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ABSTRACT

Release of engineered nanomaterials (ENMs) intetlveronment is inevitable as the
nanotechnology industry continues to expand producimgléitude of nanotechnologgnabled products
(NEPs). In this workadvancements in single particle inductively coupled plasass spectrometry
(spICRMS), used in tandem with the particle separatiorabdipies of fieldflow fractionation (FFF),
were male in order to quantitatively address two challenges: 1) the detedhi@mcterization, and
guantification of a composite particle representing the formatiorsafface coating upon release of
inorganicengineered nanoparticleENP9, and 2) the neetb distinguish ENPs from interferingatural
nanoparticlesNNPS.

An inorganiecore/organieshell composite particle was characterized using spiiSRand two
FFF techniques. A model ARSb-PAA nanoparticle (NP) consisting of 50 nm Au NPs ipooated
into polystyrene micelles was used to represent a) the formation ofesatfatings on inorganic NPs and
b) polymer fragments released from inorganic EddRtaining polymer nanocomposites due to material
weathering or abrasion. spld\®S analysis of the congsite particle indicated that multiple Au NPs were
incorporated into the RB-PAA micelles, consistent with transmission electnuioroscopy (TEM)
results. The presence of multiple NPs resulted iavemnage incorporated Au equivalent size of 63 nm.
Paricle separation by asymmetric flow fieftbw fractionation (AF4) provided a distribution ofeth
composite particle hydrodynamic size (abow4D® nm). Analysis of the fractiotyy spICRMS
provided the incorporated Au mass, which demonstrated tha¢ Z8#RS-b-PAA NP hydrodynamic size
increased, the number of incorporated Au NPs (i.e., Au mass) increadddioially, separation by an
additional FFF technique, centrifugal FFF, and analysis dir#tations by spICRMS provided the Au NP
mass distribtions in the AUPSb-PAA NPs as the mass of incorporated NPs increased.

One of the challenges detecting ENPs in the environment is distinguishing them from NNPs.
ENPs have elementally pure compositions while NN#tgain multiple elements. A bimetalicore
shell NP (Aucore/Agshell) was used as model for NNPs in order to develap-meetrology techniques

suitable for the detection of interfering NNPs. Phecore/Agshell NP was first used to demonstrate



how current spICRMS capabilities (i.e., usg single element analysis) in combination with AF4 can be
utilized not only to determine the bimetallic composite nature oAthég coreshell NP but can also be
used to reveal the coshell structure by temporally observing a slow acidsliipn of tle particles.
Particle number concentrations provided by spNI® and AF4ICP-MS analysis showed that the
particle solution contained composite NPs rather than individuadryiand Agonly NPs. spCP-MS
was then used to obserparticle dissolution initute acid over time to reveal the ceskell particle
structure. A recent development in sptIS technology, dual element analysis with a quadriptass
analyzer, offers the ability to quickly determine the compasitiba particle by detecting two elements
on a particleby-particle basis within one short sample analysis time. kpeeted that the detection of
multiple elements in NNPs will distinguish them frone tsimpler single element detection events
characteristic of ENPs. A qualitative \ddition procedure with the Aig NPs, Au NPs, and Ag NPs (all
< 100 nm in size) showed that dual element splM¥detected and reported signals for the correct
analytes using dwell times andtiiag times of 100 us A quantitative comparison between tivegte
element mode and dual element mode average NP intensities for-thg KBs showed dual element NP
intensities that converged on an average in agreement with the expeetetiadbNP mass ratio. The
ratio of single element NP intensity to dualrent NP intensity was the same for both analytesghvhi
may indicate an empirical factor that can be applecbnvert the average NP intensity in dual element
mode to a NP mass. Approximately 40% of the dual ei:iN@ peaks were false negatives for the
detection of particles containing both Au and Ag. Dual element smMGSPRavors false positives for the
high abundance element and false negatives for the low abundance elEotard. work will aim to
broaden the NP peak to obtain more NP readings abevieackground to reduce false positives and

negatives.
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CHAPTER 1
INTRODUCTION

