoparticles in a solution containing extracellular substances isolated from
the protozoan culture; this was done to account for the potential effects of nanomaterial

transformations upon incubation with cells on nanagarspectral features.

Hyperspectral images of cells exposed to each nanoparticle type were then compared to
the corresponding nanopatrticle reference to detect internalized nanopatrticles. In all cases,
internalized nanopatrticles were detected; falgstives (i.e., detection of nanopatrticles

in unexposed cells) were observed only in the case of fa@oparticles, whose spectral
features were similar to those of protozoan cells. In cases where nanoparticles showed
sufficiently distinct spectral profile@s was observed for, e.g., CdSe/ZnS quantum dots
and Ag nanopatrticles), hyperspectral imaging was able to discriminate between two
nanoparticle types simultaneously internalized by cells. While the diffralitnbted

spatial resolution of darield microscopy presents challenges for characterizing
nanomaterial interactions with small cells, such as bacteria, aredwitar features,

Badireddy et al. have demonstrated the ability to observe silver nanopatrticle localization
near the surface of the bacteri Pseudomonas aeruginosaing the Cytoviva® dark

field and hyperspectral imaging system; in this case, the nanoparticle localization at cell
surfaces was confirmed using scanning electron microsédpough the Cytoviva®

imaging system has been the most commonly used hyperspectraignsggiem in the
nanotoxicity literature, alternative systems are available; the features and capabilities of

commercially available systems have recently been compiled by Rotffet al.
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1.5.4Super-resolution light microscopytechniques are nabnstrained by the

diffraction limit of light. Since they do not require ukinggh vacuum conditions, they can

be used to image cells in the hydrated state. These techniques are inherently
fluorescencébased, and they typically rely on the selectivatakion of fluorophores

within a subdiffraction-limited area (e.g., stimulated emission depletion [STED]
microscopy), calculation of the center of the pa@pteadfunction of individual, photo
switchable fluorophores (e.g., stochastic optical recongtruaticroscopy [STORM]), or
interaction of a sample with structured light, producing interference patterns that contain
subdiffraction-limited information (e.g., structured illumination microscopy [SIM]).
Limitations to the use of supegsolution microsgpy in nanotoxicology research are that
the instrumentation is not widely available and that the nanomaterials and some feature of
the biological system must be fluorescent and distinct from one another. However, some
nanomaterials of interest to the namatology community have inherent fluorescence

and have been successfully imaged using stgsiution methods. These materials
include nanodiamond incorporating nitrogescancy centets® as well asarbon

quantum dot$*and CdSe/ZnS corshell quantum dot¥° Leménageet al. used STED

to determine the location of 5 nm luminescent carbon dots within fixed and livingMCF
breast cancer cells with more than-8ires greater spatial resolution than confocal
microscopy:®4 Szymanski et al. used SIM to observe fluorescently labeled lysosomes
within hydrated, fixed mouse alveolar epithelial cells with-130 nm lateratesolution

(see Figure 6Y* Images of lysosome locations were overlaid with STXMges of

intracellular Ce@nanopatrticles, as described in a preceding section of this review. The
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oxidation state distribution of nanoparticles within lysosomes was overall similar to that
of nanoparticles within cells outside of lysosomes; this resugjesitg that the overall
reduction of nanoparticles observed upon internalization by cells occurred via a
mechanism upstream from movement into lysosomes. In addition to locating
nanomaterials within cells, supaFsolution microscopy can provide novel gidiinto

the structure of biological systems in the context of nanotoxicology research. For
example, Melby et al. used SIM to observe formation of {gidkered and lipid

disordered domains in supported lipid bilayers containing unlabeled and fluorescently
labeled phospholipids, sphingolipid, and cholest&ilayers containing phase
segregated lipid domains were then exposed to gold nanoparticles and studied by quartz
crystal microbalance with dissipation monitoring (vide infra) to deitee the influence

of these domains (representative of those present in eukaryotic cells) on nanoparticle
attachment to membranes. Bilayers contaimirderedipid domains showed greater
cationic gold nanoparticle association than those lacking lipidedddomains under

high ionic strength conditions.

1.5.5Spectroscopy Intrinsic spectroscopic methods have been applied to study the
interactions of nanoparticles with a range of biological systems, including whole
organisms, cells, and model cell memiasui.e., supported lipid bilayers). As laliede

probes of biomolecule structure, spectroscopic techniques have advantages over
cytotoxicity assays that employ colorimetric or fluorescent dyes to assess cell membrane

integrity, metabolic activity, or oglative stress. Such assays are subject to interference
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by nanoparticle interactions with dyes or dye products, as discussed previously in this

review.

1.5.6Sumfrequencygeneration (SFG)is a nonlinear optical process sensitive to
asymmetric mattet?’ SFG spectroscopy has been applied to selectively probe the
chemical environment at many types of asymmetric interfaces, including the interface of
biological membranes and nanomaterials in the coofexanomaterial toxicity research.
Dojang¢n et al. used SFG to detect changes
exposed to lithiumntercalating nanomaterials, which are used as cathode materials in
lithium-ion batteries*® When phospholipid bilayers composed of mixtures of

zwitterionic and aniormi lipids were exposed to LiCe@anosheets, the SFG intensity of

a methyl symmetric stretch in lipid acyl chains increased. Control experiments were
performed using bilayers composed of various ratios of these lipids. Together, these
experiments suggestduat bilayer exposure to LiCe@anosheets (which had positive or
nearneutral zetgpotentials depending on their lithiation state) caused negatively charged
lipids to preferentially move to the leaflet closer to the particles, increasing bilayer
asymmetry and enhancing SFG signal ietlgn In contrast, phospholipid bilayers

exposed to a related lithidtercalating nanosheet with a negative mitential,

LiNi 1sMn1/2C01/202, showed no changes in SFG intensity.

Troiano et al. probed the association of gold nanoparticles with zeittesupported
lipid bilayers as a function of nanoparticle charge and solution ionic strength by using
resonantly enhanced second harmonic generation (SHG), a special case of SFG where
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photons of identical frequency combine to produce photons of twideetiigency*° By
monitoring the enhancement of SH@ensity at the bilayesolution interface, they
demonstrated that while Coulombic interactions largely determine the overall magnitude
of nanoparticle association to bilayers, partigilayer interaction strength is largely

independent of particle chagindicating a likely role of multivalent interactions.

1.5.7Raman spectroscopycan probe the molecular environment of biological system
under hydrated conditiorssnce water has a low Raman scattering esession and,

thus, contributes little interfering signal to analytes in water. Candeloro et al. used Raman
spectroscopy to individually analyze-fired, live HelLa cells directly injected with Ag

and FeOsnanp ar ti cl es, achieving a spatial resol
the laser spot sizé§ Direct injection into HelLa cells was used to avoid nanoparticle
transformations, such as aggregation and protein adsorption, which can occur in
biological exposure media and may impact biological response. Followilligamate

statistical analysis, distinctions between control and nanopaireieed cell populations

were attributed to biochemical changes induced by oxidative stress (i.e., decreased
concentrations of glycogen and fructégsphosphate in cells expostananoparticles).

Raman spectroscopy can also be employed to track nanomaterial localization within cells.
Shah et al. used confocal Raman microscopy to dynamically monitor gold nanoparticle
uptake into human prostate cancer LNCaP pro5 cells with appatedy 250 nm lateral
resolution and 500 nm vertical resolutt§dUsing this method, Raman spectra were

acquired as a laser scanned across a sample mounted on a glass slide placed in modified
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confocal microscope; an image was then crelayeshapping the intensity of chosen

Raman lines among the pixels in the sampled area. Gold nanoparticles were detected by
monitoring the photoluminescence arising from laser excitation. Cellular features were
detected by monitoring a Ramantive GH strething mode, used as a generic reporter

of organic material. Images collected 2, 12, and 24 h after incubating cells with
nanoparticles showed increasing nanoparticle uptake and movement towards the nucleus,
whose position within the cell was inferred fr@ontrast in Raman signal intensity

relative to the rest of the cell.

Raman spectroscopy has also been used to detect carbonaceous nanomaterials. For
example, Lamprecht et al. used confocal Raman microscopy to locate-dalield

carbon nanotubes withiruman urinary bladder carcinoma cells with lateral resolution of
259 nm (based on the Rayleigh criterion) and vertical resolution of about' i
intracellular location of carbon nanotubeas mapped without the use of chemical labels
(e.g., fluorescent labels) by monitoring their Raraative G mode (Figure 8). Cellular
features were also identified and mapped by tracking Ratiive GH stretching

modes. Images showed that carbon narestydseferentially localized near the cell
nucleus, which was distinguished from surrounding cell material by its highiem@de

Raman signal intensity.
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Figure 8. Raman spectra and intensity maps of fixed epithelial urinary bladder carcinoma

cells expose to oxidized double walled carbon nanotubes. Internalized nanotubes were
detected using t he-Clkobads,thouglhrtletradial breathingnmmdee o f
(RBM) was observed in some cases (a). Cellular material was identified usifig a C

bond stretchig mode at ~3000 cishift, which was present in both cellular material

(e.g., lipids) and in nanotubes (a). A spectral intensity map was produced by integrating
theCH peak intensity (blue), GO0 peak intensi
overte pping G6 and RBM peaks appear yellow (Db
panel b, spectral intensity mapseH, GO6, and RBM, resp&ctivel:
Reprinted with permission from Lamprecht, C.; Gierlinger, N.; Heister, E.; Unteraver, B
Plochberger, B.; Brameshuber, M.; Hinterdorfer, P.; Hild, S.; A Elnéthys. Condens.

Matter 2012 24 (16), 164206 (ref 170). © IOP Publishing. Reproduced with permission.

All rights reserved.
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Higherspatialresolution Raman methods are needed abgnanoparticle interactions

with smaller biological systems (e.g., microorganisms, organelles) and to distinguish
local from distributed effects of nanoparticles on the chemical signatures of biological
systems. Raman spectra of biomolecules have bdiected with sukdiffraction-limited
spatial resolution (20 nm) by applying stochastic reconstruction methods (also applied in
superresolution fluorescence microscdpy to temporal fluctuations of surface

enhanced Raman scattering (SERS) signal inteh€iEurther devapment of sub
diffraction-limited Raman spectroscopy will enable more widespread application of this

technique to the study of biological systems.

1.5.8ATR-FTIR spectroscopy Infrared spectroscopy provides complementary
information to Raman spectroscopy, since it is sensitive to somBRamaractive

molecular vibrations; however, it suffers from interference in aqueous environments due
to the large infrared absorption by wat€o study biological systems under hydrated
conditions using infrared spectroscopy, an ATR crystal can be used to probe a small
depth into a sample (described in more detail in Section 1.2) and limit interference of
bulk water. Li et al. used ATIRTIR toassess the impacts of carbmssed nanomaterials,
including Geo, multi-walled carbon nanotubes (MWCNTS), and singhdled carbon
nanotubes (SWCNTSs), on both MQForeast cancer celfs and zebrafisi’* Cancer

cells wereexposed to low concentrations (0.0025 to 0.1 mg/L) of MWCNTSs, and changes

in cellular lipid, protein, and DNA/RNA structure were assedé&danomaterial
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induced damage to cell membrane components was suggested as a major route of
toxicity, as protein and lipid spectral regions were most significantly altered. Raman
spectroscopy was used in paraliéth ATR-FTIR to quantify the ratio of oxidized

cysteine to total protein in the cancer cells, a marker of oxidative stress. Short MWCNTSs
induced greater oxidative stress in cancer cells than did long MWCNTSs. Zebrafish
exposed to carbon nanomaterials sedwltered lipieko-protein ratios (probed by ATR

FTIR) and lipid unsaturation levels (probed by Raman spectroscopy) in various tissues,
including the brain and gonads, demonstrating that these materials can exervggstem

stresst’

1.5.9Laser-induced breakdown spectroscopy (LIBSvas used by Sancey et al. as a
labelfree method to locate and quantify gadolinibased nanoptcles in whole mouse
kidneys!” Given its general detection scheme based on atomic emission, LIBS can be
applied to study nanomaterials with any chemical composition. However, LIBS is
inherently destructie, and its low spatial resolution (reported by Sancey et al.to be 10

em) makes it applicable only for very | arg

1.5.10Electron paramagnetic resonance (EPR) spectroscopy (also referred to as
electron spin resonace). Generation of reactive oxygen species (ROS) and the
oxidative damage they subsequently induce is a frequently described mechanism of
nanomaterial toxicity to living organisms. Nanomateimaluced ROS generation is

frequently monitoredh vitro andin vivousing fluorescence imaging (e.g., using ROS

65



probes such as dichlorofluorescein diacététe?), but this approach can suffer from
signal interference due to probe interactions with nanomaterials and components of
complex biological matrice complicating quantitative analysis. EPR spectroscopy
provides a more quantitative means to detect free radicals, a category into which many
ROS, including @ and HAMall, as this method is less susceptible to matrix
interferenceé® EPR spectroscopy detscshortlived free radicals that have been trapped
as longeilived spiradducts through reaction with sgiapping agents such as

nitrones!®! Yin and coworkers have recently reviewed the application of EPR

spectroscopy to quantify ROS production from nanomatéfials.

Perelshtein et al. used EPR spectroscopy to measure free radical produstder iny
commercial and sonochemically prepared CuO and ZnO nanoparticles, and correlated
free radical production with nanopatrticle toxicity to bacterial cells and human alveolar
epithelial cells'®3 These authors observed increased generation of freelsdoljca
nanoparticles incorporating more defects in their crystal structure, and overall higher
toxicity of nanoparticles with more defects. Ahlberg et al. used EPR spectroscopy to
measure intracellular free radical production by Ag nanoparticles in humaimketye
cells®n this study, Ag nanoparticles were stored under air or argon prior to use;
storage under argon reduces their oxidative dissolutiggtoLower free radical
production was observed by particles stored under argon, suggesting nanopatrticle

dissolution induced intracellular ROS production.

Though free radical production is a widely cited source of nanomaterial toxicity,

chemically inerhanomaterials are less likely to produce free radical species; for
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example, Nelson et al. observed no formation of free radicals from NIST gold
nanoparticle reference materials with diameters of 10, 30, and 60 nm either alone, in the
presence of DNA, orfeer UV-irradiation8® Some nanoparticles are also capable of
scavenging free radical species through xe@actions. Dunnick et al. used EPR
spectroscopy to measure free radical scavenging by Gatparticles with different

valence state ratios (€¢Ce™) in both cell culture media and in the presence of rat
alveolar epithelial cell$2® They observed decreased radical scavenging with increasing
doping of GdOs into the nanoparticles, where doping was suggested to decrease the
particlesd abil it y?3andCé& states Fhistesulh suggeststhate e n  t
the radical scavenging capacity of Ge@noparticles is determined by their ability to
transifon between valence states. In a related study, Celardo et al. showed that doping
CeQ nanoparticles with Sm decreased their radical scavenging capacity. Since Sm
doping decreased the €eoncentration, this result suggests that redox reactions between

Ce** and Cé" were key to nanoparticle radical scavenging capagity.

1.5.11Mass spectrometrymethods differ greatly in their spatial resolution, with

significant consequences for their applications in nanomaterial toxicity research.
Electrospray ionization mass spectrometry methods require that chemically
heterogeneous samples be chromatographically separated prior to analysis. In the context
of biologicalsamples (e.g., cells, tissues, or organisms exposed to nanomaterials), this
requirement severely limits spatial resolution, since samples must be homogenized and

species of interest extracted prior to analysis. Despite low spatial resolution, chemical
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labeling methods can be employed to selectively monitor species of interest to the
nanomateriabiological interface. For example, Nelson et al. used isedidp&on LC-
MS/MS to quantify the formation of oxidatively induced DNA lesions in both HepG2
cells (ahuman liver carcinoma cell line) and calf thymus DNA exposed to Au
nanoparticles®® Four®N-labeled nuaosides served as stable isotope standards, and
subsequent quantification of natural DNA lesions relative to their labeled counterparts
revealed no significant lesion formation induced by nanoparticle exposure. The gold
nanoparticles used here may therefserve as negative nanoparticle controls for toxicity
studies targeting DNA damage. The authors note that mass spectral techniques have
significant advantages over more commonly used DNA damage assays (e.g., the comet
assay), in particular their abilitg discriminate between multiple DNA lesions and to
avoid interference from the presence of nanoparticles. We note that the much greater
expense of mass spectrometry analysis over that of commercially available assays can

present a barrier to the applicatiof this technique.

Like electrospray ionization mass spectrometry methods, inductively coupled plasma
mass spectrometry (IEMS) lacks spatial resolution. However, IBFS remains one of

the most common means to quantify nanoparticle internalizatiocéfitoand tissues
(along with related methods coupling an optical detector to an inductively coupled
plasma source). Recent advancements in this technique have permitted single particle
detection (see also Section 1.1). Single particleME’provides a mre quantitative

means to characterize nanoparticle uptake into cells and tissues and nanopatrticle
transformations (i.e., aggregation and dissolution) within biological environments than
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microscopy technigues. Dan et al. used single particleMGRo montor gold

nanoparticle uptake by tomato plants while simultaneously monitoring nanoparticle size
distribution and dissolved gold concentrati6fiNanoparticles were extracted from plant

tissue by treatment with macroenzymd ® which was shown to have no significant

impact on nanoparticle size and dissolution state. Uptake into plant tissue had no

signficant effect on nanoparticle size distridck
significant oxidation of nanoparticles to Au ions was observed. Single particleI8CP

has also been used to determine gold nanopatrticle uptakadnprhabditis elegans

using tetramethylammonium hydroxide to extract nanoparticles from biological

material8®

Scanlan et al. applied single partitRC-MS to quantify silver nanowire uptake by
Daphnia magnand to analyze the length and dissolution state of the nand#res.
Daphniahemolymph was removed with a needle syringe and analyzed directly.
Internalizedsilver nanowires were distinguished from dissolved silver by setting an
intensity cutoff. A silver signal that occurred as a distinct spike was considered
indicative of nanowires while a silver signal that was approximately constant was
considered indicate of dissolved silver. Particulate silver was observed iDatihnia
samples exposed to silver nanowir@aphniareceiving higher nanowire concentrations
also contained significant concentrations of dissolved silver. Preferential uptake of
shorter nanwires was observed by calculating the nanowire-digiibution resulting

from ICP-MS-measured silver count rates.
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Laser ionization methods, which have become more common over the past thirty years,
can ionize select areas of a sample, and when coujilednass spectral detection, can

provide sufficient spatial resolution to locate nanomaterials within some biological

systems. Spatial resolution is determined by the laser spot size and is typically single or
tens of micrometers. Time of flight mass spegteters are commonly us&d,*** though

the laser ionization source can also be coupled to aMSEP*>1%aser

desorption/ionization mass spectrometry ({\0$) can be used in an imaging format by
rastering the incident laser beam across the sample of interest; this method has been used
to detect and analyze many types of nartenls in cells and tissues, including carbon

based nanomaterials, where anionic carbon clusters contaridg&bon atoms have

been detected as markers for larger carbon nanomatétiatsyvell as gold and silver
nanoparticled*319319| D|-MS has also been used in a fioraging platform taletect
nanoparticles extracted from cell lysates. In a handful of studies, ionizable ligands on the
nanomaterial surface have been detected in place of the core matedah 5d ed A mas s
bar codes o ( eatngmoblecules)kattachéd to the narbple surface

allow nanoparticles of the same core material but different surface chemistries to be

distinguished 2194

Lasersecondary neutral mass spectrometry (E3¢MS) is a useful tool for elemental
and moleculatevel analysis in complex biological sampfés®’and holds promise for
analysis of nanomaterial distribution in cells and tissues. Related t& &,
introduced in Section 1.2.1, lasBNMS also relies on sputtegra sample surface with
an energetic ion beam; neutral atoms and molecules liberated from the surface are
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subsequently ionized using a laser beam and are then mass ah&l¥hedtunable
penetration depth of the ion beam used in both SNMS and SIMS provides selectivity for
the chemical environment at surfaces, making these techniques capable of probing the
chemical environment at the interface of nantmals with cell membranes without the
need for labels. Haase et al. used IE&6MS to quantify silver nanoparticle uptake by
human macrophages, while simultaneously imaging the spatial distribution of
extracellular sodium and intracellular carbon ameksi*® The authors also performed
complementary confocal Raman microscopy characterization in an effort to maximize
guantitative and qualitative information on nanopatrticle distribution. LasSBIS was
performed on cryogenically prepared cells, and resolved nanoparticle localization to
within 100 nm. Confocal Raman required less sample preparation but achieved resolution
of 400500 nm for the silver nanopatrticles. In parallel with SNMS analysis, the authors
used ToFSIMS as a labefree method to observe silver nanopartidéuced changes
human macrophage membrane lipid composition, characteristic of oxidative stress and
altered membrane fluidity. ThraBmensional images of cellular chemical composition
were obtained by successively removing layers of biological material using ion

sputering.

1.5.12Gravimetric Analysis. Quartz crystal microbalance with dissipation (QTM
has been used within the nanotoxicology community to study the interactions of
nanomaterials with biological species ranging from coll&¢a supported lipid

bilayerg4146200.201tq whole cell%? Based on the reverse piezoelectric effect in a quartz
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crystal, addition of mass to the crystal decreases its resonance frequency, providing a
labelfree mechanism to detect, for example, nanoparticle adsorption to a biological
species immobilizedrothe cystal surfaceMost commonly, a supported lipid bilayer or
whole cells are immobilized on the surface of a quartz crystal present in a flow cell, and
nanomaterials are introduced in fluid flow. Mass addition to the crystal surface, via
associatiorwith the immobilized biological material, is observed by a decrease in the
crystal resonance frequency, and changes in the viscoelastic properties of biological
material can be simultaneously observed by monitoring changes in the frequency
dissipation. Som QCMD instruments have the capacity to monitor frequency and
dissipation changes at multiple harmonics. Since the penetration depth of the shear wave
resulting from the crystal resonance is dependent on the harmonic number, such
instruments allow the disncedependence of nanopartiddological interactions to be
probed. . In the nanotoxicology literature, Qvhas been most commonly applied to
study nanomaterial interactions with supported lipid bilayers, which serve as simplified

models of biologicalmembranes.

For example, Karlsson et al. studied the toxicity of coffy@esed nanopatrticles (Cu, CuO,

and CuZn alloy nanoparticles) towards alveolar epithelial cells and red blood cells using
standard cytotoxicity assays (Trypan blue and hemolysis asghys)also measuring
nanoparticle adsorption to mixed lipid bilayers containing the lipids POPC and POPS or
POPG using QCMD.* The more cytotoxic nanoparticles (Cu and-Zh) induced small
negatives changes in frequency, indicating mass association to the bilayers, while the less
cytotoxic nanoparticle (Cu) induced larger positive changes in frequency, indicatig |
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of mass from the bilayer. The authors attributed this mass loss to lipid extraction from the
membrane as a result of adsorption to the nanoparticle. By correlating lipid bilayer
studies with cellular toxicity studies, the authors suggest that narbgartuced

oxidative stress (the suspected source of Cu arAnanoparticle toxicity) was more

damaging under these conditions than lipid extraction by nanoparticles.

In another study, Jacobson et al. used QKb detect gold nanoparticle association
supported lipid bilayers prepared from POPC and lipopolysaccharides, a component of
thegram-negative bacterial cell membraffé Nanoparticle association increased with
lipopolysaccharide carentration in the bilayer and association was greater on a per
moleculebasis for lipopolysaccharides bearing long saccharide chains than short
saccharide chains (Figure 9 a, b). Parallel studies using bacterial cells with variable LPS
content also showetiat nanopatrticle association depended directly on
lipopolysaccharide concentration in the cell membrane, suggesting a key role for this

species in mediating bacterial ealinopatrticle interactions (Figure 9 c).

QCM-D can be combined with impedance spestopy to probe the electrochemical

behavior of supported lipid bilayers. For example, Mu et al. used electrochemical
impedance spectroscopy to study ion transport through lipid bilayers exposed to silica
nanoparticled®® No change in ion transport was observed, suggesting that membrane
integrity was unaffected by the irreversible nanoparticle adsorption observed ifBQCM
experiments. However, based on a parallel experiment that showed leakage of fluorescent

dye fromdye-encapsulating liposomes following nanoparticle exposure, the authors
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suggested that silica nanoparticle adsorption to the membrane induced transient pore

formation.
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Figure 9. Association of cationgold nanoparticles to POPC lipid bilayers containing
variable lipopolysaccharide content was monitored using €EC(d, b). Nanoparticle
association to the bilayer is indicated by negative frequency shifts fof tharfonic

( t5). Bilayers contained #hier rough lipopolysaccharide (a), which bears a short
polysaccharide chain, or smooth lipopolysaccharide (b), which bears a long
polysaccharide chain. Experiments were performed using solution conditions of either 25
or 100 mM total ionic strength. Assation of cationic (purple) and anionic (red) gold
nanopatrticles to live bacterial celSHewanella oneidendidR-1) was monitored as a
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function of cell surface lipopolysaccharide content using flow cytometry (c).
Nanoparticle association to cells was @éonéd visually using the CytoViva®
Hyperspectral microscope, where arrows indicateassdbciated material that was a
spectral match for gold nanoparticles (d). Reprinted with permission from Jacobson, K.
H.; Gunsolus, I. L.; Kuech, T. R.; Troiano, J. Mielby, E. S.; Lohse, S. E.; Hu, D.;
Chrisler, W. B.; Murphy, C. J.; Orr, G.; Geiger, F. M.; Haynes, C. L.; Pedersen, J. A.
Environ. Sci. TechnoR015 49(17), 1064210650.(ref 201) Copyright 2015 American

Chemical Society.

QCM-D has beettesscommonly applied to probe interactions of nanomaterials with

whole cells. In one study, Wang et al. observed phagocytosis and later expulsion of large
polystyrene beads (800 nm diameter) by macrophages immobilized on eDeNksor

in reattime 2°2 Concentratiordependenfrequency responses were observed when
macrophages were exposed to SWCNTSs, and these could be used to distinguish between
nanomaterial exposure conditions that triggered no response;rsgpesse and

recovery, and cellular toxicity (i.e., apoptosis).

1.6 Nanomaterial-Induced Changes in Physiological Processes

Developing a complete understanding of nanomaterial toxicity requires that the impacts
of nanomaterials on the biomolecular components of cells, considered in SeBtion
(Interactions of Nanomatals with Biological Systemshe considered in parallel with

their systemwide impacts on physiological function. Perturbations to processes such as
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DNA replication, protein biosynthesis, and exocytosis can have significant consequences
for cell or orgaism health and should be understood to ensure the responsible use of
engineered nanomaterials. Understanding nanomaterial effects on physiological processes
can also provide further insight into the mechanisms underlying nanomdatdtiaed

toxicity. Analytical methods adopted from areas within the chemical and biological

sciences are enabling investigations of nanomaterial perturbations to physiological
processes across a range of organismal complexity, from-sieligel organisms like

bacteria to primarhuman cells lines and multicellular organisms like water fleas.

Linking nanomaterial impacts on physiological function to underlying mechanisms of

toxicity remains a major challenge for the nanotoxicity research community.

1.6.1Electrochemical.In thissection, we will discuss the applications of
electrochemical methods for evaluating nanomaterial toxicity, a topic that has also been

reviewed by Ozel et 33

Electrical impedance monitoring provides a continuouss;tnesd, labelfreeapproach for
measuring cellular proliferation, motility, permeability, and metabof&@dls in

contact with conductive materials (e.g., microelectrodes placed in a culture dish) act as
capacitive elements and increase electrical impedance proportionally to their extent of
contact with the electrod@® Hondroulis et al. developed a cHipsed electrical

impedance measurement array to qugmiie toxicity of gold, silver, and cadmium oxide
nanoparticles and singlgalled carbon nanotubes to human lung fibroblasts and rainbow
trout gill epithelial cell$°® An array of gold electrodes installed dre tchip allowed
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multiple cytotoxicity experiments to be run simultaneously. In their studies, cadmium
oxide and silver nanoparticles more significantly decreased cell proliferation rates than
did gold nanoparticles and singhalled carbon nanotubes, indted by lower

impedance values when tracked over time. In another study, Zhu et al. used a similar
device to observe rates of mouse epithelial cell detachment from electrodes (due to
necrosis) following the introduction of copper (Il) oxide, cadmium oxade, titanium

dioxide nanoparticle®’ The highest rate of detachment was observed after exposure to
copper (1) oxide, where the measured impedance ratumbeaseline values observed in

the absence of cells after about 25 h exposure. Exposure to cadmium oxide and titanium

oxide nanoparticles induced lower, but still significant, cell detachment.

In addition to homébuilt devices, commercially availablesetrical impedance

measurement systems have also been used to study nanomaterial toxicity. Cimpan et al.,
using the xCELLigence Real Time Cell Analyzer Dual Plate instrument, observed a small
decrease in the proliferation rate of mouse fibroblasts exposE®, nanoparticle$®®

These results were in agreement with those obtained usirtgaitional toxicological
measurements (Trypan Blue staining and optical microscopy), which also indicated a
small cytotoxic effect. Chuang et al. also used the xCELLigence system to quantify gold
nanorod toxicity to six mammalian cell lines, and compagesdlts to those obtained

using conventionah vitro cytotoxicity assays (including MTS and Trypan blue viability
assays and apoptosis and -cillision assays}?® Impedancebased and conventional
cytotoxicity measurements both suggested that gold nanorods were toxic to eells; IC
values (indicating the naparticle concentration inducing a 50% decrease in cell
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viability) measured using impedance and MTS assays were similar for some
nanoparticlecell combinations, while others gave values differing by up to a factor of
3.5. Impedanckased measurements weeadily made across all cell lines employed,

while some conventional cytotoxicity assays were not compatible with all cell types.

Giaever and Keese were the first to report on impedbased measurements of the

motility of healthy, adherent cells usingell-covered electrode operating at a fixed AC
frequency?'® Variability in impedance over time is observed for healthy cells as they
undergo metabolically driven shapleanges and cetlell junction distance changes; a
decrease in impedance variability over time indicates cellular toxicity. Tarantola et al.
were the first to apply this principle to study nanomaterial toxfit$?In one study, the
authors exposed MDCK Il epithelial cells adhered to an electrode to CdSe/ZnS quantum
dots, CTABcoated gold nanorag and polyethylene glycaoated gold nanorods and
monitored cell motio!! Dosedependent decreases in cell motion were observed for

cells exposed to quantum dotsdlaCTAB-coated gold nanorods, indicating nanopatrticle
toxicity, while polyethylene glycetoated gold nanorods had a smaller and less dose
dependent effect on cell motion. Cell motion was suggested to be a more sensitive test of
cell viability than a commualy used cytotoxicity assay (MF&ssay), since reduction of

cell viability was seen at lower nanopatrticle exposure concentrations with the former than
the latter. Cell motion measurements were continuous, in contrast to many conventional
cytotoxicity assay that probe toxicity only at discrete time points, enabling dynamic

characterization of nanopatrticle toxicity to cells.
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Electrochemical impedance spectroscopy, in which electrical impedance is monitored as
a function of frequency, has been applied byrghet al. to study the mechanism of silica
nanoparticle interaction with DOPC lipid monolayers as a function of nanopatrticle
size?'3 Hydrophobic lipid tails were shown to physically associate with the surface of a
mercury electrode at its point of zero charge, forming a lipid monolayer. As the electrode
potential was made more negative, lipids began to desorb from the electrode; some
remained within the Debye length of the electrode and could be electrochemically
probed. Complex capacitance plots of the lipid desorption process indicated that smaller
silica nanoparticles (18 nm diameter) more significantly stabilized lipids during
desoption than did larger silica nanoparticles (182 nm diameter). In parallel studies,
these authors performed confocal imaging and fluorescence recovery after
photobleaching measurements on DOPC giant unilamellar vesicles. Their results
demonstrated that snha silica hanoparticles decreased the average lipid diffusion rate
within the vesicles and induced vesicle hole formation, while larger silica nanopatrticles
increased the average lipid diffusion rate and extracted lipids from the membrane,
wrapping the naopatrticle in lipids and leading to vesicle breakdown. These combined
results were interpreted to mean that the process of wrapping membrane lipids around
smaller nanoparticles is restricted by a larger energy barrier than exists for larger
nanoparticles wich have a lower surface curvature. Consequently, smaller particles,
rather than extracting lipids from the membrane and becoming wrapped, would be

expected adsorb to the membrane surface through van der Waals and electrostatic
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interactions, increasingtkral tension within the membrane and leading to membrane

stressfractures, or holes.

Voltammetry has been adapted to study the impacts of nanomaterial exposure on living
cells and organisms. Microelectrodes (approximately 10 um in diameter) havesieelen u
to selectively probe electrochemical activity within tissues. Ozel et al. exposed zebrafish
embryos to Ceéhanoparticles and monitored the concentration of serotonin, a
neurotransmitter involved in motility and digestive function, in the intestimeyusi
implanted carbon fiber microelectrodes and differential pulse voltam#atétntestinal
serotonin levels decreased with miély exposure to 260 ppm of Ce@nanopaticles,

likely due to depletion of serotonin from tissues by adsorption to the nanoparticle surface.
Correlatedn vitro experiments using UWis and FTFIR spectroscopies indicated that
serotonin had adsorbed to the nanoparticle surface. In a separgtesteidet al. used

the same detection method to measure the intestinal concentration of nitric oxide, a
physiologically important free radical biomolecule that can also induce cytotoxicity at
high concentrations, in zebrafish embryos exposed te @e®DGIO nanoparticles®
Exposure to CuO nanoparticles significantly increased intestimial oxide

concentrations. Some of this effect was attributed to release of copper (Il) from the
nanoparticles as a result of dissolution; control experiments showed that embryo
exposure to CuS{also increased nitric oxide levels. Low exposure concéomsabf

CeQ nanoparticles decreased intestinal nitric oxide concentrations, likely due to radical

scavenging as a result of redox reactions with expos&dde¢' sites on the nanoparticle
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surface. However, the scavenging effect was concentrdéipandery as exposure to

higher nanoparticle concentrations increased intestinal nitric oxide concentrations.

In two related studies, Maurdones et al. and Love et al. measured the effects of
nanoparticle exposure on exocytosis from individual cells by trgdki@ secretion of
redoxactive specie$t®2’Microelectrodes were placed in contact with the surface of
individual primary culture cells, and individual exocytosis eventewéserved as

current spikes at the electrode, which was held at a constant potential capable of
oxidizing the redoactive molecule of interest. Nanopartiiteluced changes in cell
exocytosis were quantified by measuring the total concentration ofexcegloxactive
molecules and the kinetics of individual secretion events; the latter were calculated from
the frequency and halfidth of current spikes. Maurgiones et al. showed that serotionin
exocytosis from murine peritoneal mast cells decreas&dquency and increased in
duration following exposure to Téhanoparticles; lower total release of serotonin was
also observed. These effects were attributed to increased concentrations of intracellular
reactive oxygen species measured following narimp@exposurél® Love et al. showed

that murine adrenal medullary chromaffin cells exposed to-REE&ionalized Au
nanoparticles decreased the exocytosis of epinephrine and norepineghilaeglls

exposed to Ag nanoparticles showed unaltered exocytosis, despite significant cellular

internalizatior?”

1.6.2-Omic Methods Applied to Nanomaterial Toxicology.Transcriptomics,
proteomics, and metabolomics (sensitive to mRpiAtein, and small molecule
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expression, respectively) are increasingly used to study the physiological consequences

of nanomaterial exposure on a variety of

omi cso0 methods, they en ciamparsalyticahtechniqades, r an g

including microarrays and negeneration sequencing technologies (transcriptomics),
mass spectrometry (proteomics), and NMR (metabolomics)i dimécs methods allow
physiological perturbations induced by nanomaterial exasube assessed globally,

that is, without targeting a particular physiological process. This untargeted nature
enables novel modes of nanomateb@mllogical interaction to be discovered and

represents a significant advantage over many commercialljabhean situ cytotoxicity
assays, which are often limited to probing one specific process (e.g., membrane integrity

or enzymatic activity).

Thei omics methods are compatible with a wide range of nanomaterial types and do not
commonly suffer from the nanmateriatinduced interference that is common in mamy

vitro cytotoxicity assay$.For example, transcriptomic approaches using DNA
microarrays (vide infra) havbeen used to study differential gene expression in cells
exposed to nanomaterials as diverse as carbon nanéttibiegh aspect ratio Ti©
nanobelt$!® TiO, nanoparticleg?’ CeQ nanoparticle$?! and mesoporous silica
nanoparticle drug delivery systeftd Thei omics methods often generate large, complex
data sets that require significant processing to obtain meaningful biological conclusions.
Multivariate analyses, such as principamponent analysis, and bioinformatics
techniques, including clustering algorithms and network analyses, are commonly
employed for this purpose.
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1.6.3Transcriptomics. Transcriptomics quantifies RNA expression, which is indicative

of gene regulation. Changes in mMRNA expression induced by nanomaterial exposure are
indicative of altered expression of the corresponding gene or gene cluster. Physiological
impacts of nanomatei a | exposure are then inferred ba

known physiological function.

Two primary techniques are used to study the effects of nanomaterials on the cell
transcriptome: microarrays, which consist of short DNA strands immobiizedchip,
and nexigeneration sequencing technology. In microarray experiments, mRNA is
extracted from cells following nanomaterial exposure, revieesescribed to cDNA,
functionalized with a fluorescent tag, and hybridized onto a microarray conteensgf
thousands of complimentary DNA fragments localized into distinct spots. The
fluorescence intensity at a particular spot is indicative of the expression level of the
corresponding gene. Microarrays have been most commonly used to study nanotoxicity
in primary human cells and cell lines whose genomes arectvathcterized; however,
other weltcharacterized cell types, includiigcherichia coli have been used®?2® In
nextgeneration sequencing experiments using Ridé methodology, mRNA is
extracted, reverse transcribed to cDNA, fragmented, and sequenced using a next

generation sequencing method (e.g., lllumina and SOLID sequencing).

Fisichella et al. used human genome microarrays and quantitatintaregdolymeras
chain reaction (QR-PCR) assays to study the response of intestinal-Zaedls to

uncoated Ceonanoparticles and citratated Ce@nanoparticleg?! Nanoparticles
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were used in their pristine state and also after exposure to artificial daylight or treatment
with acid, to simulate degradation expected tocuomaturally in the intestine.

Differentially expressd genes were observed using microarrays and validated by parallel
analysis by gRIPCR. Ingenuity pathway analysis was subsequently used to identify the
canonical biological pathways that contributed most significantly to the observed gene
expression chamg. Coated, pristine Ce@anoparticles induced few changes in gene
expression; however, uncoated nanoparticles and coated nanoparticles treated with light
or acid induced significant changes in gene expression related to mitochondrial function,
specificaly the oxidative phosphorylation pathway. Fewer genes were significantly
differentially expressed following exposure to pristine cit@pped Ce@nanoparticles

than uncoated or coated and degraded nanoparticles. Consequently, the authors suggested

thatcitrate coating has protective effects towards €acells.

While microarray technologies screen for differential expression among thousands of
predetermined genes, neggneration sequencing techniques like RNA Seq sequence and
analyze all extracted RN#equences. Consequently, RI$&q can sample a larger array

of physiological functions potentially impacted by nanomaterial exposure than can
microarrays and so is more capable of discovering novel modes of nanomaterial impacts
on physiological function. Aew examples illustrate the application of ngeneration
sequencing technologies to study nanotoxicity. Huang et al. used the SOLID RNA Seq
platform to analyze differential microRNA expression (involved in regulating mRNA and
protein expression) in humalermal fibroblasts as a function of silver nanopatrticle
exposuré?*n parallel, they measured differential gene expression using microarrays and
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protein expression using2 gel electrophoresis and mass spectrometry. Publicly
available gene anndtan and visalization tools (i.e., Database

for Annotation,Visualization and Integratediscovery and The Gene Map Annotator

and Pathway Profiler) were used to identify biological pathways impacted by
nanoparticle exposure. Validation experiments usorgroercially available kits

observed the functional response of cells to nanoparticle exposure (i.e., nanopatrticle
effects on cytoskeleton structure, ATP content, and apoptosis). These were performed to
test the functional impact of changes in biologicahpay regulation identified in

MRNA expression studies. Such validation is a critical component of efforts to correlate
differential gene, protein, or small molecule expression with nanotoxicity, as
toxicological research must ultimately identify changeséllular function, not just
biomolecule expression. Through their combined analyses, Huang et al. determined that
silver nanoparticles impaired cytoskeleton integrity, reduced cellular metabolism, and

induced apoptosis.

Feliu et al. studied the toxicityf sublethal doses of poly(amindoamine) dendrimers to
human bronchial epithelial cells using the lllumina RNA Seq platform for global RNA
sequencing?® Analysis d their sequencing data using a gene ontology bioinformatics
package revealed that cationic, amieaminated dendrimers significantly down
regulated genes related to cell division, while anionic, hydrtetyghinated dendrimers
induced no significant chaeg in gene expression. Subsequently, the authors directly
measured changes in the cell cycle of cells exposed to cationic or anionic dendrimers
using flow cytometry, and observed cell cycle arrest only in cells exposed to cationic
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dendrimers. This work deonstrates the power of negéneration sequencing techniques

to inform targeted, functiondével investigations of nanomaterial toxicity by detecting
changes in cell pathway regulation with high sensitivity and without targeting. Finally,
van Aerle et alused the lllumina RNA Seq platform to investigate differential gene
expression in zebrafish embryos in response to exposure to silver nanopatrticles, bulk
(non-nano) silver, and silver iorf® Although some changes in gene expression were
unique to silver nanoparticle exqare, disruption of the oxidative phosphorylation

pathway was common following exposure to all silver materials. Changes in oxidative
phosphorylation gene regulation were dependent on the duration of embryo exposure to
silver, showing overall downregulaton between 0 and 24 h and-tggulation between

24 and 48 h (Figure 10); given the pronounced dependence of differential gene
expression on nanomaterial exposure time, gene expression profiles should be collected
at multiple time points following nanomai@rexposure. These tirgependent changes

in gene regulation correlated well with changes in embryo oxygen consumption after
exposure to silver ions; oxygen consumption was similarly reduced between 0 and 24 h
after exposure to silver ions and recovereddntrol levels between 24 and 48 h. The
authors concluded that dissolved silver ion is primarily responsible for the toxicity of

silver nanopatrticles and acts primarily through disruption of oxidative phosphorylation.
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Figure 10. Zebrafish embryos expdsto various forms of silver showed tirdependent
differential gene expressiop € 0.05) relative to unexposed embryos (a). The number of
differentially expressed genes common between two or three distinct silver treatments are
shown in overlapping arsaf the Venrdiagrams (b, c). Reprinted with permission from

van Aerle, R.; Lange, A.; Moorhouse, A.; Paszkiewicz, K.; Ball, K.; Johnston, B. D.; de
Bastos, E.; Booth, T.; Tyler, C. R.; Santos, E.BWviron. Sci. TechnoR013 47 (14),

8005 8014 (ref 28). Copyright 2013 American Chemical Society.

1.6.4Proteomics Protein expression, like mRNA expression, is indicative of the
physiological state of a cell. Proteomics studies typically track relative differential protein
expression as a function of nanomaterial exposure. Perturbations in physiological

processes arafierred from known functions of differentially expressed proteins
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identified using protein databag€sor from bioinformatics analyses that link patterns of
differential protein expression to known biological pathw§$2°Proteins are typically
identifiedusing mass spectrometry. Relative protein quantification is often achieved
using labelfree approaches, though improved quantification has been achieved using

i sotope |l abeling strategies such as fAstabl
(SILAC).??° More targeted protein analysis can also be achieved using protein
microarrays based on antibody recognitihiThe range of cell and tissue types that can

be analyzed by proteomics approaches is limited only by the knowledge of protein mass
spectral signatures. Nanomaterial toxicity to bacteria @sgherichia cof?®?3'and

Bacillus thuringiensiz?*> human cells (e.g., alveokesal epithelial celle® and

epithelial cellung fibroblast cecultures)??® and whole organisms (e.qg., the water flea
Daphnia magn%’ and the blue mussMytilus edulig®®) have all been assessed via
proteomics methods. One recent article reviews and critically analyzes treatpplof
proteomic approaches to study toxicology in general, including nanotoxicofeayyd

another reviews the applicat®of proteomic approaches to study both pretein

nanoparticle interactions (i.e., the protein corona) and nanomaterial téXicity.

Pan et al. used LL&MS/MS to observe protein expression in human alveuwdaal

epithelial A549 cells as a function of exposure to zinc oxide nanoparitRmtein
expression data were analyzed using PANTHER functional pathway analysis to
determine specific cellular pathways perturbed by nanoparticle exposure. In parallel with
proteomic analysis, changes in cell viability were observed using electrical impedanc
measurements. The authors showed that nanopatrticle size and surface chemistry
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(modulated by aluminum doping) influenced cell viability and biological pathway
regulation. While proteomic analysis indicated that many biological pathways were
pertubed by mnoparticle exposuradditional characterization of nanomateiraluced
changes in targeted cell functions are likely needed to validate these proteomic data and
to draw generalizable conclusions regarding the mechanism of nanomaterial toxicity.
Thoughprotein and mMRNA expression are related through the process of protein
translation, their relationship in real systems is known to be complex; in some cases, poor
correlation between the two has been obseftfgd’ A more complete understanding of

the physiological perturbations induced by nanomaterial exposure can be achieved by
combiningproteomics and transcriptomics approaches to monitor both protein and
mRNA expressior® Sohm et al. evaluated the responsEstherichia colto Degussa

P25 TiQ nanoparticles using a combination of cytotoxicity assays and transcriptomic and
proteomic approaché$’ These authors observed differential egsion of genes and
proteins involved in many distinct biological pathways, including the osmotic stress
response; fatty acid, polysaccharide, and peptidoglycan metabolism; redox homeostasis;
and DNA replication. The physiological consequences of thesgyeban pathway

regulation were assessed by cell viability, membrane potential, and membrane integrity
assays. Their combined results suggested thatfa@oparticles reduced cell membrane
integrity, leading to leakage of intracellular components anddrigg an osmotic stress

response.