Given the continued growth of the nanotechnology stiguand the prevalence of
nanotechnologyenabled producttdNEPS) release of engineered nanomaterials (ENMs) into the
environment during the material lifecycle is inevitable. A 26dpbrt by Lux Research shows that,
worldwide, the revenue from NEPs grew from $339 billior2010 to more than $1 trillion in 2013, and
global funding for emerging nanotechnologies has increased-d$%0per year oar that same time
period [1]. The National Nanotechnology Initiative (NNHe United States Federal GovernmentOs
interagency program for coordinating nanotechnology researctiesedopment, defines ENMs as
Omaterials that have been purposely synthesizenanufactured to have at least one external dimension
of approximately 100 nanometers (niN)at the nanoscaleand that exhibit unique properties
determined by this 320, and NERss Ointermediate engineered nanoscale products, including ENMs
embeddedn matrix materials, that exist during manufacture and in final productsO [gictitrg the
risks posed to human health and the environmentdaltheetrelease of ENMs from NEPs is difficult due
to challenges in quantifying ENM exposure parameters ssicbl@ase rates, transport, stability, and fate.
The development of new namoetrology to quantify (mass, particle number conceiotng and
characterize (size, composition, structure, aggregation state) ENddsential to assessing the impacts of
theirrelease. This need is recognized by the Nanomabddasurement Infrastructure (NMI) core
research area of the NNI, which aims to Oestablismarehensive set of measurement tBols
instruments, protocols and assays, standards, benchmark data, amsNhmeeable accurate and
reproducible measurements of ENMs and NEPsO [2]. THepmesented herein aims to address this
necessity.

Several analytical challengesdetecting ENMs in the environment exist. These are low
expected concentrations in the tyaer trillion (ppt), or nanogram per liter (ng/L), range; complex

matrices such as surface waters, groundwater, watgevetc.; high background of dissolved (i.e.japn



species; transformations of particles upon their releask as the formation ebatings; and interfering
naturally occurring nanoparticles (NNPs) present at higher concensdtian engineered nanoparticles
(ENPs). Commonly used technigues for nanoparticle (N®jacterization include electron microscopy
(e.g., transmission electron microscopy [TEM], scannlegten microscopy [SEM]) and light scattering
techniques (e.g. dynamic light scattering [DLS], nanoparticle tracking asm§iEA]); however, these
techniques are better suited for simple monodisperse particles in sipieas at concentrations higher
than those found in the environment [3]. Analytical techniques, or more lileliteaof techniques, is
needed thatan overcome these challengesi¢ébection and characterization of NPs in the environment.
Recent advaraments in single particle inductively coupled plasma mass spesttyo(aplCRMS)
coupled with the particle separation capabilities of fitdav fractionation (FFF) techniques offers the
ability to tackle several of these challenges, specifically 1)heacterization and quantification of
composite particles formed from the formation of coatings\pNP release, and 2) the ability to
distinguish ENPs from NNPs.
1.1 Single particle ICP-MS: Particle-by-particle detection

spICRMS is an analytical techniquesed to detect, quantify, and characterize meiataining
NPs at environmentally relevant concentrations, (ite2 ng/L, or ppt, range). The following is a
description of fundamental IGMS components and spl@R®S theory used to determine the size,
concentration, and composition of NPs.
1.1.1 Conventional ICP-MS vs. spICRMS

The basic methodology of spl@®S, as presented initially in a series of paper®bgueldre et
al. [4-8], uses the inherent sensitivity and elemental specificity ofM&Ro detect pukss of ions
resulting from the sequential introduction of partidlge the instrument. In IGRIS, aerosol droplets of
an aqueous sample are introduced into an argon plasma where degpletation, sample vaporization
(of particles and/or dissolved sddi), atomization, ionization, and diffusion of ions occurs before entering
a quadrupole mass analyzer that filters the ions based on #h&staycharge ratiorq/2. The filtered

ions are detected and amplified into a measurable signal by an electrodienultiponventionally, ICP