Tilton et al. also combined transcriptomics and proteomics to quantify the response of
three cell types (human macrophdifge immune surveillance cells, human small airway
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epithelial cells, and a cell exulture represging the gastrointestinal tract)to TiO

nanobelts and multivalled carbon nanotubé¥ Following nanomaterial exposure,

global transcriptome analysis was conducted using a human genome microarray, and
global proteome analysis was conducted usingM&IMS. Differential expression

patterns were analgd using bioinformatics methods across three dimensions: cell type,
nanoparticle type, and expression type (transcriptome vs. proteome). No differentially
expressed genes or proteins were common across all three cell types. However, common
biological proceses (or pathways) impacted by exposure to each nanomaterial type were
identified by overlaps in the differential expression of genes and proteins. For example,
the nuclear apoptotic process signaling network, involved in regulating apoptosis, cell
cycle arest, and DNA repair, was found to be significantlyragulated by TiQ@

nanobelt exposure across all cell types, suggesting that this nanomaterial may exert
genotoxicity to cells. The authors observed no correlation between the number of
differentially expressed genes and cytotoxicity, leading them to suggest that global

omics measurements are indicative of the mechanisms of nanomaterial toxicity rather

than overall cytotoxicity.

1.6.5Metabolomics The study of metabolites in biological systems igibwing to be

used to track the physiologic impact of nanomaterials on cells, tissues, and organisms.
Metabolite expression is not directly traceable to genome regulation through conserved
pathways such as transcription and translation that control mRbNAratein expression.

Rather, it is influenced by all metabolic processes within a cell and provides phenotypic
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information. The two primary analytical tools used for metabolomics studiébl-are

NMR and mass spectrometry. Although most metabolomic namotogy studies have

used only one of these techniques, they have complimentary capabilities and may be used
effectively in combinationtH-NMR has greater quantitative capability and

reproducibility than mass spectrometry, but its sensitivity is |GWarhe term

metabonomics, which refers specifically to the quantitative study of metabolic response

to stimuli?*®is often used to describe nanotoxicology studies conducted thtdugh

NMR investigation of metabolites. By tracking changes in metabekpression with

respect to nanomaterial exposure, biomarkers of nanomaterial stress can be identified and

diagnostic mechanisms of nanomaterial toxicity can be discovered.

H-NMR metabolic profiling is sensitive to biological perturbations in the ateseh
apparent cytotoxicity. Aslund et al. us#8-NMR metabolic profiling to demonstrate that
TiO2 nanoparticles induced metabolic perturbations in the earthiEemia fetida

despite previous studies having shown no nanoparticle impact on earthweivalsur
reproduction, or growth at similar exposure concentratifi$l-NMR spectra of
metabolites extracteddm lyophilized earthworm tissue were analyzed by principal
component analysis (PCA) and partial least squares discriminant analysiBDAJLS

PCA |l oadings (a measure of a component ds
plotted as a function of emical shift detected by4-NMR to identify metabolites with
altered expression following organism exposure to; fi@hopatrticles. PL®A was used

to test for significant separation between treatments. These authors hypothesized that
observed metabolic parbations may have been caused by oxidative stress, but
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acknowledged that more targeted tests beyond global metabolic profiling are required to

evaluate this hypothesis.

Bu et al. also usetH-NMR, PCA, and PLSA to analyze the metabolic profile of rat

urine and serum as a function of oral exposure te madoparticles. Histological

analysis provided no evidence of organ damage, but significant changes in metabolite
concentrations were induced by nanopatrticle exposure, consistent with perturbed energy
and amino acid metabolism and altered gut microorganism composition. The authors
suggested that nanoparticles may have acted through these mechanisms to induce slight
injury to heart tissue, which was observed as mitochondrial swelling using?#EM.

Carrola et al. also observed significant changes in the metabolic profiles of HaCaT cells
exposed toikver nanoparticles at concentrations that were either below or above the
threshold of acute cytotoxicity, determined using the MTT a&¥ayetabolic analysis
revealed signifiant increases in intracellular glutathione concentrations and significant
decreases in intracellular concentrations of glutathione amino acid precursors. Given the
role of glutathione in cells as an antioxidant, these results suggest that oxidative stress

was a significant mechanism of silver nanoparticle toxicity.

Hu et al. recently employed GKIS to analyze changes in expression of 66 metabolites
in algal cells exposed to graphene oxide and SWC¥Psalysis of variance

(ANOVA) showed that cells exposed to either nanomaterial had significantly altered
metabolic profiles relative to unexposed cells. Nanopaitclaced oxidative stress was
observed by measug intracellular reactive oxygen species concentrations (using the

fluorescence probéichlorodihydrofluorescein diacetatand superoxide dismutase
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activity (using a commercial assay); greater oxidative stress was observed in cells
exposed to SWCNTSs than to graphene oxide. Orthogonal partiabtpsestes

discriminant analysis was useddetermine the relationship between oxidative stress and
changes in metabolite expression. Thirteen metabolites were identified to have a strong,
positive correlation with oxidative stress, and the authors suggested that these may serve
as biomarkers of ogative stress. Metabolomic analysis also revealed decreased
unsaturated fatty acid content following nanomaterial exposure, consistent with osmotic
stress; this result supported qualitative evidence from TEM images that cells exposed to
nanomaterials displed plasmolysis. This study demonstrates that pairing global
metabolic analysis with targeted analysis of biological endpoints (i.e., oxidative stress
and cell morphology) provides bettegilidated insight into mechanisms of nanomaterial

toxicity than ispossible using metabolic analysis alone.

1.7 Conclusiors

This review has been organized around two central themes of nanotoxicity research: (1)
nanomaterial physicochemical properties and transformations and (2) nanomaterial
interactions with biologicalystems and corresponding physiological impacts. This
structure was adopted in part to recognize the important roles that both nanomaterial and
biological factors play in determining the outcome of nhiminteractions. A key

challenge for the nanotoxicitgsearch community is linking nanomaterial

physicochemical properties with biological outcomes; for nanotoxicity research to have a
tangible impact on the course of nanotechnology development, specific nanomaterial
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physicochemical properties that are peéde of toxicity must be identified such that
industrial and regulatory bodies can take tangible steps towards designing and

implementing safer nanomaterials.

To achieve this aim, nanotoxicity research must become more generalizable. Given the
huge numbr of potential interaction pairings between industrially relevant nanomaterials
and biological systems, a cdsg-case approach to assessing nanotoxicity is unlikely to
keep pace with advances in nanotechnology. Two approaches already beginning to be
adoped by the field can improve the generalizability of nanotoxicity research. The first
approach seeks to identify fundamental mechanisms of nanomdaietaical

interaction and toxicity by probing the molecular character of the-hanimterface

directly. This approach requires the continued development and application of highly
sensitive and selective analytical tools, such as those described in this review, capable of
probing the chemically complex environments of many nanotoxicity studies. The second
approach, which has received less attention in this review, seeks to identify generalizable
relationships between nanomaterial structure and biological activity by applying high
throughput analyses paired with mathematical and computational approachalyze a

toxicological datasets.

As an example of the latter approach, Kaweeteerawat et al. analyzed a dataset consisting
of the toxicological response Bicherichia colto 24 metal oxide nanoparticl&¥.

Nanoparticle impacts on bacterial growth andacellular and extracellular reactive

oxygen species concentrations were measured, and a set of 30 physicochemical

descriptors (some measured directly and some calculated) was created for each
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nanoparticle. The physicochemical descriptors mesponsibldor observed toxicity

were then identified by constructing nasioucture activity relationships using statistical
and machindearning approaches. The authors observed that nanomaterial conduction
band energy and metal ion hydration enthalpy had thekigiorrelation with toxicity to
Escherichia coliconsistent with previous work studying metal oxide nanoparticle

toxicity to mammalian cell&®

A related but more quantitative approach towards predicting nanomdeitiaied

changes in biological function involves developing mathematical Imodderred to as
guantitative structuractivity relationships (€8ARS), to relate nanomaterial structure

and composition descriptors to biological endpoints informed by experimental data. The
potential for these models to provide toxicological insighére purely experimentally
derived data is impractical due to limitations of time or cost, have been recognized for
over five yearg#9248 andwas the subject of a recent reviétfWe agree with Oksel et

al. that QSARs have the potential to identgignificant routes of nanotoxicity and

inform the design of safer nanomaterials. However, we suggest that direct measurements
of molecularscale phenomena at the interface of nanomaterials and biological systems
are also needed to develop a fundamenta¢rstanding of nanotoxicology that is
applicable to a diversity of biological systems. Our assertion is primarily based on the
idea that @SAR methods are limited by the availability of laigmale cytotoxicity data,
which may not be representative of @lavant modes of nanomaterizblogical

interactions due to the inherently targeted nature of dragged cytotoxicity assays.
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Whatever the approach used to characterize the interface of nanomaterials with biological
systems, the goal should be causab@®osed to correlative, knowledge of this

interaction, given the superior predictive capability of the former. The ability to predict
nanotoxicity from fundamental principles, though not yet realized in general, is needed in
order to strategically desigrafe nanomaterials, since the large number of distinct
nanomaterial types (e.g., of variable chemical composition, size, shape, morphology,
crystallinity, surface modification, and incorporation into secondary structures) prohibits
even highthroughput apmaches from tracking nanomaterial toxicity on a dagease

basis. Developing generalizable guidelines to support the development of safe
nanomaterials remains a key challenge for the field. We postulate that application of
analytical methods to probe teoularlevel phenomena governing nanomaterial

biological interactions is critical to tackling this challenge.

Probing the nanomateriaiological interface at multiple levels, from nanomaterial
biomolecule ormembrane interactions to nanomaterial effectsiability and function,
typically requires the application of multiple analytical methodologies and is beyond the
capabilities of many individual laboratories. Collaborative research efforts involving
multiple areas of expertise in, e.g., the physica¢émical, and biological sciences, are
therefore needed to understand the complex nanomédiariagical interface.

Knowledge of complex data processing and statistical analysis methods is also
increasingly needed to draw conclusions from large datdsstsibing the response of
complex biological systems. Thus, this review serves as an invitation and a challenge to
analytical chemistsé push the limits of analytical methodology to achieve sensitive
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detection schemes that yield molecular signaturesnmmptax environments with high
temporal and spatial resolution. The reward will likely be exciting, new, and sustainable

nanomateriaknabled technology.
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Chapter 2

Effects of Humic and Fulvic Acids on Silver Nanopatrticle Stability, Dissolution, and

Toxicity

Adaptedfrom:
Gunsolus, I. L.; Mousavi, M. P. S., Hussein, K., Buhlmann, P., Haynes,Ebwviron.

Sci.Technol.2015 49, 80788086

Copyright ©2015 American Chemical Society. All rights reserved.
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The colloidal stability of silver nanoparticldgNPs) in natural aquatic environments
influences their transport and environmental persistence, while their dissolutiornm to Ag
influences their toxicity to organisms. Here, we characterize the colloidal stability,
dissolution behavior, and toxicity of twindustrially relevant classes of AgNPs (i.e.,
AgNPs stabilized by citrate or polyvinylpyrrolidone) after exposure to natural organic
matter (NOM, i.e., Suwannee River Humic and Fulvic Acid Standards and Pony Lake
Fulvic Acid Reference). We show that NOiteraction with the nanoparticle surface
depends on (i) the NOMO6s ¢ and nitrogeaith NOMd mposi t
more significantly increases colloidal stability, and (ii) the affinity of the capping agent for
the AgNP surface, where nanopdeg with loosely bound capping agents are more
effectively stabilized by NOM. Adsorption of NOM is shown to have little effect on AgQNP
dissolution under most experimental conditions, the exception being when the NOM is rich
in sulfur and nitrogen. Similar] the toxicity of AQNPs to a bacterial mod&hgwanella
oneidensidMR-1) decreases most significantly in the presence of salfud nitrogerrich

NOM. Our data suggest that the rate of AQNP aggregation and dissolution in aquatic
environments containingOM will depend on the chemical composition of the NOM, and
that the toxicity of AgQNPs to aquatic microorganisms is controlled primarily by the extent

of nanoparticle dissolution
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to be caused by the high heterogeneity of
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from morphol ogy. The avenrnage-®p/@pedc AgNe®Es amd
calcul ated toanbde 1152 .51 NN 42 .14 nmm respecti vel
500 nanoparticles, i ndicating a statistica
nanoparticle size. Re{ 0 a ovame ngr odbfe dichldyr amee:
nanoparti ctlieahzgetzaetpabemmtearsteidalsi gni fi cantly
PVRO, BRof N 3R.62 No3.6 mV. These values are
repl acement o f negativel y-1Cc h@Figgeudr ei $tht ar

agreemémt | Wt er at ucraep pvead ulegsN Pfso rg tPeVpPA r2€d  di r e

I nitially, AgNPs were exposed tcoonlcle nmg/al i M
range of natu@l m/Absewatgpes(bdDf NOM wer e
River fulvic acid (SRFA) and Suwannee Rivel
cmposi’l{f P@ae Table S1) and represent NOM f
decompositiohPohyvegéeatiuow.i c acid (PLFA)
sites with high affi nfi(tdyuef otro nheitgahb §ew!l fsuirl
contentsubset of which has *"@%hede hTaabfife nS 1t)y.
derived exclusiiale!l ymatrem 2tfNacwebosi ttihoens.e f
detectable effect on AgNP coll oidal ,stabil

as deter miineidblbg @&¥t i nction spectroscopy (F

to demonstrate changes in AgNP aggregation
si-dependent extinction peaks due etfd etche Ilm
subsequent experiment s, AgNPs were exposed
mg/ L) prior to coll oidal stability assessm

10¢



sur face. This simul ageasl, e,onp aarnt 0 d&cd caedl sewrgaut e e
NOM, which is expected to take place ovel
environments containing | ower NOM concentr
ionic strength (0.1 M) buffer, t hel ibbuwl k N
assessment was 10 mg/ L. The ionic strength
NOM with the AgNP surface was not purely e
of natural “d¥Ymavbparsystemsol | oidal stabili:
again wudvsiisnighlWkeV extinction spectroscopy (Fig
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phosphate buffer were collected after i nct
Shown ar e -6specetdr)g altl1,1 20, 24, 30, and 46 h
arrows indicatatdneetyi ohangtespeakei peak n
extinction by tdhemptiemar yyafl2clhen popul ati

wavel engths corr egrpeognadt et os eatgtglriengga t deesc.r eAags e s

removes partolwdessdmmplme tvhel pme. The feat ur e
an instrumental artifact. Results were dup
The plasmon resonance of spherical met al r

t hat ar e isneqnesrittiiovlee 1id®uehr acht enactions shi
pl asmon extinction pdak otuor hsitguhdeyr, vaa weli emag
attributable to the plasmghomesathieamaét2d rn e
AgNPs was observed atan® lédppe 8 9Ag MR f orre <
The for mat i-oinzed A@gMR edbdderesul ted in the ap
peak at |l onger wavel engt hs; | ar gesrhiddgcoerde g .
peaks. Simil ar -sdhh SdxevdaiUlvb es eat i netdi on s pec
AgNP aggregation w&EfNamoempeorrttieadl epraeggdgroaugat i
characterized usatntgerdyymgani L SlI)i gtha tsrcack h
di ameter over time following dispersion in
DLS demonstrate that i ncuband oy PV & ch ANGONWP ss
against homoaggregatiengih bBuhfigh (@nl M)

( O M) counterparts. The aggregation behayv
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surface characteristics, where surface coa
more effectivé&lPatcomdiontdail nismngbAd ity in hig

than their counterparts préédméiPwegenonl gurrf

coatdieqpgegndent behavi or of AgNPs in the pre
t horoughl y. 't wasdo®P¥PprddAgNBS aggraget ec
increasing ionic strength aftsera ddodw tnioolne co

wei ght mod¥HofveweNOMhi gher mol ecul ar wei gh
our $wBudypected to induce different effect:
repul sion between particles. I n this study
NOM was dependent on both the NOM tiympar mnd

effects were observed.

First, AgNPs exposed to high NOM concentr
pristine nanoparticles that were stabilize
usi nglOP.VPPr i s-tainme -P&/ilp elaggNePs aggregated i mm
di spersion in phosphate buffer, as indicat
peak at 391 or 394 nm and the presence of
left). The pri mariyonande ake c onnt deanmsyi td&agibsp exatft ¢
AgNPs decayed over time as the nanopartic
particle dissolution (which was observed u:
Il i kely al so caentnrgi biuntteedn stid ydedr etahe pri mar
increases in the hydrodynamic particle dia
foll owing dispersion (Figure 2), consi sten

10¢



contrasanweéPdapmaead®e AgNPs that had been prev

showed a higher intensity -paogiimag,y iexdii qmattii:l
popul ationnmfnanampdret ilc2l es. Appearance of
peak -altiefdedvavel engths was also sl ower, Sug
Il n most cases, the average hydrodynamic pa
in buffer, but increases were dramatically
suggest s -stthaati | liizegaln AgNPs t hat encounter hi
significantly higher coll oi dal stability t
transport i n natur al aqguatic envirasements
evaluated here, but also on heteroaggregat
sur faces, our result suggests that AgNPs

efficiently t hrough aquatic environments

homoaggregation and nanoparticle settling
Second, the extent to which NOM increases
affinity of the original organi c capping ¢

PvVviapped AgNPsnoepukRat ®dsWwiyth SRFA or SRHA a
after dispédreieomuifheNOMresulting in a broa
750 nm (Figure 1, bottompppEqdquAgAPentabgygrpepg
slowly and f agrmgdhtemal lassr iangli cated by sl
secondary extinction peak between 500 and

of hydrodynamic diameters ( Fi-cgauppee &2 )A g NFhse sa
|l ess effectiNGMyt Isa rmclamipieda thegINY s | whi ch may

10¢



the higher affinity of PVP than citrate f ol
be weakly bound 2?t%nd hetiaprpditthegs wrff aAgeN,Ps i s v
industry to provide stable precursors for

nat ireé hao s agent. At the high NOM concentra
may displace citrate from the nanoparticle
AgNP surface through van der Waals ih®eter ac:
Agdbarr¥t.  €%%mput ati onal studies showed that I
orbital spyofrotk hdome subunit, | ocali zed on

(~283%)TH°i s is consistent with spectroscopi
which suggested that direct bonding intera
combination of 6%JDee tamddiniectogleoandi ng i n
PVP is harder to displace than citrate, w
i nteracti ompawittihc ltehesunramce. Alternatively,
or PVP on the AgNP surface, rather than d
results suggest that more NOM binds to ads
NOM inducessignmdrn cant increase -thanh®VPol |
capped AgNPs. However, at the pH of this s

exists between the negatively charged acid

t hregatni ve charges) than PVP (which is neut
AgNPs stabilized with easily displaceabl e
stabilized by NOM.

11C



Third, the extent to which IiNQM irreqgrag ald eess s
organic capping agent, depends on the conc
silver(and. Agsul fur ?2%md trhiet rNoOgve n-E&aqrdo +PwsP)h ¢
capped AgN&bLil|l t heng power of NOM occurs in
(Figures 1 and 2). -Faop peodvi APNRIS sepxep ssad d olf e
SRFA or SRHA eien bNNGM er (Figure 1, top middlI
peak betawedn6s®WO0nm (due to variable size a
t hat AgNPs previously incubated with SRFA

l ess than AgNPs not treated with NOM. Il n
observed dfi aslpleowiimgqn of AgNPs exposed befor
suggesting that no significant aggappgati on
AgNPs, PLFA is the only NOM type that el i
aggregate Dbeakot(tFomureght) . Due to the pr
di ameter) -sarkdck wamiopkalrd i cl e aggregates in t
accurately determine the average hydrodyna
nor mal idoinstma dballt. Despite this | imitation,
estimated average hydrodynamic particle di
spectroscopy results. The estimated aver ag:é
i ncubdthedNOWiI i ncreased most significantly ¢
was true f-amdb-®@t&Ppedt AgNPs (Figureadpedln

AgNPs, the SRHA and PLFA incubation had in

parti elterdi @dmt PLFA was a more effective s
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of RWAWPped AgNPs. Visual evidence for the r
and PLFA is provided i#fiikElguiemages whmidchl pa
|l ighattering spectgtaawifl ipaga@p e thteA gahiRls N2OAM h o
redi spersion in buff-guanfTheatigealresaltse E
t hat -ccappeadd eAgNPs are increasinigéyosdabl @8RW

< SRHA << PLFA.

@ CitAgNP
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Figure 2. Average hygvdeowmadgaeaparct iekcagpepedde z(et)o(pa
and -P¥pPped (bottom) AgNPs previously incub:
di spersion in bufferromasbassi mapedseant hsDa

three independent replicates, each consi st
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The three NOM types used in the current st
average molecul ar wei B&Pbu t( beitfwieeern i1r8 0sOu lafnu
cont entc.on$wlidnaiimegs sspuch as thiols have stroc
metallic silver, and electron donatfng gr

coor di na&fihreqy sint ashe form,se. BLFAolias happro

five to six times more total sulf’@wi tthhan
approxi mately twice the fractional exocycl
SRF&AYhis results in an approximately el eve

SRHA and SRFA. Given the eabddmpglye xoefs twhiitohl
includid@naialved (whit dh Agas shown to adsorb

surf®®cethe observed NOM r>ankRmhAg) (Rl Abe >

attributable to their relative thiol cont e
nitrogen than’BRHA birglB&KFAnitrogen content
extent in the form of amide$hayamilses coand i
the greater stabilizing effect of PLFA. Th
ranking (SRHA > SRFA), since SRHA has an s
content than SRFA but i s TatbH eer wsSils)e. cGhievneinc a

oxygen content of PLFA than SRFA or SRHA (
observed here suggests that electron donat

acids and phenols) have tl @&bsisl iitny |tulkeaarc ee loenc

11¢



groups | i ke sulfur and nitrogen. The rel ati

that observed in‘toant§t.udy considering Ag

We point out that while SRFA and SRHA have

Da for SRHA, REABIOh eDiar froal escul ar weight dis

with a |larger fraction of highe2Ampileciud as
study a«fappietdmagtpdadt hal e stability with NOM
wei ght fractions have much | arger effects

wei ght fractions separat¥fdhefrredmrehe weama g
preferenti al i nteraction of hi gh mol ecul ar
contribute to the i nTRHAsed -SRRERMhioildaleds tAgl
PLFA has a similar mol ec’dyatr lWwas ghtmudlstgr d
on AgNR adolsltaibi | ity than SRFA or SRHA, as
suggest that sulfur and nitrogen content (
Ad) plays a significamti mtodreadtni aretwirtmh nA qN

mol ecul ar wei ght.

2. 3d.rRact of NOM on AlghNeP odxiisdsaotliuvtei ochi.ss ol ut

natur al aquatic environments is of "toteres
mi croorgani sms. I n the absentse, oAgNPheér s 9x
proceeds with the?%oll owing stoichiometry:

1
2 AGH 50 at)H2 a§) 2Ad( 25200 1)
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The | iterature presents sometimes conflicti
di ssoluti on. For exampdieni mgdsopediion, odud
shown to é%*%&a@r i whaheMB ¢di ssol ution. Such ¢
result from errors introduced du(re.ngg. ,s efpraort
retent ifom odntAgi ¥°AgakpairbhteoB)step i s nece:
AgNP dissolution by spectrnoacopiheser tegdant
di scri mi nataen do eAguwNePesn. Algn t he cur rpehnas’e tAugd y,
| SEs to monitor AgNP dissolution in situ,

preparation and reducf®ng potential samplin

We investigated the effecstol aft i M@Mio&k mehtReors i t
citcapmped AQgNPs under an environmentally r
buffer, as used above, and 10 mg/ L NOM co
capped AgNPs that had beennpestvrattsbgmp bDhc NI
mg/ L) were added to the pH buffer, yieldin
NOM concentration of 10 mg/L. (Experiments
not been previously incub@Medbuwt tthhea migde
mg/ L NOM in solution had no statistically
see Figure S5.) Chandesrénthéde momiceotedt by
el ectromotive forecephaséemPAmg withheedpaor ous
electrode placed into the same solution. A
phas™ SEg increases | inear factwiwviht yt.h eF olro geaxr
20 AGal dlOi ncreasddgresuhesacni ai 6568°5°BienV i n

11¢



t heoretical respon’sfed uamibausea | | B E setdia oien etikhpelA

Supporting Information and illustrated 1in
Figure 3a shows the results of | SE monito
increase in the emf after addition d6f the
i ons. The sendt albd ®o nmen e hour after AgNP a

concentrdtiinomobfut Agn reached a steady st a
represents an increase in free silver conc¢
el ectrode, has nehowy bwstantaneous (Il ess tI

changesSconcefgt rati on caused by hydrogen pe

-

hydrogen peroxide oxidizesconnAgeNPtsr agand ni nor
chloride predupimngtebeAgbdinmt endlIrwattiiom. oB o tAlg
detected quickly by the | SE, i Il ustsndtui ng

detection.
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Figure 3. Continuoupshadséet 8gsi o6 wg-t Agppédorp
AgNPs were added to pH = 7r Bl beOsveas Havchd d ¢

to oxidize WwgbdPaddaddt @lornecdeundtex Jatbh esAagp | ut i o1
citcapped -aadpPW¥PAgNPs (® mdl Ag/SLPbuwiftelm or

i ncubation wdurhf aNc@M b(onuonnd NOM concentratic
represent standard devi ati(om)sEfoffedthr@®fe Agl
Shewamembaane integrity as a&vfaldmuattiean usfi nig(

dyés) shown is the ratio of fluorescence em
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dye (indicating |live cells) and a membrane

coll ected from cell spaexpobted {OP)pr asatdi ncee
nanoparticles previously ineNPhatSBRIFAwahnhd 6
SRHAP) were normalized t®heawamedd tad xvpeo sceadn t
nanoparticl es; values smallemtéebgant v fi ;mldlic
nanoparticle exposure. Error bar s represe
replicates.

The effect of NOM with variable chemical ¢

in Figureamsd. SEFRMWMA|l i zaeadpgtiPsasbowed "equi va

release profiles over time to pristine nan:
increased coll oiramad SRREDIIItzYydofAgSBIREAOoOver
t heir similar di ssoliugs @inutpiroonf iil ®sr slugtgies
nanoparticle aggregation state. This is <co

t hat AgNP aggregation only minimally decr e.
with molec?31'8% ovpgemandt GREMHA i zed- AgNPs ,
stabili-zadpedt AgNBEs released ov-aalfi'vhehag
cont ent of pristine nanoparticles. This r
nitrogen content of PLFAconasi rdierssgr if ueadt i
specifically thiol groups, have hidghmahftisni
can form conpl HOMsbwunhd Ag the AgNP surfac:
of tchoindlai ning species with metallic silve
adsor hbednaAyg excl ude mol ecul ar oxyngen ofxnamta

11¢



di ssolution, as previousd$9®urs ugegeudttesd dietmotnts
even when AgNPs are exposed to a very high

mi ni matl oeffr fedge ase except when the NOM has a

Agcoordinating sites. Perhaps more surprisi
SRHA or SRFA, which significantly stabili z:e
i nuro coll oi dal stability experiments), had

rel eased.

We also compared t-happed soapp®WPAPNP<.i tExad!
a fraction olf0 ciintdruacteed fao rs iPghP A grcealne a sdee ca vees
five hours. Previous reports suggested tha
surfaces *¥édnh aftecAgt hatth e opidrdt italag sAwgr f ac ¢
rel ease i?Affoo dsiorleucttiloyn .t est t*HiSE sh yt po tmoens it s,
concentratiiom odé| ftrieen Agfter addi debobecobablP
changes Tmonfcreenet rAag i on after addition of L

indicating that PVBnHassl|l awl d&kéhgi ap tbhapA

surface. An alternative meichdhuwlieesdnetseex pl Al
di ssolution is surface passivation. Whi | e
assess the wvalidity of 6shggeaneichhmnt b at Yve
l igands can control accesseosumBheenl woubx)

decrease the oxidlatAgHEPgi ssWéeunhbba thae th

concentration in our experi-2négntcdce xeonmdiers® om



capping agent) of the total silver conter

consistent withtpdeesousidgskappeidd@®@yNPEsm)

2.3 mpact oh ANEENP Toxi cPtgviouBawbekiauggest
t oxi chiatcyt etrad a can be fully "abthcieboreaedi oo |
from nanopartANclecentssoémaodritonsuggesdnaeyd t hat
have similar effects on bacareirsimsl osfuravn tviad

act P¥Whtiyl. st gjoes remain regarding the relat

and toxicity to bacteria, understanding A
remains a critical step towards understand
aqguatimememtvi.roTo this end, a f &avo nsptluedxiiensg
agents, such as NOM, on resultant AgNP tox

reduced toxdapped oRPgRisi otma ®a swiftl hu oardedsicteincsn
mg/ L ASRH pH 9.0, butorbcievuatian e fUAgal e
They hypothesized that dehmlwycEIRHA mdy AdNPd u e
as a physic-dP bantaetsbavamdgdr ROBnti oxi dant
of effedtoxoni Ag may be due t o"oirn sciogmtiifni ucea
bioavail dbnlibhg o06nmpPhhgemnxg detf oalm. demonstrate
di sinfection pceap pednamgNeP so ff oPMMPowi ng addi ti
effect that they attribuebdate andebBS%ehesd
As these examples demonstrate, di sagr eemen

AgNP dissolution and toxicity to bacteri a

12C



measurements of AgNP dissolution and | ack
coupled direct "‘measwol amemns fofomARAgNPs i n

(described above) with &mheavaned 4 |AdRdtn ¢adofd eAgs

prvd de novel i nsight @&nted ftelte mec AgMNiPs imaat e
I n these toxicity experiments, as i n previ
experiments, AgNPs were initiallyeerepbbed t

redi sper ssfedea n®BhNeGiMe me | | aMRaln ewadse nmii xsed wi t h
treat edrc RMPapteed AgNPs and cell ul ar membran
function of NOM hgpeedNmempaamhecbamage, a

AgNP bacter t°@ivwls oabcstervvietdy, by monitoring t

emi ssion intensities of two nucl-pdrcmeaahlde p
thus | abeling all cel | si, mpaenrdmeoanbel ew h itchhu si sl
me mba-cempr omi sed cells. The-compabimveedr aet i

sampl e was then determined by calcul ating

these probes normalized to a sample receiyv

Our r(ekiudgurse 3c) demonstrat e t kcaatp ptelde AlgaNdtse
was reduced after exposure to PLFA, whi |l e
consistent with the results of our | SE di s
the MOMytype to signdrtleastel yroemmdhg&dlPag (Fi
relative i mpact of the NOM types used here
the results of our related stbdwnwdi mgwhiociNC

in bhenae JS6FYAdAgMRAef PLBA Ituct iaonAgsi gni ficant
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freeccAgcentration, indi ¢atwhnig ebiSRiHAN g nadf SNRG
smal |l er decreases. -calpmpetdhdgiNiPaes evetr estall dp, o0
toxic tdamppeEAigtNrPast,e consi stent with their si
(Figure 3b). Cowmphe NOMi @om dfheAqanoparticl e
may decrease its bulk concentration and | o\
Passiofhti be nanoparticle surface by adsorb
supprersesl elAgse i n an analogous way to that

evaluation of these proposed mechanisms i s
abbuggesti on*admp!l exathi Amg wi th surface cappi
passivation by -afifgiannidtsy wairteh chhiegnhi cAegé | app e o a

from AfSNPse sugdessed that NOM may reduce |

that is, by influencing processes other thé¢
with the bacterial <cell surfac2°Whi |l seca@awuen
results do not exclude this possibility, t|

dependent on nanoparti clteurdi sdseplentdienrt, oan pt

composition of the nanoparticle capping ag

2.4 Cormrscl usi on

The results of our AgNP coll oidal stabil it
NOM with high affiniitny sfoore Asgul(fiu.re.an dNQWM tri
wi || i nduce the greatest increase in AgNP
nanoparticl'e amrd etase @rfedgest decrease in /
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with | ower affinowegr fiom rAgdydedc.sulNfOWmr land

AgNP col |l oi dal stability but have "0bi mited
bactericidal efficacy, potentially increas:i
aqguatic envi rmintmedd sof Tthiei snhagf fect i s expe
concentrations of NOM in the bulk solution

compl exation JdfandiOvhawi im Agpme cases redu

ef fix&mny) ,on the particlencenntfrade ofwhdreadtl

coll oi dal stability but, "fnels@anee crasleat i vhe
coll oidally stable AgNPs). I n addition, oul
the coll oidal stabil ioonysedf oAgNaPgEgrbeygadeloay
eliminating it completely. We show that NO
oved8 days, but additional st ueieasn aargeg rneegead ¢

behavior of AgNPs exposesiulttos NaOW. tThhoes ep rc
consi déondfgudgest that the effect of NOM o
Adand AgNPs are not easily predi étded by
compl exation or the extent o f NOM associ at
cosnequences of AgNP release into natur al ac

eval uated i ns @meciefnivd rooamteenxt .
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by the -tepéair &8tdabanldi RyaRopfe dc iAtgrNaPt ez et a pot en

in deiondfzhe d@&Pvavtaclrues shown were -tabtul at ed

2. 6AQRgregat i onc agpfpe @i tArga\tPes i n a Hi gh l oni
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Figurevb®23. edVinction spectroscopy indicate
a 0.1 M 1 onic strength phosphate buffer
homoaggregati on, since the bdormoadatpterakb uwiatb
var i-saibZzzeed AgNP aggregates, is preéapbBpechrasaa

of ccapped AgNPs exposed to no NOM, 10 mg
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2.6.5Theoretical Responses of AgISEs.

Potentiometric measurements are performed by the determinatieneaéctrical potential
(typically referred to as electromotive force, emf) between the measuring electrode (here
the fluorousphase Ag ISE) and a reference electrode, which are both in contact with the
sample of interest. Note that the reference eldetrprovides a constant, sample
independent contribution to the measured emf. Ideally, the emf gives a response that can
be described with the Nernst equation, i.e., emf = E° + (2.3D8R Log a (Ag"), where

T represents the temperature in Kelvin, Fhis Faraday constant, and R is the universal
gas constant. For example, at 20 °C a tenfold increase in thecAgty results in a 58.2

mV increase in the measured ethCalibration of the ISEs to determine the constant E°
and check the prelogarithmic term (i.e., the response slope in a plot of emfa$A@7)

may be performed by addition of aliquots of concentrate@H OO solution &q) to a

more dilute solution and measurement of the emf. The emf response of an electrode to Ag
addition provides the calibration curve resulting from that data. Note that the activity of an
ion is the product of the ion concentration and an activity coefficient, which depends, in
general, on the ionic composition of the sample solution. Howevaslutions with a fixed

ionic strength, the activity coefficient of Agan be assumed to be constant and a plot of
the emf vs Log (Ag*) exhibits the same linearity as the plot of the emf vs 4 689").
Therefore, emf data measured with a calibratectrelde can be converted to concentration

12¢
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using the calibration equation experimentally determined for that electrode. Figure S4
demonstrates the ISfEeasured response to Agdditions to buffer (panel A), and the

corresponding calibration curve (panel B).
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Fabrication of Ag-Selective Electrodes with Fluorous Sensing Membrdoesselective
electrodes (ISEs) were fabricated as repdit@knsing phases wepeepared by adding
0.5 mM ionic sites (sodium tetrakis[3is(perfluorohexyl)phenyllborate) and 1.5 mM
ionophore (1,%is(perfluorooctylethylthiomethyl)benzenéy into perfluoropenydro-
phenanthrene (Alfa Aesar, Ward Hill, MA, USA). The mixture that resulted was stirred
for at least a day to make sure that all the membrane components were completely

dissolved. Fluoropor filters (porous poly(tetrafluoroethylene), 47 mm diamelet5
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em pore size, 50 em thickness, 85% porosit

were placed between two sheets of paper and cut wittnantd@iameter hole punch.

This gave porous filter disks that were then used to mechanically support the sensing
phase. Approximately 25 pL of this sensing phase was subsequently placed onto a stack
of 2 porous filter disks. Complete penetration of the sensing phase into the porous

supports was indicated by translucence of the filter disks.

The sensing membranes (j.the filter disks infiltrated with the fluorous sensing phase)
were then mounted into custamachined electrode bodies (prepared in house from
poly(chlorotrifluoroethylene), as reported previoushffor this purpose, a cap with a hole

(8.3 mm diameter) in its center was screwed onto the electrode body, which positioned the
sensing membrane between the cap and the electrode body but left all but the edge of the
membrane exposed. Inmiling solution, 1 uM AgCHRCO: (Sigma Aldrich, USA), was

filled into the electrode bodies, and a Aggdlated silver wire was inserted into this solution

to act as the inner reference electrode. To replace the sodium ions in the thus prepared
sensing meftoranes with silver ions, all electrodes were soaked prior to measurements for
one day in 100 mL 0.1 mM AgG&da0; solution and then for another day in 100 mL 1.0

MM AgCH3COs. This process is typically referred to as membrane conditioning.

Experimental Detds of the Potentiometric Measurementsn EMF 16 potentiometer
(Lawson Labs, Malvern, PA, USA) with EMF Suite 1.02 software (Lawson Labs) was used
for all potentiometric measurements, which were performed at room temperature in stirred
solutions. The exteal reference electrode (relative to which all measurements with

fluorous membrane ISEs were performed) was a dguhlgion AgCI/Ag electrode with
13t



a AgCl saturated 3.0 M KCI reference electrolyte and 1.0 M LiOAc bridge electrolyte. All
measurements weperformed as at least 3 replicates. Successive addition of aliquots of
10 mM AgCHCO:; solution to deionized water or the pH buffers was used to provide the

data for calibration curves.

For the observation of nanoparticle dissolution, three ISEs weredtdut| calibrated, and
inserted into 100 mL of the solution in which dissolution was going to take place. AgNPs
were purified as described above and were added to the solution of interest to give AQNP
concentrations of 5 mg Ag/L. Sensor monitoring wasquaréd for 5 hours. All electrodes
were calibrated once more after the NOM additions to confirm that the electrodes still

exhibited stable responses to'Ag

Bacterial Membrane Integrity AssaBacterial membrane integrity was evaluated after
AgNP exposure using the LIVE/DEAD Baclight Viability Kit (Product7D12, Life
Technologies). Cells cultured in LB broth were centrifuged at OB for 10 minutes

and resuspended at a concentration ofi?®cells/mL in pH 7.5 phosphate buffer. Then 1

mL of cell suspension was mixed with purified citraiePVRcapped AgNPs (5 mg Ag/L)

that had been incubated overnight with or without NOM as described in the Materials and
Methods. After 30 minutes of rootemperature incubation, cells were centrifuged at 2000
RCFfor 10 minutes, the supernatant was removed, and cells were resuspended in pH 7.5
phosphate buffer. Then 100 pL of each sample was mixed with 100 pL of a mixture of
3.34 mM Syte9 and 20 mM propidm iodide provided in the Baclight Viability Kit in a

96 well plate. After a 15 minute room temperature incubation, fluorescence emission

intensities at 528/20 nm (Syfemission) and 635/32 nm (propidium iodide emission)
13€



were measured on a Synergy 2 NHMlode Reader (BioTek, Winooski, VT) using an
excitation wavelength of 485/20 nm. The response of cells exposed to NOM in the absence
of AgNPs (at a concentration matching that present in samples exposed to AgNPs pre
incubated with NOM) was not significap different from that of the negative control (cells

exposed to neither AQNPs nor NOM).



Chapter 3

Dynamic Silver Speciation as Studied with Fluorou$®hase lonrSelective Electrodes:

Effect of Natural Organic Matter on the Toxicity and Speciation of Siher

Adaptedfrom:
Mousavi, M. P. S., Gunsolus, I. L.; Perez de Jesus, C. E., Lancaster, M., Hussein, K.,

Haynes, C. L,.Buhlmann, PSci. Total Environ.2015, 537, 453461
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The widespread application of silver in consumer products and the resulting contamination
of natural environments with silver raise gtiens about the toxicity of Agin the
ecosystem. Natural organic matter, NOM, which is abundant in water supplies, soil, and
sediments, can form stable complexes with,Aadtering its bioavailability and toxicity.
Herein, the extent and kinetics of Alginding to NOM, matrix effects on Adinding to

NOM, and the effect of NOM on Agoxicity to Shewanella oneidensMR-1 (assessed

by the BacLight Viability assay) were quantitatively studied with fluonoliase Agion-
selective electrodes (ISEs). Ourdings show fast kinetics of Agand NOM binding, weak

Ag" binding for Suwannee River humic acid, fulvic acid, and aquatic NOM, and stronger
Ag® binding for Pony Lake fulvic acid and Pahokee Peat humic acid. We quantified the
effects of matrix componentsa pH on Ag binding to NOM, showing that the extent of
binding greatly depends on the environmental conditions. The effect of NOM on the
toxicity of Ag* does not correlate with the extent of/Amlnding to NOM, and other forms

of silver, such as Agredued by NOM, are critical for understanding the effect of NOM

on Ag' toxicity. This work also shows that fluorcpsase Ag ISEs are effective tools for
studying Ag binding to NOM because they can be used in a-fieselved manner to
monitor the activity of Agin situ with high selectivity and without the need for extensive

sample preparation.



3.1Introduction

Silver has been estimated to be released into theommvent at more than 2500 tons
annually®%? Since ionic silver, Ag is known to be highly toxic to bacteria, the sustainable
use of silvercontaining products, such as silveanoparticles, requires a thorough
understanding of the environmental toxicity of ‘Amns. Silver toxicity cannot be
correlated to just the total silver present. Instead, the individual silver species must be
considered for a correct assessment of toxi€ltne of the main mechanisms of silver
speciation is Ag coordination with ligands that occur naturally in the environment. For
example, Agis known to form stable complexes with Lewis bases such as amines, halides,
and thiolates. Thiosulfate, sulfidehdachloride binding to Aghave been shown to reduce

the toxicity of Ag.3°¥ 3% Consequently, the formation of silver complexes depends heavily
on the environmental conditioA¥ For a meaningful assesent of AJ toxicity, the
coordinating ligands present in any particular environment must be identified, and their

effect on the Agtoxicity must be characterized.

One of the most common coordinating substances in natural soil and aquatic environments
is natural organic matter (NOM; also commonly referred to as dissolved organic matter,
DOM). There have been several reports of heavy metal ion binding to NOM, such as for
CU*, Pi¥*, Cd*, and ZiR*.286:397310 Thjs binding results in the formation of new chemical
species with altered xaity and transport properties, which affects the bioavailability of
these metal®’31312NOM is found in environmental systems, such as surface waters,
ground waters, soils, anédiments, in concentrations ranging from 1 up to more than 100

mg/L 269313316 NOM results from the decomposition of plant and animal residues and is
14C



inherently a mixture of compounds without a wadifined molecular structufé’ NOM
consists largely of humic substances (humic acids, HA, and fulvic acids, FA) but also
includes norhumic substances, such as fatty acids, sterols, natural sugars, amino acids,
urea, and porphyring® Humic substances have molecular weights in the range from 300
to 300,000 and have a predominantly aromatic strudB@&eause they have many oxygen

and nitrogercontaining functional groups, such as carboxylic, phenolic, and amino groups,
they exhibit an acidic and hydrophilic character and have high metal coordinating
abilities3'>3*°Due to their abundance in the hydrosphere, biosphere, and lithosphere, and
their ability to form stable complexes with metals from both natural and anthropogenic
sources, humic substances are commonly used as models for studyaigand NOM
speciatiorr®-307317:32qn this study, we utilized humic substances as models for studying

the effect of NOM on Agspeciation and toxicity.

Analytical methods that have been used in NOM/#geciation studies have been based
on ion exchange equilibriudt’*?? equilibrium dialysisz®®-318321atomic absorption and
emission spectroscopy, mass spectrom&tr$t®-323on-selective potentiometri}; 286313324
and the assessment of Agnd Ag-NOM complex toxiciy towards organisn&®322
Several reports suggest that NGldimples from various sources decrease the toxicity of
Ag" to various organism®;396:311.32829 Thjs effect is usually attributed togAbinding to
NOM, which lowers the free Agactivity and, thereby, mitigates the ability of silver to act
at the sites of toxic action in organisfdi$3*On the contrary, some NOM samples were
reported to have no significant effect on the toxicity of &gmultiple organisms, and in
these cases Agbinding to NOM was concluded to be insigeaint26°-322 Surprisingly,
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there has been no report to diitat quantitatively investigates the correlation between the
extent of Ag binding to NOM and Agtoxicity. Clearly, to investigate this correlation, it
is advantageous to use techniques that directly probesperiation without the added
complexity intraluced by the choice of organism, cell culture medium, and the type of

toxicity assay as it is necessary in an indirect toxicology assessment.