MS is used to determine total concentrations ofalN&sl metals in solution using several data actjoisi
dwell times. The dwell time is the length of time the {KIB detector collects a reading for a givarg,

and is orthe order of several hundred milliseconds (ms) for conventionaMGRinalysis. Comparison
of the constant intensities measured between the sample and disswdygd standards (i.e., a

calibration curve) is used to determine the dissolved metal cbatien. splCPMS utilizes standard
ICP-MS sample introduction and detection but with shoetbdwell times (< 100 microseconds [us] to 10
ms), which allows for quantification of metal NPs &nccolloids in solution (Figure 1.1). Data
processing procedes to obtain the desired particle characterizationtesuch as particle size and

number concentration, are presented below (section 1.1.3).
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Figure 1.1. Conceptual diagram of conventional KBS analysis versus spl@AS showing that ICP
MS is typially used to measure the intensity from a constant streamm®pi@duced from a solution
containing dissolved solids while splPS measures discontinuous pulses of increased itdabove
a background signal) produced from a dilute solution ofgast
1.1.2 ICP-MS components and processes

The ICRMS used for the studies herein (a Perkin EImer N&kBDOD quadrupole mass
spectrometer) consists of a sample introduction systenpesad of a nebulizer and spray chamber, an
ICP torch and radio frequency (RF) coil, cone interfacedgupole ion deflector, collision/reaction cell,

qguadrupole mass analyzer, and a detector [9, 10]. A peristaltic ppangports a liquid sample at a flow

rate of 0.3 milliliters per minutes (mL/min) to a cont@pneumatic neldizer that produces aerosol



droplets anging in size from < 1 micrometer (um) to 20 um [11]cy&lonic spray chamber then
removes large droplets (those greater than approximatiy? [12]), which would not be completely
vaporized in the plasma and would subsequently create analytics i§sliowed to enter. The transport
efficiency, used in spICGIRS calibration and data processing (discussed fuithgection 1.1.3.1), is the
fraction of the nebulized sample that enters thenpdasand accounts for removal of sample droplets in
the pray chamber. Under the sample introduction conditions used in theses stratisport efficiencies
are typically about4.0%. The transport efficiency varies depending on the sample flowtypéeof

spray chamber (e.g., Scott type instead of cyc)omnied the type of nebulization (e.g., monodisperse
droplet generator instead of pneumatic nebulization). Argon plasniaawémperature of 6068000
kelvin (K), is generated in the ICP torch when an RF power is supjolithe copper RF coil that is
wrapped around one end of the torch. This creates a strong elagtrefic field that forms the ICP
discharge when a higéoltage spark is applied to the argon gas, and electrons are continuapplkydst
from the argon atoms. During the31ms that a drdpt spends in the hot plasma, the solvent evaporates,
the remaining solid vaporizes, the gas is atomized, the atoms are ionized, imdctbed diffuses

before entering the cone interface [13] (Figure 1.2). The widtiN#f peak is mainly influenced by the
amount of diffusion the ion cloud experiences before entehimgnterface (discussed further in Chapter

4). Three nickel cones, the sampler, skimmer, and hyperskimmes, coake up the interface region and
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Figure 1.2. Components of the plasntorch and cone interface. Also illustrated are the processes
occurring in plasma: desolvation, vaporization, atomization, ionizatr@hddfusion. Figure courtesy of
H. Badiei, Perkin Elmer Inc.
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control the transport abns from the ICP at atmospheric pressure (about 670 Torr in Goldema@ojo