A challenge in direct Agspeciation studies is distinguishing different silver species, i.e.,

Ag NPs, free Ag, and Ag-NOM complexes. Except for ieselective potentiometry, all

the techniques mentioned above lack this ability. To account for this lack of selectivity,
specific silver species are usually isolated by several sample preparation steps, e.g., by

323 or centrifugatiort?® Unfortunately, this sample

using nolecular cutoff filters
preparation can introduce further complexity and potential errors in measurements and the
interpretation of results. Such complications include segsorption to sample containers

and interference from positively charged complexes (in the case of the ion exchange
equilibrium method). Moreover, these methods cannot be used for in situ or kinetic studies
due to the long analysis time resulting from tleed for sample preparation (e.g., analysis
times are approximately 2 h for ion exchange equilibrium methbdad 3days for
equilibrium dialysig?Y). Even though binding of Ago NOM has been studied for more

than a decade, and seakehypotheses about its kinetics have been proposed, the kinetics

of this reaction have not been investigated directly, possibly due to the lack of appropriate

methodology?10-324:327

Potentiometry with iorselective electrodes, ISEs, offers selective and sensitive in situ Ag

detectionyequires no substantial sample preparati®mordestructive, has fast response
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times, detects only necomplexed ions, and can be used for speciation and kinetics
studies’® There have been few literature precedents for use of commercially available
solid-state ISEs to studig* speciatiorf8286:313:32433054ply due to the common issue of
solid state ISE biofouling in biological samples (biological molecules such as proteins
adsorb strongly through sulfur groups to silver halide and sulfide electrfdg¥)ISEs

with polymeric sensing membranes suffer less from adsorption but extraction of lipophilic
biological interferents into their sensing membranes is still causing biofouling of these
ISEs335338|n this work, we used ionophoooped ISEs with fluorous sensing membranes
that are less susceptible to biofouling effects. Fluorous phasepared from
perfluorocarbon derivatives have low polarity and polarizability, are both hydrophobic and
lipophobic (i.e., alkanes are not miscible with perfluoroalkanes), limit extraction of
lipophilic interferents into the sensing membrane, and thuslem® susceptible to
biofouling than other polymeric membrane ISEsdoreover, fluorouphase Ag ISEs

offer exceptional A§ selectivity due to the necoordinating and poorly solvating
properties of the fluorous phase. They also exhibit a fast response times (less than 1 s),
making thema unique tool for environmental Agpeciation studie¥:¢%®wWe used these
sensors to study open questions regarding the interactior” a®dNOM, specifically the
kinetics of Ag and NOM binding and the correlation between the extent 6fbigling

to NOM and the resulting Agoxicity. While the current study focuses on*Agnding to

NOM, the effect of NOM on the toxicity of silver nanoparticles is also crucial for a
thorough risk assessment of sihgemtaining products and was addressed in parallel

work 81
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3.2Experimental Section

NOM samples: Suwannee River humic acid Il, SRHA (Cat. No. 2S101H), Suwannee River
fulvic acid I, SRFA (Cat. No. 2S5101F), Pony Lake fulvic acid, PLFA (Cat. No. 1R109F),
Pahokee Peat humic acid standard, PPHA (Cat. No. 1S103H), and Sirixaerekquatic

NOM, SRNOM (Cat. No. 2R101N) were purchased froime International Humic
Substances Society, IHSS (St. Paul, MN). The fabrication and calibration of flyuirass

Ag" ISEs was reported previou8hand is discussed in the Supporting Informatiomglo

with a description of the data analysis methods. Buffer preparation and toxicity assessments
are also explained in detail the Supporting Informatilhthe solutions were prepared
withdei oni zed water (18 Mg cm spelgtonfMA r esi s
For preparation of the pH = 6.0 buffer, 0.100NdCHCO; and 0.006 M CRCOH were

mixed at room temperature, followed by adjustment of the pH by addition of aliquots of
NaOH or CHCO;H. The components of the pH = 7.5 buffer were 0.028 MRQO; and

0.015 M KHPQ4. The pH of the solution was adjusted to 7.5 by addition of aliquots of
KOH. The pH = 9.0 buffer contained 0.087 M NaH{&@d 0.044 M N#COs, and the pH

was adjusted by addition of aliqguots of NaOH. The HEPES buffer with pH = 7.5 was
prepared by dissolving 0.20 M HEPES;(2-hydroxyethyl)piperazind-ethanesulfonic

acid, in deionized water, and the pH of the solution was adjusted to 7.5 by addition of
aliquots of KOH. The MOPS buffer with pH = 7.5 was prepared by dissolving 0.30 M
MOPS, N-morpholine3-propanesulfonic acidin deionized water, and the pH of the
solution was adjusted to 7.5 by addition of aliquots of KOH.
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The components of the phosphate (pH=7.5), carbonate (pH=9.0), and acetate (pH=6.0) pH
buffers were chosen to interactmmally with Ag™ and thus minimize the interference
with respect to Agbinding to NOM. The latter was assessed by measurements of the
potentiometric response to Agy fluorousphase Ag ISEs in deionized water and in pH
buffers. The response for deioniiz@ater and all the pH buffer solutions were very similar,
which confirmed that Agdid not bind significantly to the pH buffer components (less than
15 mV and 2 mV change in the intercept and slope of the calibration equation,
respectively). In the casd Ag* binding to the pH buffer components, the calibration
equation would have shifted to lower emf values because of the lowering of the
concentration of free Agions as a result of complexatiéhwhich must be prevented to
avoid errors and an unrealistic evaluation of Agqnding to NOM. Silver toxicity to the

test organismShewanella oneidensiR-1, assessed bgvaluating bacterial membrane
integrity after exposure to Agising the LIVE/DEAD BacLight Viability Kit (Product L

7012, Life Technologies).

3.3 Results and Dscussion

3.3.1lon-Selective ElectrodesThe electrical potential of an ISE is measured with respect

to a reference electrode and is referred to as emf (see Figure 1). At a constant temperature,
the emf increases linearly with the logarithm of the® Agtivity. For example, at 20 °C, a
10-fold increase in the activity of Agesults in a 58.2 mV increase in the &>’ 3*8The
fluorousphase A ISEs were calibrated by additi of aliquots of concentrated
AgCHs3COO (aq), followed by measurements of the emf. As predicted by theory, a linear
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relationship between the emf and LogAg*) was observed for solutions with a fixed ionic
strength, where activity coefficients are assun@doe constant (see Figure 1). The
experimentally obtained emf data can be easily converted‘tadxgentrations using the
calibration equations. The inherent response time of an ionephsesl ISE for the target

ion is determined by ionic redistributi@cross the nanometgized charge separation layer

at the interface of the sample and the ISE sensing membrane. In a typical experiment, the
response time of the ISE measurement is, therefore, determined by how quickly an old
sample can be replaced bye@w one and not by a property of the electrode itself. In this
work, all solutions were stirred, resulting in response times of less than one second (see
Figure 1). The detection limit of the fluoroptase A§ ISEs used in this work was 0.05

MM. This is rot an inherent limitation of these ISEs and with proper optimization, detection
limits as low as 4.0 x 1¥ M have with been achieved with fluorous sensing membranes
(Lai et al., 2010) It should be noted that ISEs selectively detectummp | exed ( Afr
Ag’. This allowed us, in previous work, to utilize fluorepisase Ag ISEs to quantify the

Ag" speciation in bacterial gnth media and show that, in cell culture media that are rich

in coordinating liganddess than 5% of the silver is in the free*Agrm 8 We also showed

that these sensors can be used for dynamic monitoring dfrédgase from silver
nanoparticles in the presence of interfering capping agents such daiirisgtrate®®8?

That work suggested that these sensors would vetly bBk&o be useful analytical tools for

probing Ag binding to NOM.
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Figure 1. Fluorousphase A§ ISE setup and preparation of ealibration curve
Experimental SetugA). Red arrows indicate additions of AggEDO aliquots to the
measuring solutio(B). The emf of the fluorouphase Ag ISE increases after each rise in
Ag" concentration. For better visualization, only a snapshot of the addition experiment is
shown. The linear relationship between the emf andchggcan be used as the calibration

equatim for converting emf values to Agoncentration$C).

3.3.2Interference of the Sample Matrix on Ag Binding to NOM. NOM has both acidic
and basic functional groupisat upon introduction into a solution, can affect the pH, which
will influence the stregth of Ag binding to NOM. For a meaningful evaluation of the
extent of Ag binding to NOM it is, therefore, important to choose-lpliffered test
solutions that are representatofeenvironmental sample$here have been several reports
of silver speciabn in silver nanoparticle solutions as well as of Aghding to NOM that
described the use of pH buffer components sudie®rpholine3-propanesulfonic acid

(MOPS) or 4(2-hydroxyethyl)piperazind-ethanesulfonic acid (HEPEZ),321:322,33843
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HEPES and MOPS were recommended because they were reported not to bind several
heavy metal ions such as copper, cadmium, ancfZift! 346 Because HEPES and MOPS
contain amino groups (see structure forminaScheme S1 in the Sl), and becausé i&g

well known to form stable complexes with amines, we suspected that HEPES and MOPS
form complexes with Ag considerably complicating any speciation studies. The
complexation of HEPES and MOPS with Agas confirned by monitoring the emf of
fluorousphase AgISE. Immediately after addition of HEPES and MOPS to a 5.0 uM Ag
solution, the emf decreased, indicating a decrease in the concentration of frag &g
result of Ag binding to the buffer species (see FigA). To quantify the extent of
HEPES and MOPS complexation with A¢HEPES, MOPS, and phosphate buffers (the
latter has a low tendency to coordinate withAgith pH=7.5 and an ionic strength of 0.1

M were prepared, angotentiometric responses to A these pH buffers as well as in
deionized water were measured (see Figure S1). Becaus€ binéigng to the pH buffer
components, the calibration curves shifted to lower emf values when the emf was plotted
versus the total silver concentration in thehbratkion solutions (see Figure 28)Use of

the calbration curve obtained in deionized water for comparison (Figure S1) shows that
only 10% of the Agin the MOPS buffer and less than 1% of the Athe HEPES buffer

is in its free (uncomplexed) form. In contrast, almost 99% of theikghe phosphate
buffer is in the free and necomplexed form (see Figure 2C). This is of great importance

because HEPES and MOPS have been used as pH buffer components in a number of Ag
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speciation and mechanistic studies without consideration of their high tendency for

coadination with Ag321:322:340.343

Figure 2D illustrates the extent of HEPESeifiérence in Ag binding to NOM, where
Pony Lake fulvic acid (PLFA) was added to 5.0 uM*Awg either HEPES buffer (which
competes with NOM in binding to Agor phosphate buffer (which does not interfere with
binding). Both buffers had the same pH (7.8)pon addition of PLFA to 5.0 uM Agin

the phosphate buffer, the emf is significantly decreased by more than 20 mV (which
corresponds to a 50% decrease in the freecAgcentration due to Adinding to NOM),

but a similar addition of PLFA to 5.0 uM Aglissolved in HEPES buffer resulted in no
detectable emf change (tvwiailedt test,p < 0.05). This can be explained by considering
that 99% of the silver is bound to the HEPES buffer, making it impossible for the PLFA to

compete with HEPES to form ANOM complexes in a significant amount.

Coordinating ligands such as HEPES and MOPS are not present in authentic environmental
samples. © prevent errors in the evaluation of ‘Agjinding to NOM,such buffers should

be avoided. Herein, we will utilize a f@ssium phosphate buffer with an ionic strength of

0.1 M to minimize buffer artifacts. Use of a fixed ionic strength ensures that the activity
coefficients are approximately constant and that the interaction*aikbgthe NOM is not

simply electrostatic} driven but is the result of specific metal ligation to functional
groups of the NOM® Note that the phosphate buffer is representative oflifeal
conditions since most high concentration components ofifealmpledi.e., specifically,

Na', K*, HCOs, SQ?, NOs, F, Mg?*, and C&") will not directly interfere with Ag
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speciatiorP®**’” However, chloride, which occurs in natural water supplies in high
concentrations, will compete with NOM to bind to Aand will affect the extent of Ag
binding to NOM binding. Therefore, we excluded f@m our test matrix, f@litating the

investigation of the extent of Adpinding to NOM and its correlation to protective effects

of NOM against Ag toxicity.
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Figure 2.Interferenceof buffer components on Adinding to NOM at pH 7.5, as studied
by fluorousphase Ag ISEs. Concentrated HEPES (shown in red) and MOPS (shown in
black) were added to 5.0 uM Agolutions to reach a final concentration of the buffer of
0.05 M (A). Aliquots of AgNGs were added (shown by asterisks) to deionized water
(black), phosphate buffdpH = 7.5, red), MOPS buffer (pH = 7.5, green), and HEPES
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buffer (pH = 7.5, blue), while monitoring the el and C) The quickness of the emf
response is illustrated by the emf time trace shown in Panel A. Panel C shows the
concentration of free Agin the buffer solutions as a function of the total silver
concentration in solution, as determined from the calibration curve in buffer free solution.

Panel D illustrates the interference of HEPES when studyifighig@ing to NOM.

3.3.3Binding of Ag* to NOM. The concentration of NOM in natural environments ranges
from 0.1 to 100 mg/L, with a mean value of 45 mgjt:318348350 Thys, to cover the most
environmentally relevant NOM concentration range, we looked at 50 mg/L NOM in this
study. We considered five different NOM isolates: Suwannee River humic acid Il (SRHA),
Suwannee River fulvic acid Il (SRFA), Pony Lake fulvic agtliFA), Pahokee Peat humic
acid standard, PPHA, and Suwanee River Aquatic NOM (SRNOM). To quantify Ag
binding to NOM, fluorougphase A§ ISEs were placed in a solution of 5.0 uM
AgCH3COO with a pH buffered to 7.5 and a fixed ionic strength. Aliquots afextnated
solutions of NOM were added to this solution, and the emf of the ISE was monitored
continuously. The Agconcentration of 5 uM was chosen to mimic the concentration of
Ag" released from -6 mg/L Ag NPs (1hm-diameter)f’® Results are depicted in Figure
3A. When Ag binds to NOM, the concentration fife Ag  is reduced. Consequently, a
decrease in the emf is observed. Stronger binding 6ftAdgNOM results in a larger
decrease in the concentration of free igs and, therefore, a greater decrease in the emf
values. Addition of SRFA, SRNOM, SRHA, AR, andPLFA resulted in 8.5 +0.2%, 11.1

+2.1%, 15.4 + 2.0%, 40.4 + 1.8%nd57.7 £ 0.2% decreases in the fre€ Agncentration,
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respectively (all changes were statistically significant, as assessed by italédbtest,
p < 0.05). It follows thatthe ability of different NOM types to bind Adalls in the

sequence:

PLFA > PPHA > SRHA > SRNOM > SRFA
Based on our findings, we conclude that fulvic acid does not bifidvage or less strongly
than humic acid, but it is noticeable that NOM types that are rich in nitrogen show higher
binding of Ag. Specifically, the nitrogen contents of PLFA and PPHA of 6.5% and 3.7%,
respectively, are much higher than for SRHA, SRFA, aR$NOM, which contain 0.7%,
1.2%, and 1.1% nitrogen, respectivélgternational Humic Substances Society, 2014)
Most of the nitrogen in these NOM samples was shown to be in the form of amides,
aminoquinones, amino sugars, and heterocyclic nitrogen structures, which can all bind
Ag*.?%! Moreover, NOM also contains sulfgontaining functionalities in the form of
exocyclic and heterocyclic sulfur and sulfoxide, sulfone, sulfonate, and sulfate &bups.
It has been shown ththe majority of sulfur in SRHA, SRFA, and PLFA is in low oxidation
states as exocyclic and heterocyclic sutfihich binds strongly with Ay Therefore,
the high Ag binding ability of PLFA is also the result of its sulfur content (3.0%), which

is much higher than in the case of SRFA and SRHA (0.5%).

Our observations are consistent with findings of Sikora and Stevenson, who concluded that
amine and thiol functionalrgups are mainly responsible for Agomplexation while
oxygencontaining functional groups have only minor effects on* Agnding to
NOM.286:318:35 T hjs conclusion is also consistent with representatiatility constars for

oxygen, nitrogen, and sulfur containing functional groups. For example, the stability
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constantKi, for the 1:1 Ag complexe&® are 4.4 with the oxygen ligand acetate, 2.1 x
10° for ammonia, 2.5 x Ffor NEt;, 1.2 x 107 for pyridine, and 6.6 x f0for the sulfur
ligand thiosulfate®23°3 Further research with techniqueach as Xray photoelectron
spectroscopy (XPS) or-Kay absorption near edge structure (XANES) spectroscopy could

be used to study the identity of the functional groups involved in the binding pf&t&4s.

Observing a relatively low Agobinding extent for Suwannee River humic and fulvic acids
can explain the discrepancies among published reports on the extent bindigg to
Suwannee River NOM isolatés-321323:32632%jfferences in the experimental conditions
used in those studies, such as different pH values, affect the extent of binding and cause
contradicting conclusions. To understand the extent of the pH effect, we quantified Ag
binding to SRR and SRHA at pH = 6.0, 7.5, and 9.0 (see Figure S5). Interestingly, at pH
= 6.0, no significant change in the free [Agan be detected upon SRFA and SRHA
addition to Ag solutions (twetailedt test,p < 0.05), which confirms that Agdoes not

bind to SRFA or SRHA at acidic pHhcreasing the pH to 7.5 and 9.0 results in 9 £ 2%
and 40 = 1% AQ binding to SRFA, and 16 + 1% and 55 * 1% binding to SRHA,
respectively (Figure S5). (Increases in extent of-N@M binding are significant as
assessed by thsvo-tailedt test,p” 0 . Qleérly, the pH at which binding occurs plays

a critical role in the extent of Agand NOM binding when the NOM binds Ageakly.

Figure 3 also illustrates the kinetics of Agnding to NOM. Even though bindijnof Ag"
to NOM has been studied for more than a decade, and several hypotheses about its kinetics
have been proposed, the kinetics of this reaction has not been investigated directly, possibly

due to the lack of proper methodolog{3?432"The fast response time of fluorephase
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Ag® ISEs (< 1.0 s) allows redime detection of Agand makes it possible to directly
observe the kinetics of Adinding to NOM. On one hand, after additions of SRHA, SRFA,
SRNOM, or PPHA to a Agsolution, the emf decreased in less than 1 s, indicating a fast
decrease in the free Agoncentration as thresult of fast Agbinding to NOM. No further
changes were observed over the following 24 hours, showing that equilibrium was reached

very quickly.

On the other hand, after addition of PLFA to 5.0 uM AgCBO, the emf did not stabilize

after the initialvery quick decrease, but continued to drift even after 24 h, albeit at a
decreasing rate (see Figure S2). Stepwise addition of PLFA and alteration of the pH of the
solution did not eliminate this drift (see Figure S3). To confirm that this behavior was
indeed caused by Adinding to PLFA and not by an artifact of the ISE measurement, the
fluorousphase Ag ISEs were recalibrated after exposure to PLFA, confirming that the
fluorousphase Ag ISEs were still fully functional and that the calibration curve walid
throughout the experiment. Moreover, when fluorphase Ag ISEs were inserted into a
solution of Ag and PLFA that had been preequilibrated for 24 h, the measured emf did not
show any drift, confirming that the observed emf drifts after PLFAtexnfdio the Ag
solution were indeed caused by a chemical transformation in the solution (see Figure S4)

and not by some unexplained effect of PFLA on the response of the ISE.

An explanation for the slow decrease in the free silver ion activity afterdih@oa of
PLFA to 5.0 uM AgCHCOQO is given by the reduction of Ago Ag by PLFA as the
reducing agentndeed, the formation of Ag NPs as the result of Aagluction by NOM

in environmentally relevant conditioas ambient laboratory temperature and lighting was
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shown byAkaighe and cavorkers®>® Under their experimental conditiong* reduction

by NOM took, depending on the NOM source and concentration, up to several days before
the formation of Ag NPs was visually noticgd.Slow Ag* reduction by NOM under
environmentally relevant conditions was also reported by F. Maurer andr&ers>?* In

this study, formation of Ag NPs through reduction of'Ay PLFA was also confirmed

using transmission electron microscopy aratkdield microscopy with hyperspectral

imaging (see Figures S7 and S8).

Reduction of Ag by NOM also appears to be consistent with findings by Glover et al.,
who observed that longer incubation of"Amd NOM before addition tDbaphniamagna

(a freshwate flea) resulted in lower Agtoxicity.>?’ Glover et al. explained the time
dependent toxicity of Agin the presence of NOM by the hypothesis of slow kinetics of
Ag" binding to NOM. However, these authors provided no evidence to exclude alternative
explanaibns, such as the reduction of Amgy NOM. Based on the findings from our study
and evidence from other studies employing a variety of experimental techniques, we
believe that binding of Agand NOM is fast and that the reduction of' Ay certain types

of NOM in environmentally relevant conditions has slow kinetics and contributes to

gradual changes in [A§in NOM-containing media.

An alternative explanation for the slow changes in the freeagtivity could be gradual
changes in thenacromolecular structure of NOM and, concomitantly, changes in the
NOMS®G s abi | i t'y The confobmatiord of Aupmic substances depends on
physicochemical parameters such as pH, ionic strength, and the composition of the

samples®® which were all kept constant throughout our experiments with a phogptate
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buffer. Whereas conformational changes of NOM induced by iron complexation have been
reported recently>®3>’evidence that those conformational changes have a major effect on
the activity of free iron does not exist. The slow conformational changes induced by the
presence of iron may be preceded by comparatively fast binding of iron to NOM. In the

case of Ag, no reports of such conformational changes of NOM have been made.to date

3.3.4Effect of NOM on Ag* Toxicity. NOM has been reported to reduce"Agiicity to

large and micreprganisms by binding to Agand reducing the concentration of free
Ag*.267:308.325328 32\ fter quantifying the extent of Agbinding to different NOM isolates,

we were able to assess the validity of the commonly held belief that NOM redutes Ag
toxicity to organisms by binding to AgWe emjoyed a bacterial modeSphewanella
oneidensidMR-1) to study the effect of NOM on silver toxicit$hewanella oneidensis
MR-1 is a facultative anaerobe and also a metal reducing bacterium. This respiratory
diversity allows it to survive in a variety of locations, e.g., in freshwater, saltwater, and
sediments, making it a relevant model to assess the environmental impsibtenf
containing products that may leach silver into a variety of natural environfiéhe
assessed changes in membrane integritySloéwanella oneidensidIR-1 (using the
LIVE/DEAD BacLight Viability Kit, see Supporting Informatiorgfter exposure to Ag

with andwithout NOM, using similar experimental conditions as those used for studying
the extent of Agbinding to NOM (pH 7.5, potassium phosphate buffer, 5.0 uM Agd

51 mg/L NOM). It should be noted that, under nutrpoor conditions like those employed

in these experiments, NOM can serve as a source of nutrition for bacteria and thereby
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increase their viability. We observed siginficantly higher cell viability (taitedt test, p

< 0.05), presented as the ratio of cells identified to be live vs. detisk presence of 51
mg/L PLFA, SRFA, SRHA, PPHA, and SRNOM (with no silver present) than in the
absence of NOM (see Figure 3C). Exposing the bacteria to 5.0 [iivedgced the live to
dead cell ratio from 3.2 (0.0 uM Agontrol) to less than 1.0 (see FigiBC), confirming
that Ag' is toxic to the bacteria at this concentration. Addition of 51 mg/L NOM induced
no significant changes in the toxicity of 5.0 uM Aty the bacteria in the case of SRFA,
SRHA, and SRNOM (shown in purple in Figure 3C). Our figdis consistent with
precedent studies that observem significant effect of SRHA on the toxicity of Ago
Pseudomonas fluoresgéf Chlamydomonas reinhardfif?> and Pseudokirchneriella
subcapitata?? As discussed in the previous section, SRNOM, SRFA, and SRHA have a
low affinity for Ag*, and less than 20% of the Ags bound to NOM present in a
concentration of 51 mg/L. Givethat these NOM types only decrease the free'JAg
slightly (see Figure 3A), we attribute their insignificant effects on thé tAgicity to
Shewanella oneidensMR-1 to their low affinity for Ag. Even PPHA with its slightly
higher Ag binding affinity upon binding to A§reduces its concentration by 50%) did
not improve viability ofShewanella oneidensMR-1. This confirms thatlue to overall
weak Ag-NOM binding, the NOMinduced changes in Agconcentration do not
nessecarily result in significant effts on the Agtoxicity to theShewanella oneidensis

MR-1.

Even though PPHA and PLFA showed similar affinities for' Ag., 50% binding for
PPHA and 60% binding for PLFA, only the addition of PLFA improved the viability of
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cells exposed to 5)0M Ag* (the live to dead ratio increased from less than 1.0 to 2.0, two
tailedt test,p < 0.05), while PPHA had no significant protective effect againstéxcity.

The latter can be explained based ongrazlual decrease in [Agin presence of PLFA.
Immedately following NOM addition to Ag the [Ad] was observed to be similar for
both PLFA and PPHA {38 uM Ag"). However, during the time that the bacteria were
incubated with the Ag and NOMcontaining solution, [A{ gradually decreased to less
than 1.0uM, likely due to Ag reduction by PLFA, as explained in the previous section,
whereas [Ag] remained approximately constant in PPdéntaining solutions. Even
though PLFA and PPHA showed similar initial extents of Bigding, PLFA reduced the
total effecive exposure of the cells to Agesulting in higher cell viability. (Note that 1.0
UM Ag* cannot be confirmed to be toxic to the bacteria, whifeuM Ag* reduces the
viability of Shewanella oneidensiR-1, as shown in Figure S8). Given that PPHA,
SRFA SRHA, and SRNOM all have different binding abilities but exhibit similar effects
on Ag' toxicity to Shewanella oneidensidR-1, our results demonstrate that the effect of
NOM on bacterial cell viability does not necessarily correlate with the extengbf A
binding to NOM, but strongly depends on free"Agncentration. To confirm thisfter
addition of PLFA or PPHA t&k.0 uM Ag', which significantly reduced the free Ag
concentratiordue to binding to NOM, we adjusted the free" &gncentratiorto 5.0 pM

by adding aliquots of AgNgXo the solution while monitoring the emf using fluorqaigase
ISEs (see Figure 3B). AgNQvas added until the ISE indicated that the concentration of
free Ag had again reached 5.0 uM, as was the bafere NOM addition. As giwn in

Figure 3C, a similar toxicity was found for solutions that contabéduM free Ag and

15¢



no added NOM as for solutions that contaisedl uM free Ag and 51.0 mg/L PPHA or
PLFA, despite the fact that the latter solutions contained 3.5 and 5.3 uplecad silver,

respectively.

These findings are important since the protective ability of NOM againstoXegity is
usually attributed to direct binding of Atp NOM whereas other forms of speciation, such
as NOMinduced Ad reduction and nanoparticfermation, are often ignored. This study
provides evidence that the protective ability of NOM againsttéxjcity results both from
Ag" binding to NOM and NOMnduced Ag reduction, and also shows that lack of NOM

effect on Ag toxicity does not excludéné possibility of Ag binding to NOM.
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Error bars represent the standard deviation of three biological replicates. Statistical

significance was determineing the pairedtest.

3.4Conclusions

This work has demonstrated that fluorgaimase A§ ISEs are effective tools for the

dynamic investigation of Agbinding to NOM as they can be used to monitor the in situ

activity of Ag" in a timeresolved mannewith high selectivity and without the need for
substantial sample preparation. The extent of fgding to NOM was quantified using

these sensors, showing the following trend fof Aupding capacities of different NOM

types: Pony Lake fulvic acid > Palkee Peat humic acid standard > Suwannee Humic
fulvic acid Il > Suwanee River Aquatic NOM

SRFA

We showed fast kinetics for Adpinding to NOM and slow kinetics for the reduction of
Ag" by certain types of NOM in emg@nmentally relevant condition$his is the first report
on the kinetics of Agbinding to NOM with time resolution of less than a second.
Moreover,we showed that pH affects the extent of" Ainding to NOM binding, where
higher pH results in strongeruing. Studies of Agspeciation should ensure that buffer
components are selected to avoid unwanted complexation witWgshowed that buffer
compounds such as HEPES and MOPS should be excluded frospégjation studies
since they form stable complexwith Ag and interfere with NOM binding to AgLastly,

we showed thathe ability of NOM to protect against Adoxicity does not directly

correlate with the extent of Adpinding to NOM. Other aspects of silver speciation, such
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as NOMinduced Ag reduction and nanoparticle formation, alaffect the observed

toxicity.
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respectbitnondi Agg t o NOM. The | atter was ass
potentiometrilwy rfelspoansesSEP Ag deioni zed wa
buffers. The response for deionized water
whi chmedntf hdaitd Angot bind significantly to th
15 mV and 2 mV change in the intercept

respectively) "bilmditrhg tcastthefpHgbuffer cor
equatilodh waowe shifted to | ower e mf val ues
concentratiioonnsofasfraeer AAghivhi oh mompl brapr el
avoid errors and an “nmadlnigs ttioc NeQNM.| uBRitn dil
componenbscubpsAgn the case of tHPe&S dammhemnlsy
as shown linTheguaéei Brati olB aegeastihoms ednt Bi
values becampeéeaatAogn with HEPES and MOPS.
obtained in water, the emf valuegs smevagler e
convertfedntenfAgations. This showed that in

and 99% of fitdhei mdideedl P@mm)] exesp€ftively (Fi

Concentrated solutions of Suwannee River h
aaid Il (SRFA), and Suwannee River Aquatic
of each i n 3.0 mil of dei oni zed water, fo

Concentrated solutions of Pony Lake fulvioc
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(PPHA)rew prepared in an identical manner

i mmedi ately prior to use (to suspend undi s

For NOM titrati'lo®E® xwere mplnd ded Righ sao lputH i on
AgCHBHOO (pH = 6.0, al7ii dyotoy @f. 03Q. angl/ L NOM
solution while monift BEsngothheneomtisloy. tlhre
experi mdrmBtEs, weg e placed in :@080obuffenedft d
7.5, and aliquots of tdaO0Othi g/ IsoNOMI wer € 0 ac

concentration of 51 mg/L for the NOM.

] A Phosphate Buffer

2004 DI Water

iy

>

é 1504 MOPS Buffer
< |

S

50 —
0 2 4 6. 8 10
time (min)
-3
300 B Electrode C Phosphate
250 Calibration in: é Phosphate | =~ -4 Buffer
DI Wat A Buffer 2 !
~ wrgtl a4 T2 g00 20
E 8 [A] AA é‘) DI Water o 2] AA
< 150 4 8 A OO & -6 - ! A A A o
§ 1004 m™ors A 0o g 7] A o© ©
Buffer o — MOPS Buffer (o) o
| HEPES o (@) HEPES Buff
50 O o Buffer 8 O o
o — -9
-8 -7 -6 -5 -4 -3 -7 -6 -5 -4
Log (c /M
Log (€, 4gea ag’ M g (Chqded ag ' MW



Fi gurAgic®pl exation with buff erphcaosidp®MBge.nt s

Al i quot swefeAgdi®@ed t o deionized water (sho\

pH = 7.5 (shown in red), MOPS buffer with i
with pH = 7.5 (shown in blue), whil e monit
experiments, i.e., emf val uses aue m®dtuitimeotnh ie s
after approximately 2, 6, and 8 min. Panel

and panel C shows the cbafrteesrp oensdoihd gk gaNo@® u n t

2 . lIO . 1l8 . 2I6 . 3I4 . 4IZ
time (hour)
Figure r®x.pomhmsfe phasdfSkgornoesosbbiuhi o9 5. 0 (¢

and 51 mg/L PLFA over 48 "Hecilbase®nbgnbnet

magnitude over 48 h.

3. &Kiheti tasndfNANM kiomrdsAmgci ati on studies, tl

Adin real ti me with hi-gédl ectmev er epsootl eunttiioonme
16¢



advantage over conventional t-pcas'd GEGSs. sTh
very fast (< 1.0 s), which al*bbwdioh fNeOM.nv e
El ectrode response is stable overbangiengod
to NOM to be performednové@i s~ 4P hik sesSée ofF ioq L
were immersed in aCOO®I buif deretl ,1 codpHAgOCH .i X
strengwh, aldl ali quots of concentrated NOM
the response of the | SEs was monitored conf
a decrease in the emf was coabtsiewev eodf ifna slte scso
of "fAgd NOM and a concomitant decr é€aseNadn t
further changes were observed thereafter,
guickly (S8AaAe&HHB)g.urWihsi BshéwgueeseebBtative res

= 9.0 only, similar results were obtained



NOM: SRFA
Fast Kkinetics
120 Vg
- /
gns z
= . /
LYl
110
pH=19.0
105 . . . .
26 28 30 32 34
tine (min)
110 B
NOM: SRHA
v Fast Kinetics
105
£
=
Sy
® 100
95 . . .
13 15 17 19 21
tfime (min)
180
w0l E NOM: PLFA
Slow Kinetics
. 1404
-
S 1201
-
§ 100
W
80
601 pH=9.0
40 . . . . . . .
20 30 L4 50 60
time (min)

Figurilei mSe8t.i ¢bi mdi Mgy to NOM at pH 9: Addit

AgCGBOO. Faski hetmnide :sgi s obser veR) ,f owh éSrR&EaAs ( A

binding toCBLFASIiinsi Isalrow e(sults were obtaine

Il n contrast, after adeiol,ont hef | MLARA atlo dle.cO

was not followed by a constant emf V&gl ue, I

At | ow concen(tlreagss otntrsaedadd iP.L&FAAhgt LPn caused
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to | ower values over 10 to 20 niCn.bA&atoheghek
PLFA conceehtr@ttiono®l .t rmdg/ Lh) vmehree ernefq uior eedx hi
drift smaller than 0.1 mV/min. To confirm
by "Agnding to PLFA and was not caused by a
were perfor med. First, af.tOgr 7t.hbe PRLUFAMA .wa)s be
and a stable emf walsage SAse dverteh e efcladorbowa
calibration curves were obtained before
confirming tphhaats’e 8¢ f We nteeodi et y alhif @fcoul i ng a

fully functional after expomphasel S48gs PWEA e |

i mmersed in a preequil i bOQQ taendd s50l umg /oln FOLfl
result of this | atter 4expleermfmevnatl uiess snhecavwsnu
preequilibriated solutsCO@sapdepdr end/ Wi Ph FA

were stable and were mucd€OlDowet uthan.f dhi a
that the observed drifts he T.he EMOA@GHer

indicative of a chemical transformati on i n
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300

X NOM: PLFA

2504 1 BM Ag

= 200

T 200

T 150

® 1 uM Ag* and 51 mg/L NOM
100 Preequilibriated for 24 hours
50

0 25

15
fime (min)

Fi gurEenfS4.espons-phat’deSAl UdmresussC@01s &l OMi B g

and then in a preequil is@®0 agaredl 51|l mg/i Lo nP LoF A

3. &f5 ect ofbipnHlionng Atgo S RHA,T®& RIFrAy e aaitnidg #tL & At
of pH'inndigng t o SRHA, SRFA7c oanmpdl ePxLaFtAi, 0 nwei Ix
di fferent pH buffers with pH = 6.0,and. 5, O
basi c sTol Wkteiegpnst.he i onic strength constant,
an ionic stTenguantiff .tlhdbodmNOKx-pahlaeer ot s
Adgl SEs were placed in s@0@ owiutthi od kpypfHfleroesd M
7.5, and 9.0) and fixed ionic strength, al
added to this solutionphaantl HEh ewasmfmomnfi t b
continuously. The results dabendepioheNdM|n
concentratiion oéddaoed. AGQonsequentl y, a dec
Additions of aliquots of all/l the NOM types
than at | owéA, pBd, (SHnrdputgees Pt ad NONWt eode sidg a

bi gger chlarFg egabr,re HSA@gandd FEFheref ore, a great e

val ues. The ef'faemmdt NOM g mpheX@ti on can be
17z



competiti onanbdeftbvwe eni Mdyi?A% i h8or &Na@dMi; ng t he pH

H'concentration, and thaAsf axpest@&hdaripd leirearL'es
principle, increasing the concefltrand oan o
increasing c o4N©Oan tcroanpil temkee slf atAtger s observ
types in all thre® .pH buffers (see Figure
z. |A NOM: SRFA | [B NOM:SRHA | [C NOM: PLFA
o1 ik,
* * % * % % —\_\*—
; *
g * * * * * *
—
% * * * * * *
pH=6.0 —— e pH =60 —— — pH =60 ——
PH=75 —— pH=75 pH=175
pH=9.0 — pH=9.0 — pH=9%0 ——
0 1 2 3 40 1 2 3 4 0 1 2 3 4
time (min) time (min) time (min)
D NOM: SRFA E NOM: SRHA F NOM: PLFA
10.'_";"_"_‘ '_"_"‘_"_'.'.'~‘ .................. ‘z.a. .-'.‘-A_VIL-._A.-'.;-;-!‘-. ”
— L
= .
2.0.104 L
e ’:
o ‘I'._
0.015 ® PH=6.0 @ PH=6.0 ® PH=6.0 "
A pH=75 A pH=75 A pH=75 \
000 L el e Y 4
0 0.01 0.1 1 10 100 0 0.01 0.1 1 10 100 0 0.01 0.1 1 10 100
CNO)[ (mg/L) CNO_\[ (mg/L) C_VOM (mg/L)

Figure S5. Effect offapdi HOM &OMpkexateoon
emf values (at equil i-bhasiinpAEghe 88 OMEDPBHLt h f
with 0.0, 3.5, 11.0, and 51.0 mg/L (indicat
(C) for three pH buffers (pH = 6.0, bl ack;

Adconcentrations are shown in D, E, and F.
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shifted vertically relative to one anot he

measurements (in some cases the data | abel

|l nt er esBRAAI gnd S&RFIAy bweak IAyy. At pH = 6.0,
in the "][frccaen [bAeg detbeAct eBd, (OFAtgama 8 E)Sal pH,
compl exation can be observed for SRHA and ¢
of the Bnllv.bBoe OMOWPCH ol ution is in the comg
the same concentration of SRFApmphéeyedl®%onD
The diffebendengnabBglity ofnoSRKHAadbddke SARFAI
SRHA sHawshtésy strongteranbi SIRIFEA,g iofe.Ag a 565
concentr adti oml orhg/Alg SRHA at pH = 9.0 was o

in concentwas ifoomumd fAgr 51 mg/ L SRFA at pH

Our data #é&fbwndi mfteed PRHE6. 0O, which is in &
by Z. Chwor eeds ,cowho used the ion exchang
dialysis techniques and *tourSRHMo a%WegKi f5i. Ga
bindi NfngooSRAA al so explains why SRHA had n
of *AgoPseudomonas ?%fChiloampsdemenasi??2amrd nhar

Pseudokirchapirttzttd.a sub

3.6.6Confirmation of Ag NP Formation as a Result of Ag Reduction by PLFA using
Dark-field Microscopy with Hyperspectral Imaging and Transmission Electron
Microscopy, TEM.

To confirm that Ag is reduced by PLFA, forming Ag NPs and changing the emf response

over time, we used daifield microscopy with hyperspectral imaging and also TEM.
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Daffk el d micrographs ofomlofjaAdgAdmd RlbRA awel a
acquired using a modified Ol ympruea rmiicmforsaro
(VNI'R) spectral map of the i1 maged area (co
i maged area and r ef ealr eidma goe )h ewaes aasc gau ihryede |
was accomplished by recording the scattere

l ine spectrophotometer and CCD camera as t

spect ogfriaplhd of vitew eGrmamamphe ast aga. Asses
formation i n"ogo'lAwptdi oPnLlsF Ao fwasg accompl i shed

hyperspectr al i mages to those acquired fro
S6) . Areas of high speecstorlault isoinnsi lianr iqgtuye sbteitow
solution of Ag NPs were identified using t
software (Exelis Visual |l nformati on Sol uti

of Ag NP formati orne.moAv e3d &fLr camh i eqaucdhe r swdalsOtMi o n
Adgwith 51 mg/L PLFA in pH 7.5 buffer afte
temperature), pl aced onto a gl ass -fsileildde, a
mi crographs were aXgBi mMmadcrmrcampeOl YOhyump uB
Val | ey, PA) modi fti-oeadi swa tcha rak fhiieglhd sciognndad ns er
(Auburn, AL)-hallé6f§ewW lgarmped BDBC b-®®nhmaer | ndust
Boxborough, MA) ,-i Mnedrxes b jom8 t INAe ,oi &and 12 bi f
(pco. pixel fly, PCO, Kel hei m, Ger many) . Hy p
field of view using t he CytoViva hyper sp

spectrophotometer (Specimd OQDu(p&Eonpiaxelf
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Kel hei m, Ger many) . Data were analyzed wusi:

ENVI 4. 8 software.

The -Haekd i mage'sanadf 5. angOM Agd FA incubated
FiguBAesard®. SRegi ons -fiodl d hiemagesarikdent i fi ed
spectral similarity to a reference solutio
pi xel s 6 aFmby uSTeheS e i mages indicate that w
NPs were formé€ldkeé ngaPLFA, OMhAgabundance of

PLFA addition.

10

Fi g86Deatfk el d microscopy and hyperspectral [
formation i"swolautli ®n OiMs Agreater in the pres:eée
i n aibtsence (left). Thieeltdpmipamed sapho wo fd ag i
formed fromsal bt Do®Mi Agt he absence (A) and
af2dr h i ncubation. The bright features in
i n t h-ei edlad kmi crogr aphs above that have h
nanoparticle reference solution (not show

nanoparticl es.
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Further confirmation of “Ag tMP PflLdrAmaBiso o bit @i
transmission electron mitfands®Poapp (MTEMbat &d
as well as control s*axlommsd,s talmagn &/f F¥peurree |bouafd
200 mesh copper grids with Formvar and car
then acquired using a JEOL 1200 EXIIl micros
density of Ag NPs rel ati vreestud ttshe nb a cokwgerrc
transmission intensities and high contrast
these solutions?7 Mg NPownh uist eFi gwmreanal i on w
of "Wgth PLFA, but no Algye N®Pentwreaole Dbdlsetrivens
contrast observed i7D) thred parsE€é¢bufiEege tdfaith g

|l acked the spherical form characteristic o



Figure S7Confirmationof nanoparticle fanation through Agreduction by PLFA. TEM
images of 5 pM Agwith 51 mg/L PLFA incubated for 24 h in A and B, only 51 mg/L
PLFA in C, pure buffer in D, and 5.0 uM A E are shown. The distinctive dark spots in

A and B represent the nanopatrticles. Inrathges, the scale bar represents a length of 100

nanometers.
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3.6.7 Silver Toxicity to Shewanella oneidensisWe evaluated bacterial membrane
integrity after exposure to Agusing AgNQ as the source of Ayusing the LIVE/DEAD
BacLight Viability Kit (Product 7012, Life Technologiesphewanella oneidensidR-

1 was cultured on LB agar plates over 24 h and was then inoculated into LB broth. After 1
h, cells were harvested by centrifugation at 2B@JF (10 mn) and resuspended in pH 7.5
phosphate buffer (cell concentration = 2 ¥ &6lls/mL). Then 1 mL aliquots of the cell
suspension were mixed with AgN@ achieve the desired Agxposure concentration.

For experiments involving NOM, stock AgN®olutionswere incubated with NOM for 2

h in the dark prior to bacterial exposure. Cells were incubated with the Agd@ions

for 30 min at room temperature and were then harvested by centrifugation &R@600

(10 min). The cells were resuspended in pH 7.5 phatspbuffer after removing the
supernatant. Then 100 uL of each cell suspension was mixed with 100 pL of a mixture of
3.34 mM Syte9 and 20 mM propidium iodide in a 96 well plate. These reagents were
provided in the BacLight Viability Kit described abov&amples were incubated for 15

min at room temperature, and then the fluorescence emission intensities at 528/20 nm
(Syto9 emission) and 635/32 nm (propidium iodide emission) were measured on a
Synergy 2 MultiMode Reader (BioTek, Winooski, VT) using arcgation wavelength of

485/20 nm. The ratio of the Syfbto propidium iodide emission intensities, representing



the ratio of cells with intact membranes to those with damaged membranes, was then

calculated.

Exposing the baceduickedveho5dOMdAgel | rat.i
Adcontrol ) t(osdeshi gdhaaf 28 Yhi .1 gt dhiad tAg t he

this dose.

Live/Dead Ratio
N

0puM Ag’ IuMAg" 25 MAg’

Figure S8Toxicity of 1.0 uM and 2.5 uM Agto Shewanella oneidensis.
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Chapter 4

Facile Method to Stainthe Bacterial Cell Surface for SuperResolution Fluorescence

Microscopy

Adaptedfrom:
Gunsolus, I. L.; Hu, D., Mihai, C., Lohse, S. E., Lee, C., Torelli, M. D., Hamers, R. J.,

Murphy, C. J.Orr, G.,Haynes, C. LAnalyst 2014, 139, 31743178
Copyright©2014 Royal Society of Chemistry. All rights reserved.
This work was a joint effort of this author and Dr. Dehong Hu, who performed stochastic
optical reconstruction microscopy, Dr. Cosmin Mihai, who assisted with structured

illumination microscopy, an®rs. Samuel Lohse and Chasgo Lee and Marco Torelli,

who synthesized and characterized fluorescent nanoparticles.
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A method to fluorescentlaymegtadai g @amaeaidsuy & a

bacterial cell sreosmpati dbhef wuohesaeece micr
met hod utilizesail abmemef cuat éycent probe t
surface of the cell . We deawtnertiraltgea-terfdii rcg

negaShewanel | aMRdn eindr atiesiBtaicviel | usk6 &.ubWsilng
structured il lumination microscopy and st
which require high quaneé usnhgwet datort Bipecs ta
may be used to resol ve tdief fbrhaccmmeitoend! resbl
We further use this method to identify 1| oc

cadmium sel eni de qiunmatnetruant tdiootns ,wiftohl |boancitnegr i &
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4 IIntroduction

Supregsol ution fluorescence microscopy 1Is b
bi ol ogi cal guest dand rlaidnaittoend e gswiarte ads ulr es o
resolution f | wpoyr etseccehnncieq umisc rionsccloude st ocha:
mi croscopy (STORM), a typéwhofch|l oeagluii z @i
switching fluorescent d-$6s nno spahi albver ema
structured il l umi #%&thi el miequosespdyES| M) t h
and phatbao |l ity to ach3@vemisn@aateisalwindis dl2®t i
traditional f 1 uor ersecseonlcuet i ninc rfolsucoorpeys, ¢ esnucpee r
opporetsunfiotri i maging intact | ive and hydrat e
and cellular structures with resolution th
mi croscopy, which requires sectionincge of f
| abeling schemes ar e -rae scodnuttriaoln cfhl aulolreensgcee n
requiring probes that have high quantum yi

STORM, dynamic fluorescence behawi)or Thbedagt

two primary fluorescence | abelingncaded eg
fluorescent proteins and 38%mal!| momoleeadlee f|
provide sever al advantages over fluorescen

yields and increa$8€dntliabeded ndevedlexproenti t g
mol ecule fluorescent probes, as wel | as me
probegeceasary to expand the scope of biolo
supreersol uti on fluorescence microscopy.
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A ripe area for t resapptiicmat ifdruooés csewnxs
mi crobiology, given thasts mgpychéeébdtyucasnot |
traditional fluorescemesomutioscap\y.r oAlcroey
i nsight into fundament al bacteri al cel | b i

protein distri®Blatepnwangdrapbosei aynew appl i

t o ptrhbebei nterface of bacteri al cell s with

focus i s t heceelrdanionntaetrefrai cad, an area which |
attention, motivated by the potentaigaelntasppl
and a desire to assess t he potenti al for
nanomateri al rel edsTeo idnattoe ,t hree seemavricrhoerr nse nhta.\

el ectrampmi drooscharacterize both nanomater.i
membr% med cel |l ul®whpkeaeeltattoon microscopy
spati al resolution, it struggles to observ

swegpesolution microscopy to observe hydrat

provide insightful i-ma rsd maut ecrhiaarla citretrd rzaac ti ioc
FIl uorescent | abeling of the microorganism
tihs direction, and | abeling methods have be

coworkers monitored cpb$i twiald Iaascteenrbilay Ly
fluorescent vanomycin to theée©5fpheipltei dvogel ryncearn
coworkers | abmed ®@a wtledhoeb agnt &@m s ichyg8sycSe nd arvsa | e n't

het er otdoi mearrsg é td uleyss iarte tif@dhcedgh tshesactewo e x
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i mportant, there is no precedent for a sin

bacteri al cel | waelslolourt isounr tf a cusocr e@skc. esnucpee rmi

Her e, we present a | abedathigv ened shidotciguvteem i & o
using a commercially available Alexa Fluor
proteins. A subset of the Alwex adtringenm dayrl
nofl uorescent , and bright, highly fluoresc
of fluorophores <compatible with STORM or
( PALMY he pshwottochi ng phenomenon can be expl

nanometer resolution using STORM and PALM.