to the high vacuum mass spectromete5x30” Torr) (Figure 1.3). The hyperskimmer cone focuses th
ion beam into the quadrupole ion deflector (i.e., ion optics), which separatesipland neutral spesie
from the ions. Although not used in these studiesyllision/reaction cell (i.e., universal cell)licated

just before the quadrupole mass analyzer to remoly@mic interferences. The quadrupole mass
analyzer filters the ions based on theizwhen a direct current (DC) voltage is applied to t¥ithe rods
and a RF voltage is applied to the other two rods. Onlytaioen/zwill pass through the detector for a
given ratio of these voltages. The quadrupole can rapidly change thegesottawitch between

different elemental masses. The filtered itrenhit a dynode on an electron multiplier, which releases a
cascade of electrons to produce a measurable signal. Recent advatasagdisition rates allow for

ps dwell times. [10]

Quadrupole
Ion Deflector

(QID)

Detector Quadrupole Universal
Mass Filter Cell

Figure 1.3. ICP-MS components in the high vacuum mass spectromegar [9].

1.1.3 Nanoparticle analysis by spICPRMS

spICRMS detects NPs on a partidby-particle basis by reducing the dwell time to 10 ms or less.
With low particle number concentrations querticle is detected per dwell time as a OpulseO above a
background (instrument noise and/or ions in solution). The number of pulsestladdaekground is
proportional the particle number concentration and the size of thelpadit be determined frothe
intensity of the pulse. Pulse intensity is converted to mass, based on a caltuatsmrand then mass is
converted to size by assuming a density and a spherical georRetrgntly spICRVS analysis has

shifted to us dwell times so that tNé signal (with a duration of approximately 1:A@00 ps, depending



on specific sample and instrumental conditions) is divided into sestepetier duration readings that are
integrated to provide the total particle intensity [14, 15, 16]. The benefitsspl@&-MS are reduction
of the background signal and the ability to increase the concentratigrff@mabout 50 ppt with ms
spICRMS to about 500 ppt with pspICRMS for a 60 nm Au NP). As such, the size, conceiomaand
composition of nanoparticlesn be determined using spl<GAS.
1.1.3.1 Calibration by transport efficiency

There are limited options for spl@RS calibration to determine particle size and number
concentration using conventional I@IS sample introductions systems (i.e., pneumatiailiedtion).
The simplest method is to generate a calibratiosecusing several NP standards of known sizes (i.e.,
ICP-MS signal response versus NP size). This requilesame elemental composition, geometry, and
density for both the standard and sample NBecause of the low availability of wetharacterized
monodisperse NP standards for a multitude of elenantarying sizes, this method is limited to few
types of NPs, and was not used in the studies presented herein. The titineutipzed for the
following studies, is to relate the intensity of #l#-MS signal response for dissolved standards to the
mass of a NP. This computation is affected by thesport efficiency.

As previously mentioned, transport efficiency is ftaction of the samplthat enters the plasma.
It accounts for removal of large aerosol droplets instiray chamber, which can vary depending on
specific operating conditions as well as the type blufizer and spray chamber in use. As a result, only
a fraction of dissolva metals in solution, typically used for conventional &8 calibration, reaches the
detector, and the mass of sample that generates a signal reisgeasdhan the mass predicted based on
the sample concentration and flow rate. Conversely, for a solution of N draefficiency affects the
number of NP pulses observed over a given period of time but not the sigdated by a given NP
mass. To correct for this difference, the dissolvextal calibration curve (signal intensity versus
dissolvedsample concentration) is converted to a mass flux osigaal intensity versus mass per time),
as shown by Equation 1.1, which can then be used to conReptilSe intensity to NP mass (section

1.1.3.3).
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rasoes. | iuss (1.1)

Where: W = mass flux (mass delivered in each dwell time)
Cstp = mass concentration (mass * vqu'h)le
I eb = transport efficiency (unitless)
Qsampie = Sample flow rate (volume *rtie'l)
tawen = dwell time (time/dwell)

Unless the transport efficiency is known to be 10@%.(for microdroplet generators), it must be
determined experimentally by one of three methods (Figure 1.4) [12]fir$tmethod, by waste
collection, is ginple but the least accurate (Figure 1.4a). Thespart efficiency is described by the ratio
of the total volume of sample that enters the plasma to thevtidtahe of nebulized sample. To
determine the volume of sample that enters the plasma, thme@fiwaste collected is subtracted from
the volume of solution delivered by the nebulizer given the sample flow reteaste collection time.
Because this method is subject to a number of usiogigs, such as evaporation, the uncertainty due t
subtiction of two large volumes, and inconsistency in the wasteaiyaifrom the spray chamber [17,
18], it was not used in the following studies. The second method, ttideaumber method, relies on
the assumption that each NP that enters the plasrdaqes a signal pulse (Figure 1.4b). If the NP
number concentration of a standard solution is well known, the number icfgganebulized per time
can be calculated given the sample flow rate. The ratio of thearurhblPs detected as pulses to the
number of NPs nebulized in a given period of time is the transpartegffiy. This method requires
accurate knowledge of the standard particle number concentratiarh edn be estimated from the
knownmass concentration, particle density, size, andesbbp wellcharacterized standard NP solution.
Uncertainties in the particle number concentratmarticularly an underestimation of this value and a
subsequent overestimation of transport efficiency, drea the inherent nature of colloidal suspensions
that can result in aggregation, settling, and/or sorption to the sample containeetisis Feason and the
unavailability of standard NP solutions with a reliable particle nurnbecentration, this method was not

used either. The third method, thetjde size method, requires knowledge of the partigesity, size,

and shape of a wetlharacterized monodisperse NP to determine the NP mass; thefisignttie NP of



a) Waste collection method c) Particle size method
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Figure 1.4. Methods for determining the transport efficiency doiantitative sfCP-MS analysis

knownmass is then used to calcul&i@nsport efficiency using the mass flux curve, as shown in Equation
1.1 (Figure 1.4c). As with the other methods, uncertainties aoelirded within the assumptions, such as
the particle shape, sizand particle density, typically assumed to be the material bulk density. Itis also
assumed that the generation and transport of ions in thegkasdnthe instrument sensitivity is the same
for ions from NPs and dissolved ions; however, adrdsipletsize and matrix (i.e., dilute acid for
dissolved standards and water fortjzde standards) may have aresft. Of the three methods, these
uncertainties are considered the most minimal, and as such,rthentithod is used in the studies
included herein.
1.1.3.2 Peak identification

Prior to calculation of particle size distributiondanumber concentration from the NP pulse
intensity and frequency, respectively, the NP events (i.e., pulses) musabatedfrom the background
signal (i.e., instrument nois@a dissolved ions). Two manual data manipulation methods exist to

distinguish NP events from the background: 1) a-esthblished iterative approach using a background



threshold value above which signal intensities are identified as NP eventssastol by Pace et g12],
and 2) a more recent signal deconvolution method developedrgldoand Hassell${19]. The
commercidly available naneapplication software module (Perkin Elmer Syngi<fiano Application
Module) used for data processing in the followingd#ts is based on the iterative amb.

As described by Pace et HI2], when dwell times of-20 ms are used and a NP event is
represented by only one pulsd, signal irtensities are averaged over the entire sample analysis time and
data points above the mean plisa3e identified as NP pulses and removed from the data set. The
averaging process is iterated until there are no more data pbimts the threshold. The mean of the
data set plus"3is typically chosen as the threshold because it is the same nusithdo remove outliers
from a normally distributed data set (it is assunied the background data points have a normal ar ne
normal distribution); althoughather threshold values, such as the mean plub&ve been usdao0, 21]

Following the iterative removal of NP events, the a@ming data set represents the background
signal from which a dissolved metal contration can be determined. The number of NP pulses removed
from the background is the total particle eventsheWwusingus-microsecond dwell timegor which a NP
event is composed of multiple consecutive readings above the baokiga similar process used with
the additional requirement that following NP event identification the consecigival intensities that
constitute a single NP event must be summed to obtain d\Btadtensity. Using splCGIMS theory, as
described in the following sectipthe particle size and number concentration can be determined based on
the NP intensity and frequency, respectively.