been employed in previous studies to | abe
fluoresoeonsc®Wpmwe, achidddfe asubh on | imited spat
cel | wainlegaft i ge-p@anidt igreambacteria using bot

further use SIM to charaegatriveShaeneind @md i
with cadmium sel ensi deo cquusa notnu-pirhdek tnsaynoofinea tienrti.
runs in parallel to studuésargbtibecehdgi nate
which has received growing attention as t he
of nanopaPhthieccleesssigradw,ng a greater under st

nanomhtexpasure and the material’3propertie

4 E2xperi ment al

4. Bakrterial cul.BbhewapeepafRdnsvagtemsigs ft fro

of Jeff @r aunniivcekr saitt yt & c iMi Innk6s® tvad 3 lanlr ¢ h a
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from the Bacillus Genetic Stock Center., B
Biosciences) from80rACenTBéesekweseoredubat e
colony formation, and individual cbtonegs
were incubated at 30 AC with 300 RPM shaki

as determined by optical density measur eme

4. Te2 | sCalilns ngere harvested at the statio

suspensi ORC$f cart 12000Mi nutes. The resulting c

cal earudn ma gfnreesé umhosphate buffered saline (
without resuspending the cell s. Cel Bs wer €
cell s/ emL. s{t@dlohing was also successfully pe
t hough all i mages presented herein were ac:t
OL aliquot was removed, and then 9.4 OL of

succiydi misd er (Life Technologies) in DMSO (

suspension was incubated in the dark for

mi Xi ng. The suspensi onRCGMasr th®k nmicrentt e s ,f utghee
wasscdarded, and the cell pell et was resuspe
4. PrEeparationThborf acmagtage cell adherence

covebetitpm di shes wekltgegsiobpatbdg wnthbpdbligg t |
OL of O Ip-bthg/simne (Sigma Aldrich) for four

aspirating the solution and drying overnig
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t he -lploylssd maet ed di sh and incubated for 30 mi

ceatdherence. The suspension was then aspi
formal dehyde (Ted Pell a, Redding CA) in P
temperatur e; then the solution was aspirat
done i nr PBISORMOI maging, the suspension was
mM -Ber captoet hyl amine (Sigma Aldrich) in v

4. Preparation ofCandanoamatedieal sfelhealiincgsantu
dot s wer e purchased Acooor dliinfge tToec® he | ongai
specifications, the principal nanoparticl e
Il nf ormati on) and the nanoparti-gdley (seutrhfyalceen
glycol) (Qdot 605: L) f @&h®eckh msoll augiieosn @ZF1 Hgu:

a concentMati on of 8

4 . X.ef | exposure .Cel hanowemnéecubhtared in LB
di |l ut Bcde Itlos /1ML i n PBS as described above. OQ
nM, werethaededel t® and incubated for 1.5 ho

Cell staining, as described above, was per

4. 2Mi6cr oscopy .PBhMamenagri nng was perfor med o]
mi croscope usicmg iaonl QO0NvAmMme giSi)bDmMidbj ecti ve.

Al exa Fluor 488 and cadmium selenide quant
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nm | aser excitation, respect-by@lnym-&@@ s57 @ |

nm, respectxeietgti dhéemwseseéon col or channel
Within each color channel, the raw data cor
Z stack i mapgesol Uheosupmages were then r ec

using ZEenStS Neafvfiigcati on (FZEONYi @2612Dsahnhdwabep

STORM i maging was performed on a Zeiss AXxi
100x magnificad mmerNARlodbpercoilve and addi
in the emwasysiofn tplaeeg mi cr oscope. Excitation
using 473 nm | aser2aexc iatna tei xopno sautr e5 0t 0 nm&/ conf
emi ssion was acbhgul rrerd hluasn chga sas 5f0i0l t er and
CCD camera (i Xon 897, Andor). Thousands of
were acquired and prowesseed,ecamd t-lIBAORMI i m

software written in MATLAB.

Confocal fluorescenacr a magiing WaM Dled floa sreer
mi croscope using a 100x magnification ( NA=:
488 was umsdmmigevde8dB nm excitation, an89fhe en
nm spectral wi ndow. Optical sections were

processed in ZEN 2012 software.

4 RBesults and Discussi on



The cell sur fpocdBaiavfle ubsaltélB bearnsle @ aSahnevwea ne |l | a

onei dweRdls iwer e | abel eadawstiinvgge an uvaomiensec ent pr c
carboxylic acid, succinimidyl esmembr ahat |
proteins, pephtei dseurrfeascied peesptippesglt y v&n blazy ernr
|l i popolysaccharides -nemgatihee shadcdternaof ( pgre
phosphoryl eét4Banouami ne) ng an unmodii fl iadd e
fl uor esec entd prreodoui ring mini mal sampl e prep:
alternati ve -rteos oel xuitsitoinn gf | suuopreemspcaetnicbel emi fclr uoasrc
| abeling methods and is compatibl e-cwiltlh bo
| abesi mgrniivi al : | abeling efficiency depend
especially protein concentration, as speci
Successful lpaobse Itiinvge ocfeldrsam s demonstrated
resol ut idomsaolstraainane enrg conf ocal microscopy (
confocal mi croscopy resolves individual ce
cell surface from the cell interior.




Figureolinfocal (Il eft) satnadiBrSed dM |( uk 6giiuuhbet riielmiasy e
t o al-lpwddymaet ed gl ass surface and | mmer sed i

a-szt ack is shown in both i mages.

Gramegative bacteria were also successfull
i dengadammlle preparation and i maging conditi c
bet ween using this method to -pentfoirm nSd M w
22mer captoet hyl amine in this case, must be

phogswi tching of &We tAloata aFltthdrol 488 . oup pre
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4 SSuppotnifowgmati on

To provide broader context for this workewnclude here additional image analysis and
imagesof bacterial cells stained with amuneactive Alexa Fluor 488 either alone or in
combination withquantum dots Quantum dot material characterization data is also

provided.

4.6.1Estimating the localization precisionachieved by STORM.The equation bels,
taken from Thompson et al. 2002, was used to estimatedhkzation precision

achieved by STORM’®
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(o)== +?N2

By estimating N=500 photons, b=10 photons, a=100 nm, and
S=FWHM/2.35=270/2.35=115 nm, the valuesafwas found to be 14.3 nni\ccording
to this methodthe FWHM resolution of STORM imaging performed herein is 14.3*2.35

=34 nm.

A more conservative estimate was also calculated using the equation below, taken from

Mortensen et al. 2018’

2 é 2112 6
Variance= s—aaé'—6+wo
N 899 Na*> @

wheres,” =s%+a?/12.
Estimating N=500 photons, b=10 photons, a=100 nmgsaf¥WHM/2.35=270/2.35=115

nm, the resultingx value was found to be 15.8 nAwccordingly, the FWHM resolution

of STORM is 14.3*2.35 = 37 nm.
4.6.2Images of Cells andNanomaterial-Cell Interactions. Figure S1 demonstrates the

resolving power of STORM by comparing wifleld (top) and STORM (bottom) images

of Shewanella oneidengidR-1 stained and imaged as described in the methods section.
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FigureS1: Widefield (top) and STORM (bottom) images $hewanella oneidensidR-

1 stained with aminecactive AF488.

FigureS2 presents an additional SIM imageSiiewanella oneidensiMR-1 exposed to
250 nM aminepoly(ethylene glycokfunctionalized CdSe/Zn8oreshell quantum dots.
Quantum dots, shown in orange, are observed to associate with the cell wall, again showing

no penetratiomto the intracellular space.



FigureS2: SIM image ofShewanella oneidensiR-1 stained with amineeactive AF
488 (greelp exposed to 250 nM amirmmly(ethylene glycobfunctionalized CdSe/ZnS

coresshell quantum dots (orange).

4.6.3 Commercial CdSe/ZnS Quantum Dot Size Characterization Amino-
poly(ethylene glycol) functionalized Cd@ere)ZnS (shell) nanoparticles wereayzed

by transmissiorelectronmicroscopy(TEM, see Figure §3Particles were diluted 1old

in ethanol, dried onto a 300 mesh pure carbon grid (Ted Pella), and viewed with a Philips
FEG CM200 Ultra Twin TEM at 200 kV acceleragivoltage. Particle size in longest

dimension is 9.3 nm £ 1 nm (n=83).
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Fig. S3 Representative images of amino-poly(ethylene glycol) functionalized
CdSédcore)ZnS (shell) nanoparticlest 250,000x and 460,000ragnification with size

distribution(n=83.

19¢



Chapter 5

Lipopolysaccharide Density and Structure Govern the Extent and Distance of

Nanoparticle Interaction with Actual and Model Bacterial Outer Membranes

Adaptedfrom:
Gunsolus, I. L.;Jacobson, K. HKuech, T. R, Troiano, J. M., Melby, E. SLohse, S. E.,
Hu, D, Chrisler, W. B, Murphy, C. J.0Orr, G., Pedersen, J. Alaynes, C. LEnviron.

Sci. Technol2015, 49, 1064210650

Copyright ©2015 American Chemical Society. All rights reserved.

This work was a joint efforbf this author and Drs. Kurt Jacobson and Thomas Kuech,
who characterized gold nanoparticle adsorption to supported lipid bilayers using quartz
crytal microbalance with dissipation monitoring, Julianne Troiano, who characéegtizi
gold nanoparticle association to supported lipid bilayers using second harmonic
generation, Eric Melby, whacquired fluorescence micrographs of supported lipid
bilayers exposed to gold nanopatrticles, and Dr. Dehong Hu and William Chrisler who
assistedvith fluorescencectivated cell sorting of bacterial cells exposed to

nanoparticles.
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Design of nanomedicines and nanopartlsdsed antimicrobial and antifouling
formulations and assessment of the potential implications of nanoparticle release into the
environment requires understanding nanoparticle interaction with bacterial surfaces. Here
we demonstrate the electrostatically driven association of functionalized nanoparticles with
lipopolysaccharides ofgramnegative bacterial outer membranes and fitidht
lipopolysaccharide structure influences the extent and location of binding relative to the
outer leafletsolution interface. By manipulating the lipopolysaccharide content in
Shewanella oneidensisuter membranes, we observed the electrostaticallyemri
interaction of cationic gold nanoparticles with the lipopolysaccharhdaining leaflet.

We probed this interaction by quartz crystal microbalance with dissipation monitoring
(QCM-D) and second harmonic generation (SHG) wusing -salgported
lipopolysaccharidecontaining bilayers. The association of cationic nanopatrticles increased
with lipopolysaccharide content, while no association of anionic nanoparticles was
observed. The harmondependence of QCND measurements suggested that a population

of the cationic nanoparticles was held at a distance from the outer-wafion interface

of bilayers containing smooth lipopolysaccharides (those bearing a long O
polysaccharide). Additionally, smooth lipopolysaccharides held the bulk of the associated
cdionic particles outside of the interfacial zone probed by SHG. Our results demonstrate
that positively charged nanoparticles are more likely to interact grdimnegative
bacteria than are negatively charged particles, and this interaction occurslytimauigh

lipopolysaccharides.
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5.1 Introduction

In the early 2000s, products containing engineered nanomaterials (materials with at least
one dimension < 100 nm) began to enter commerce on a largé’8é&leroduction and

use of these materials has increased dramatically tbeeintervening years, leading to
concerns about their potential environmental health and safety implications. Assessment
of the potential risks associated with unintended release of engineered nanoparticles into
the environmenr®®>81:383s necessary to ensure the sustalimase of these materials, given

their increasing integration into consumer products and the expectation that their contact
with living organisms will induce biological responsé$8° Reliable risk assessment is
currently hampered by the limited mechanistic insight into how nanoparticles interact with
ecologically important organisms including bacteria, which represent entry points into food
chains. Curent approaches for understanding interactions between nanoparticles and
bacteria are typically indirect; many rely on monitoring changes in bacterial activity or
survival in response to nanoparticle exposure, for example using quantitative structure
activity or highthroughput screening strategié&2°®3Such approaches are favored
mainly because the small size and biological complexity of bacteria remaierbdor

direct characterization of nanomatettelcterial cell interactions. While insights have been
derived from such indirect, correlative approaches, such as recent suggestions-that cell
surface lipopolysaccharides (LPS) may be important in protetioiggobacteria (a major
group of gramnegative bacteria) from the effects of cationic polystyrene and silver
nanoparticleg?®-38 direct characterization of nanopartitiacterial cell interactions is

neededd validate hypothesized mechanisms of interaction.
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Here, we characterize nanoparticle interactions with bacteria directly at a level of molecular
detail that is not currently attainable by monitoring microbial activity or survival.
Moreover, we provide awrete evidence that LPS molecules protgetm-negative
bacteria from nanopatrticles by forming a barrier to contact with and penetration of the outer
membrane. The direct views of nanopatrticle interactions with LPS achieved in this work
show that a uniqueanobiophysical interface controls nanomaterial interactionsrati+
negative bacteria, in which strain and growth condisipacific traits (i.e., LPS structure)
influence the extent and nature (i.e., lergthle) of this interaction. A large varieby
nanoparticle types may be exploréde focus here on electrostatics as a main driving force
for nanoparticle_PS interactionsOur experimental strategy was to evaluate the role of
LPS and its structure in mediating interactions of cationic and argoticnanoparticles
(AuNPs) with bacterial cell surfaces. We hypothesized that electrostatic interactions
contribute strongly to nanoparticle interaction with LPS. To test our hypothesis, we used
4-nm-diameter AuNPs functionalized with mercaptopropane tigaarminated with either
cationic or anionic moieties to probe the influence of nanoparticle charge on interactions

with LPS in both live bacterial cells and seidpported lipid bilayers.

5.2 Experimental Methods

5.2.1 Gold Nanoparticle Preparation and Characterization. Gold nanoparticles
(primary particle diameter = 4.0 + 0.5 nm) were prepardy a modified Brust procedure
and functionalized with either-@iercaptopropionic acid (MPA) or-iBercaptopropyl
amine (MPNH). These were chosen as model nanomaterialsvesiigate nanoparticle
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LPS interactions due to their high chemical stability and-eatitrolled size, shape, and
surface functionalization. Except where noted otherwise, experiments with AUNPs were
conducted at a 12.8 nM number concentration in 0.002BRES (pH 7.4) and 0.025 M

NacCl.

Nanoparticle hydrodynamic diameter (Figure 1a) and electrophoretic mobility (Figure 1b)
were measured by dynamic light scattering (DLS) and laser Doppler-eiextvophoresis,
respectively, as a function of solution ionicesgth,l, using a Malvern ZetaSizer Nano ZS
(Worcestershire, UK). Dynamic light scattering and electrophoretic mobility
measurements were made 10 min after dilution of particle suspensions into solutions of the
desired. Both types of functionalized AuURs formed larger aggregated axreased. The
hydrodynamic diameters for the MPAnd MPNH-AUNPs increased from ~50 nmlat
0.025 M ( Delpby1e93 hmd to g450nm &= 0 . 1 OG- 0.86 nf)sand

were statistically indistinguishable froome another at each ionic strengih>(0.05). The
electrophoretic mobilities of the MRANnd MPNH-AUNPs were negative and positive,

respectively, and did not vary with ionic strength over the range stumlie@.05).
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Figure 1. Numberaverage hydrodynamic diametéad and electrophoretic mobilitig®)

of MPA- and MPNH-functionalized gold nanoparticles (AuNPs) as a function of solution
ionic strength. All values were measured at a (particle number) concentration of 12.8 nM
in 2 mM HEPES solution (pH 7.4). The desired ionic strength was achieved by addition of

NacCl. Error bars represent one standard deviatien1(0).

5.2.2 Bacterial Culture. Shewanella oneidensidR-1 (courtesy of Jeff Gralnick,
University of Minnesota) wasutured in LB broth, achieving cell densities of ~1 ¥ 10
¢ e | |latAhm stationary growth phase (24 h incubation at 30 °Cowaittinuous shaking

at 300 RPM).
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5.2.3Removal of LPS from Cells.Cells in LB broth were sedimented (10 min, 2§00

the supenatant was removed, and the cells were suspendeePBPto achieve a final

cell density of 2 x 1®c e | | sCelirsbispensions were split into two batches, and EDTA
was added to one at a concentration of 0.005 M to remove a fractionsdidattel PS 388

Both batches we then incubated with continuous shaking (10 min, 30 °C). Cells were
sedimented by centrifugation (10 min, 26PQhe supernatant was removed and replaced
with buffer (0.002 M HEPES, pH 7.4 0.025 M), and the cells were resuspended. Three
aliquots fom each cell sample were removed and lyophilized, and their dry masses were
recorded. The lyophilized cells were dissolved in 0.228®4, and their LPS content was
determined using the method described by Karkhanis &° &hee the Supporting

Information for details).

5.2.4 Nanoparticle-Cell Attachment Experiments. Following EDTA treatment and
redispersal in buffem{desuprg), cells were mixed with AuUNPs (12.8 nM number density)
and incubated with continuous mixing (10 min, room temperature). Cells were then mixed
1:1 with 3.34 mM SYTO 9 (Life Technologies Kit L7012) and incubated 15 min prior to
analysis by flow cytomey. Cells associated with AUNPs were identified via a combination
of nucleic acid staining with SYTO 9 (to identify cells) and orthogonal (side) light
scattering intensity detection (to identify nanoparticles) using a flow cytometer (Becton

Dickenson LSRIISORP equipped with a 20 mW, 488 nm laser). Cells were then sorted
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into populations with and without associated AuNPs using a FACSAriallU cell sorter.

Gating parameters for cell sorting are described in the Supporting Information.

After sorting, we acquéd darkfield images of cell populations that were positive or
negative for AUNPs with an Olympus BX43 microscope modified with a high signal
noise darkfield condenser unit (CytoViva, Auburn, AL). Hyperspectral images were
acquired in the same field oiew using the CytoViva hyperspectral imaging system
consisting of a spectrophotometer (Specim) and spectrophoteimetgrated CCD
(pco.pixelfly). Data were analyzed using the Spectral Angle Mapping feature of ENVI 4.8

software (Exelis Visual InformatioSolutions).

5.2.5Nanoparticle-Bilayer Attachment Experiments. Unilamellar vesicles composed of
1-palmitoyl2-oleoytsnglycere3-phosphocholine (POPC) or POPC with varying
amounts of smooth or rough LPS were prepared and their hydrodynamic sizes,
electophoretic mobilities, and LPS contetfswere determined as described in the
Supporting Information. Solidupported lipidilayers were formed on Sixoated QCM

D sensors via surfageediated fusion of POPC or LR®ntaining POPC vesiclE8
(Figure S4; see Supporting Information for details). The Q@ Mstrunent used was a-Q
Sense E4 instrument (Biolin Scientific, Géteborg, Sweden) containing four sensors
mounted in temperatweontrolled, liquid flow cells. The fundamental frequenty 6f

the sensors was 4.96 MHz. Except where noted otherwise, data areadeipr the 5

harmonic (~25 MHz.).



Nanoparticle attachment experiments were commenced by pumping AuNP suspensions
(12.8 nM number concentration; 0.002 M HEPES, pH 7.4, ionic strength adjusted with
NaCl) over the supportfealn dD issgnals stabilizdd®ay er s
Nanoparticlefree buffer was then pumped through the flow cells to measure the
detachment of nanoparticles from the POPC or POPC/LPS bilayers. Final areal mass
density of lipid bilayers with and without associated AUNPs were astiinusing the
Sauerbrey equatié??3*3or Kelvin-Voight viscoelastic modelirg* (Tables S1 and S3).

Fordetails, see the Supporting Information.

5.2.6 Second Harmonic Generation.Second harmonic generation (SHG) experiments
were performed using a regeneratively amplified Ti:Sapphire laser system (Hurricane,
SpectraPhysics, 1 kHz repetition rate, 120 fslqms) pumping an optical parametric
amplifier (OPACF, Spectr&Physics) tuned to a fundamental wavelength between 610 and
615 nm as previously descrilF&d®® and further detailed in thBupporting Information.
Thep-polarized beam was focused onto the silica/buffer interface at which the bilayer was
formed. The SHG signal was detected following our published procetfdrésAll SHG

experimentsvere performed under static conditions.

Vesicles containing varying amounts of LR&é supra were introduced into the cell and
allowed to seHassemble into an LP&ntaining lipid bilayer on the silica substrate.
Various concentrations of AuNPs (1o 108 M number concentration) in buffer were

then introduced into the cell, and the SHG signal was monitored until it stabilized for at
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least 15 min. Nanopatrticlieee buffer was introduced to the cell to assess the reversibility

of the interaction ofhe particles with the bilayer.

5.3 Results and Discussion

5.3.1Nanoparticle-Cell Attachment. The bacterial cell envelope represents the critical
contact point governing access of nanomaterials and their secondary products (e.qg.,
reactive oxygen speciedissolved ions) to the cell interior. The structure of greem
negative bacterial cell envelope is complex: the inner phospholipid cell membrane is
encompassed by a thin peptidoglycan cell wall, which itself is bounded by an outer
membrané® The outer membrane is an asymmetric structure. The inner leaflet is
composed of phospholipids, while a major portion of the outer leaflet consists of complex
lipopolysaccharides (LPS), a class of glycolipittd.PS covers approximately 75% of the
outer membrane surface of some bactétand serves as an important hydrophilic barrier
(with significantly higher hydration levels than phospholipid bilaygf$protectinggram-
negative bacteria from antimicrobial peptides, hydrophobic antibjaiind surfactants

such as bile salf§®40?A typical full-l engt h, or fAsmootho LPS mol
three disinct domains: Lipid A (four to seven acyl chains attached to two phosphorylated
glucosamine$y® anchoring the LPS molecule in the outer membrane bilayer; a core
oligosaccharide composed of hexoses, heptoses, ateloXyD-mannooctulosonic
acids?%* and the Gpolysaccharide, a variablength repeating oligosaccharide chain
containing up to 50 repeat urfft3(Figure S1). At pH values typical of the environment,

all three domains carry a net negativeargfe from phosphate groupskg<3), and
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glucuronic acid (Ka<3), galacturonic acid . <4) andN-acetylneuraminiecid(pKa2.6)

resi dues. Some bacteria exhibit shorter ty
contains Lipid A and at least part of the core oligosaccharide, but lacks -the O
polysaccharide. Due to the abundance of LPS at the interface of the cell envej@pe of

negative bacteria with the extracellular environment, understanding the molecular nature

of its interactions with engineered nanoparticles is critical for assessing the potential for

disruption or penetration of tlggam-negative bacterial cellular enogle.

We examined the association of AUNPs with tiv@m-negative bacterial cellShewanella
oneidensidMR-1, hereafter denoteS8hewanellpas a function of cell LPS content and
nanoparticle surface charge using a combination of flow cytometryfigéatknicroscopy,

and hyperspectral imagin§hewanellavas selected in part because the a#lthis species

have only a sparse distribution of extracellular polymeric substances at their meffibrane,
4% meaning that LPS (and not polysaccharide components that form a capsule around some
bacterial cells) form the interface between these cells and their extracellular environment.
To test the hypothesis that LPS mediates nanoparticle interacitibngramnegative
bacteria, as suggested by recent Higloughput screening studies Bscherichia coli
interactions with polystyrene and silver nanopartféfe8®and cytotoxicity studie®04°

we prepared LP8epletedShewanellacells. Brief treatment with EDT#®41°removed

~50% of cell LPS from the outer membrane (Figure S2), as determined by colorimetric
measurement of -8minc3,8-dideoxyD-mannceoctulosonic acid (8&amino2-keto-3-
deoxyD-manneoctonate, &aminoKdo)*®® a Shewanellsspeciesspecific aminated form

of 3-deoxyd-manro-octulosonic acid!'*'2an essential component of LPS. Prior work on
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E. colihas demonstrated that this method removes LPS from the outer membrane without
concomitant removal of proteins or leakage of cell cont®AThe mechanism is suggested

to involve chelation of divalent cations that créis&k LPS molecules through interaction

with anionic sites such as phosphdf$i®43 relessing LPS into the solutioff®
Quantification of cell LPS content required that cells be sacrificed. Experiments with
nanoparticles were performed on live cell populations with either native or depleted LPS

content.

We exposed ~2 x £ative and LPSlepletedShewanellacells tocationic MPNH- or
anionic MPAfunctionalized AuNPs (10 min, 12.8 nM AuNPs 0.025 M, pH = 7.4; see
Figure 1 for nanoparticle properties) and quantified the number of cells in each treatment
associated with AuNPs by flow cytometry. Association of AuMiRE cells increases the

light scattering crossection. Highthroughput analysis of the orthogonal light scattering
intensity of individual cells was used to identify the presence ofasslciated AuNPs.

Cells exhibiting light scattering above an intiyghreshold, determined by control
experiments with unexposed cells, were identified as positive for AUNPs. In this way, tens
of thousands of cells were classifiacsituas either negative or positive for caisociated
AuNPs. Cell analysis require@preparative steps after cabinoparticle exposure and did

not disrupt celnanopatrticle interaction because the measurement was made in solution.
Putative AuNPpositive cells were isolated by fluoresceramivated cell sorting (FACS)

and imaged by hypspectral and darkeld microscopy to verify the presence of associated
AuNP$** and to establish FACS as an approach to discriminate between bacterial cells
with and without associated AuNPs (Figures 2, S3, and Sb).
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Removing ~50% of the cell LPS content decreased the number of cells with associated
MPNH2-AuNPs by ~70% (Figure 2). At the growth temperature used (3®feanella
oneidensisvIR-1 produces only nagh LPS (see Figure S3b); lower growth temperatures
induce synthesis of smooth LP%.Our results suggest that cationic nanoparticles bind
preferentially to LPSsuch that its removal decreases nanoparticle binding to the outer
membrane. In contrast, anionic MPBAINPs did not appreciably associate with the cells,
regardless of LPS content. Given the net negative charge gfahenegative bacterial

cell surface apH values typical of the environmeh*® this result suggests that
electrostatic interactions control the association of nanoparticles with bacterial cells, as has

been suggested in previous repdftsesA17.418

We visually confirmed nanoparticle association with cells by -fiatd microscopy and
hyperspectral imaging. We separated bacterial cells with associated MRNHPs from
the total cell population by FAC&nd acquired darkeld micrographs of them. The
micrographs show single bacterial cells with -@&sociated material producing high
intensity light scattering, indicative of AUNPs (Figure 2a). We confirmed t&epce of
AuNPs by comparing hyperspectral images of nanopadigseciated bacterial cells with
a spectral library of bacterfaee colloidal MPNH-AuNPs (Figure S3). Regions of the cell
hyperspectral image matching the AuNP library are highlightedeinricrographs. This
analysis confirmed that the observed -asfociated material was MPRMAUNPSs. In
addition, darkfield micrographs of bacterial cells exposed to MBMINPs were
acquired prior to cell sorting. These micrographs also showassticiaté material
producing highintensity light scattering, consistent with the previous analysis (Figure 2b).
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Figure 2. Gold nanoparticle association with bacterial cells is directly observable and
depends on cell LPS content. Cells isolated (sorted) from the total cell population after
exposure to MPNHAUNPs(a). Unsorted cells after exposure to MPNAUNPS (D). In

panes (a) and (b) the arrows point to AuNPs associated with the cells as confirmed by
hyperspectral imaging. Association of MPAr MPNH-AUNPs with Shewanellacells

with varying LPS content (indicated bya8nino2-keto-3-deoxybD-manneoctonate (8
aminoKdo) catent of lyophilized cells) quantified by flow cytomet(g). Error bars
(representing one standard deviatior, 3) are smaller than the symbol in some cases.

5.3.2 Attachment of Cationic and Anionic Gold Nanopatrticles to LPSContaining
Bilayers. To gan further molecular insight into the interaction of nanoparticles with
lipopolysaccharides identified in the studies with live bacterial cells described above, we
investigated the amount, reversibility, and length scale of MPNiHd MPAAUNP
association wh LPS containing or lacking the -@olysaccharide using quartz crystal

microbalance with dissipation monitoring and second harmonic generation. The first step
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in these studies was to form Lfe8ntaining lipid bilayers on QCND sensor surfaces. We
preparedresicles composed of POPC with variable amounts of rough or smooth LPS (see
Figure 3 and the Supporting Informaticfj.We ten formed solissupported LPS
containing bilayers on Sigxoated QCMD sensors via fusion of LRP&ntaining POPC

vesicles (Figure S£y°

We tested the hypothesis that electrostaticsritaried strongly to nanoparticle interaction
with LPS-containing bilayers by investigating the amount of cationic MRMHd anionic
MPA-AuUNPs attaching to bilayers as a function of LPS content. These experiments were
performed with 12.8 nM AuNPs in 0.002 HEPES solution (pH 7.4) dat= 0.025 M or
0.100 M. Figure 4a shows maximum frequency shifts measured by-Q@dowing
association of MPNHAUNPs with lipid bilayers composed of pure POPC or POPC
containing different amounts of smooth or rough LPS. fmhgative frequency shifts
observed after introduction of positively charged MEMdINPS to all types of bilayers
indicate nanoparticle association with the bilayers. The maximal frequency shifts and
estimated areal mass densities for these systems aeateckin Tables S2 and S3. Small
amounts of MPNRHAUNP detachment were observed for most systems when they were
rinsed with NPfree buffer (Figure S4). We did not detect interaction of the negatively
charged MPAAuUNPs with any of the bilayers surveyed (maketection limit for these

systems w#&s ~2 ngAcm
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Figure 3. Hydrodynamic diameter&) and electrophoretic mobilitig®) of unilamellar
vesicles composed of POPC or POPC and the indicated mole percent of either smooth LPS
(sLPS) or rough LP$ r LPS) . Apparent 6 potentials dei
mobility measurements are presented in Figure S7. All values were measured at a vesicle
concentr at i bima0dDd2 MIHEPES (pH #™4), 0.001 M NaCl solution. Error
bars represent enstandard deviationn(= 5). Content of Xeto-3-deoxyD-manne
octonate (Kdo) in the POPC/LPS vesicles as a function of mass percent LPS addition (used
to estimate mol% LPS in vesicle§). Each smooth LPS molecule contains three Kdo
residues while eachough LPS molecule contains two Kdo residt/@$2° Error bars
represent one standard deviation< 3). Values labeled with different letters differ
significantly from each othep(< 0.05).

In the experiments conducted at 0.025 M NaCl, association of cationic MRURPS

with lipid bilayers increased with the amount of rough or smooth LPS incorporated, and
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AuNP association was higher for smooth L&#htaining bilayers on per LPS molecule

basis(Figure4a,b).
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Figure 4. Association oMPNH>-AuNPswith bilayers cotaining rough(a) or smooth(b)

LPS. Normalized maximum frequency shifts for th® B ar mo rfis/5c durihge
nanoparticlebilayer exposure are displayed. Calculation of mole percent LPS content
assumed three Kdo molecules per smooth LPS molecule and teamidtecules per

smooth LPS molecul&®4?°Error bars represent one standard deviation3). (c) and(d)
Theharmonied e pend efaared otf hee ener gy Dd,jwhessenigthé i on f
harmonic numberjs more pronounced for MPNFAUNPS interacting with bilayers
containing rough LPS (paneithan smooth LPS (pand).3®**Experiments were performed

in 0.002 M HEPES (pH 7.4) and 0.025 M@l.

Acoustic

masses incrdogedOPrCommidmlesla ongdg

450 FRiforthOse comtatningr?.9 and 6.4 mole % rLPS (Table S3). For bilayers
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containing smooth LPS, a ¢ oufar bilayerscomtaigisge s  we

0.21 mol % s LPS -&fordhos8 Goftainiig 0246 mah &% ALPS& These
results point to the @olysaccharide domain of smooth LPS molecules presenting many
more potential binding sites for cationic nanoparticles in solution thaorensexposed

portion of rough LPS molecules. Each rough LPS molecule used in our experiments
contains two negative charges (phosphates associated with glucosamine residues in Lipid
A).*?1 In contrast, the smooth LPS molecules typically contain additional negatively
charged moieties including additional phosphate groups and acidic sugars (e.g., glucuronic
and galacturonic acids) in the outer core anpofysaccharide domairté? which extend

farther into solution than negatively charged moieties in rough LPS molecules. The higher
abundance of negatively charged moieties in smoothrh@&8cules relative to rough LPS
molecules is evidenced in the electrophoretic mobility measurements e¢drR&ning
vesicles (Fig. 3b). We note that the acyl chains of the ligands on the nanoparticles are three
carbons long and terminate in a chargedfiomal group. For bilayers composed solely of
POPC,we expect the charged ligands bound to the nanopatrticles would interact primarily

with the phosphatidylcholine head group of these lipids.

Changes in QCMD ener gy dD) dusirig MBNH-AuMP agsettion differed
between smooth and rough L#68ntaining bilayers. The smooth LES8ntaining bilayers
exhibited | absg3to4.0xnid)tharedsl BGPCiormouge LR®ntaining
bilayers (0.8 to 1.5 x 1%). This result indicates that MPNFAUNPs interacting with
smooth LP&containing bilayers were less rigidly coupled to the vibrating resonator than
those associated with POPC or rough td@8taining bilayers.
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At higher ionic strengthl = 0.100 M), the MPNEFAUNPs agglomerated (Figure 1apd

association with all bilayers decreased significantly relative to the experiments conducted

at lower ionic strength (Figure 4a,b; Table S3). Association of MPAIHNPs with
bilayers cont ai ni n§ wdsmRigher thandtifose tcampobedipife n g Ac m
POPC ( 23 “2Nhowevar, thdamounts associated with id@8taining bilayers did

not differ from each othep@ 0.05). These results indicate that smooth LPS induced higher
nanoparticle association on a per molecule basis than did roughTHSresult is
consistent with the notion that smooth LPS, due to the presence ofpgbly<accharide,

presents a larger number of anionic sites for interaction with cationic AUNPs than does

rough LPS on a per molecule basis.

5.3.3 Proximity of MPNH 2-AuNPs to the PhospholipidSolution Interface. The
harmoniedependence of the QCHM frequency and dissipation responses allows inference
of the relative distance that AuNPs are held from the seswdotion interface for the

bilayers containing rough and snibd_PS. The penetration depth of the shear waye (

_ 8
depends on the harmonig){(] « , Whereq; is liquid dynamic viscosityf:

is the fundamental frequency (4.96 MHz), ani$ the liquid density>* Lower harmonics
penetrate further into the medium overlying the sensor than do higher harmonics. We
compared the dependenceabfanges in frequencydy/n) and dissipation &Dn) on the
harmonics monitored in experiments probing MBMWINP association with smooth and
rough LPScontaining bilayers (Figure 4c,d). Bo#dn/n and &b, displayed pronounced
harmoniedependence for MPN-AUNPs association with smooth LiS8ntaining
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bilayers; for the rough LR8ontaining bilayeradn/n and D, did not depend on the
harmonic. While the penetration depth for all harmonics monitored (e.g., 145 and 76 nm
for the 3% and 11" harmonics, respewtly) exceeded the length of the LPS molecules (7

46 nm for smooth LPS¥? signals for lower harmonics contain largcontributions from

mass farther from the sensor surface than do higher harmonics. The more pronounced
harmoniedependence observed for MPNAUNP association with smooth compared to
rough LPScontaining bilayers suggests that, in the former, at leas sé6the nanoparticle

mass is held at a distance from the sensor surface (i.e., not directly in contact with the outer
leafletsolution interface). This is consistent with the notion that cationic particles interact
with the Opolysaccharide domain of sl LPS, because the-@lysaccharide presents
anionic sites available for interaction with cationic nanoparticles that extend away from the

bilayer surfacé?*42>

To gain further insight into the molecular origins of nanopartdi@yer interactions
observed by QCM, we employed second harmonic generaf{eHG). When exciting

with wavelengths near 600 nm, the SHG intensity near 300 nm increases when supported
lipid bilayers are exposed to 4 nm AuNP$.This nanoparticlénduced increase in
intensity suggests resonance enhancement to the SHG signal upon AuNP adsorption to the
bilayersolution interface. Sie the secondrder nonlinear optical response is distance
dependent?642’SHG can be used to probe the length scale of Abier interactions.

This principle allowed us to evaluate the location of AUNPs associated with the bilayers
relative to the outer leafletolution interface, which is the least symmetric, and thus most

SHG-active, region in our system.



Figure 5 shows the summary of our findings, while the Supporting Information contains
the detailed results from our concentrattependent SHG studies. Briefly, we find that
exposing pure POPC bilayers to the MPNKINPsunder otherwise identical buffer and

salt conditions increases the SHG signal intensity by more than 30%. Somewhat smaller
SHG signal intensity gains were observed when the POPC bilayer contained 10% or 20%
rough LPS. In contrast, no significant changeSHG signal intensity were observed upon
addition of nanoparticles to the bilayers containing 10% and 20% smooth LPS. Exposure
of LPScontaining bilayers to anionic MRAUNPs did not produce an increase in SHG
signal intensity either (data not shown), sistent with the lack of interaction between the

AuNPs and these bilayers demonstrated in the €BCékperimentsvide supra.
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Figure 5. Observed changes in SHG signal intensity following introductioMBNH:-
AuNPs(5 x 10°M number density) to POPKllayers lacking LPS (black), or containing
rough LPS (rLPS, green) or smooth LPS (SLPS, blue). The observed SHG signal arises
from nanoparticlenduced resonance enhancement near the bitmjation interface. All
experiments were performed in 0.002 MPMES (pH 7.4) and 0.025 M NacCl.
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Given that the QCMD experiments described in the previous section show clear mass
gains upon introduction of MPNFAUNPS to bilayers containing both rough LPS and
smooth LPS, we hypothesize that the lack of SHG sigmahsity gains for the bilayers
containing smooth LPS are due to the distashmgendence of the SHG process, as
elaborated by Walker and -eworkers*?%427 Under this hypothesis, nanoparticles
associated with LPS are held at a larger distangr fhe bilayersolution interface than

those bound to POPC. The resulting reduction in SHG resonance enhancement would then
lead to smaller increases in SHG intensity induced by nanoparticle association with
bilayers, which is indeed observed. This intetgien of the correlated SHG and Q&M

results is supported by reports from Walker and coworkers who used molecular tethers, or
rulers, to place SH@ctive chromophores at various distances from liquid/liquid interfaces
and found longer distances to comteiwith diminishing and finally vanishing SHG
signal#?%42’Quantitative distance measurements would, in principle, be possibledyy X
standing wave measuremeitsor by anchorg AuNPs to the LP$ontaining bilayers

using tethers of varying lengths, but such demanding experiments have their own caveats
and exceed the scope of the current study. LPS structure also influenced changes in SHG
intensity, evidenced by the smaller iease in SHG intensity upon nanoparticle binding to
smooth LPS than rough LPS. Smooth LPS contains thel@accharide absent in rough

LPS and thus presents negatively charged binding sites for AUNPs at a larger distance from
the bilayersolution interfacgoutside the interfacial zone probed by SHG), resulting in

lower intensity enhancement.
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5.3.4Effect of Nanoparticle-Bilayer Association on Lipid Structure. To investigate the
potential effects of nanoparticle association with bilayers on the underigidgtructure,
superresolution fluorescence micrographs of POPC bilayers with variable LPS content
were acquired before and after addition of MBMWINPs (Figure S9)TopFluor PC was

used to construct fluorescent bilayers within glaggom dishesThen MPNH>-AuNPs

were introduced under identical conditions to those used in-Q@&xperimentsl(= 0.025

M). The images show that nanoparticle addition to pure POPC bilayers and POPC bilayers
containing smooth LPS alters lipid packing, evidenced by the famaf lipid clusters

(bright regions due to locally increased fluorophore concentration). In contrast, MPNH
AuUNP introduction to POPC bilayers with rough LPS had no observable effect on lipid
packing. This suggests that nanoparticle association witth lippayers, either through
direct interaction with lipids or through interaction with LPS, may alter lipid packing.
Evaluation of this hypothesis is the subject of ongoing work. We note, however, that the
smooth LPS densities achieved in the supported bgayers (0.21 to 0.46 mole %) are
considerably lower than those occurring in bacteria that incorporate these molecules into
their outer membranes. Our results suggest that bacterial outer membranes with higher

smooth LPS densities would prevent contdatationic nanoparticles with the bilayer.

5.4 Conclusions

The results of this study provide direct evidence for electrostatically driven association of
cationic nanoparticles with the negatively charged polyssacharide portions of LPS
molecules in theal envelope ofgramnegative bacteria, supporting the hypothesis that
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LPS plays a critical role in mediating such nanoparieltular interactiong®:300.386.409

Acoustic and spectroscopic data from QCMand SHG measurements, respectively, on
analogous supported lipid bilayers indicate tHatse interactions occur farther into

solution (farther from the outer leaflsblution interface) in bacteria that elaborate LPS
including the long @ ol ysaccharide chain (fAismootho LPF
short, f@Arougho -tefoBtionflGboescened inaayirg dtudesioptieese lipid

bilayers demonstrate that interaction of cationic nanoparticles with the smooth LPS
containing bilayer impacts lipid packing. Electrostatic repulsion is expected to prevent

most associations of anionic pales with membran®ound LPS molecules both in whole

bacterial cells and the model lipid bilayers.

The propensity of smooth LPS to hold bound nanoparticles at a distance from the bilayer
solution interface suggests a barrier function for then@gen tlat may protect bacteria
from the effects of nanoparticles that require contact with the outer membrane bilayer to
induce adverse effects. This insight leads to the expectation that bacteria bearing rough
LPS may be more susceptible to the effects of intacioparticles than are those that
produce smooth LPS, despite lower association of nanoparticles with the former. The
efficacy of nanoparticles that exert their antimicrobial effect via dissolution (e.g., silver
nanoparticle$f® or production of reactive oxygen species (e.g., zinc oxide
nanoparticle$f“+!8is expected to depend on the balance between higher assowitio
smooth LPS (for cationic NPs) and the greater availability of sites for interaction or
reaction on these molecules-@wis rough LPS, to the extent that damage to LPS is not
deleterious. The detailed characterization of nanoparticle interactitmgacterial cells
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and solidsupported lipid bilayers presented in this study demonstrates that LPS molecules
mediate nanoparticle interactions witam-negative bacteria and provides the molecular
level insight necessary to design engineered nanogartidth reduced biological impact.
Intriguingly, the LPS molecules that confer a barrier function to the outer membrane may

also facilitate the entry of bacterial surfadm@und nanoparticle into food chains.
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O-polysaccharide

Core
oligosaccharide

Lipid A

Figure S1.Representation of the general structure of lipopolysaccharide (LPS) from gram
negative bacteria such Sslmonella enteric&® The LPS molecule can be divided into
three domains: Lipid A, the core oligosaccharide, and tpel@saccharide (or @ntigen).

The fatty acid chains of Lipid A vary in number and length depending on the bacterial
species and anchthe LPS molecule in the outer leaflet of the outer membrane. These are

bound to a phosphorylated glucosamine disaccharide. The core oligosaccharide is
22t



covalently bound to Lipid A and contains two or threlee?o-3-deoxyD-manneoctonate

(Kdo) repeat uni#®42and commonly.-glycerob-manneheptose, in addition to other
saccharides such as galactose, glucose and glucuronit“s8ame of these saccharides
might also be phosphorylated. The outermost dom&iLPS is the €olysaccharide, a
repeating oligosaccharide composed primarily of hexoses such as galactose, abequose,
mannose, and rhamnose. The presence or absence (or reduction terepeating
oligosaccharidé§* of the Gpolysaccharide is used to classify LPS as smooth or rough,
respectively. The length and degree of branching of polysaccharide chains varies across
bacterial strains and species, but the overall thoseponent LPS structure depicted is

conserved

LPS content (ung Kdo/mg dry cell)

LPS-rich cells LPS-poor cells

Figure S2. Lipopolysaccharide content of native (no EDTA treatment) and-hi$
(EDTA-treated) Shewanella oneidensiBIR-1 quantified by colorimetric detection- 8
amino-3,8-dideoxybD-manneoctulosonic acid (&minoKdo).38 Error bars represent the

standard deviation of three replicate measurements. ¥mif&Kdo content of LPS
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depleted cedl is significantly lower than that of native celts<0.05), indicated by a single
asterisk.

Figure S3.(a) The darkfield micrograph of a singl8hewanellaell after 16min exposure

to 12.8 nM MPNH-functionalized gold nanoparticles (MPMAUNPS) (op panel, Figure

3b). A darkfield micrograph was acquired using an Olympus BX43 microscope (Olympus
America, Inc., Center Valley, PA) modified with a high sigtmhoise condenser
(CytoViva, Auburn, AL). A visiblenear infrared (VNIR) spectral map ofetrcell with
approximately 2.8 nm vertical and lateral resolution was acquired using thdnmash
technique. An idine spectrophotometer (Specim, Oulu, Finland) and CCD camera
(pco.pixelfly, PCO, Kelheim, Germany) recorded scattered light intensityeasatnple
stage automatically and incrementally move
view. Using this technique, a unique VNIR spectrum was acquired for each pixel within
the darkfield image. Two pixels are highlighted, and their correspondjmectra are
presented in pane{b) and(c). Panel B shows the spectrum obtained from an arbitrary spot
on the cell surface. This spectrum is representative of the spectra obtained over the entire

surface of the cell, excluding the suspected nanoparticle cluster shown in Panel C. At this
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