The iterative method works well for large NPs forigththe signal intensities are clearly outliers
above the threshold; however, for $hiPs and/or samples with a high ionic background useful particle
detection and characterization is more difficult, and in somesdagmssible. In order to discriminate
small NPs from a high dissolved background signal, Geraed Hassell5y19] recently developed a
signal deconvolution method using Polygaussian proipahilass functions (pmfs) to separate the
contribution of particle ions to the signal intensity wipeth paticle ions and dissolved ions reach the

detector within the given dwell time. Although it is useful to nh&efotential importance of this second



method for spICAMS data processing, the NP samples used in theestpdésented herein were large
NPs insimple agueous matrices with low ionic backgroundusT the iterative method employed by the
standard Perkin Elmer ICKS software was appropriate.
1.1.3.3 Nanoparticle sizing and counting

The particle number concentration is determined wigimple conversioaf the number of NP
pulses in a given sample scan time (NPs/min) by the sampledtewmL/min) and the transport
efficiency. The NP size is determined from the NP signal iitieras follows. The NP signal intensities
are converted to mass using thass flux calibration curve (obtained from Equatiah),las shown in
Equation 1.2. If the particle analyzed consistmofe than one element, then the mass fractioneid tes

convert the signal from the singular element to an overallgariasg12, 22]

! !_! [y g My (1.2)

Where: M, = particle mass
A, = mass fraction
Ine = Signal intensity from nanoparticle event
Iekep = Signal intensity of the backgrad
I on = iOnization efficiency, assumed to be 100% in nuastes
m = slope of the mass flux curve
A NP diameter is then calculated from the NP massmaisgua spherical geometry, if the density of the

material is known, as shown in Equation [iL3].

N (1.3)

Where: Dne = diameter of the particle
M, = mass of the particle
# = particle density
Typically, the particle density is assumed to belthék density of the material being analyzed; hogrev

recent studies have shin that the density of some particle compositiony b sizedependenf23-25].

This is an emerging area of spiBAS research, but will not be addressed in this work.
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1.2 Field-flow fractionation: Particle separation

FFF is a particle separation technique that uses aliedgdield (i.e., force) to fractionate particles
(down to several nm in size) based on particle maskpdynamic size, and/or density, depending on the
type of field applied. Various detectors, typically H8FS, ultravioletvisible spectrophotometers (UV
vis), and/or light scattering detectors, are couplediranto the FFF system to produce a fractogram (i.e.,
signal versus elution time). FFF is performed in a thiannel (30600 um thick) where a carrier fluid
transports particles down the length of the channel to the detector (i.e., Idi@mpeA field is applied
perpendicularly to the channel flow forcing the particles toward oneo$itthee channel (i.e.,
accumulation wall) where thdprm a steadystate distribution based on their Brownian motion agfai
the field. Due to the thinness of the channel, the channel flow is parabolic dndrleand the particles
with a steadystate distribution extending further from the accuatioh wall elute first, followed by
particles located closer to the accumulation wall. filass and/ohydrodynamic size distributiorean be
calculated based on the retention tiaoeoss the fractogram using FFF theory [26, Z#e following
sections describthe FFFtechniques utilized in the studies presented herein: asymmetric flow FFF (AF4
and centrifugal FFF (CFFF).

1.2.1 Asymmetric flow field-flow fractionation (AF4)

AF4 uses a fluid crosow applied perpendicularly to the channel flow aghia permeable
accumulation wall consisting of a membrane (typically 10 kilmofedl [KDd) and a porous ceramic frit
(Figure 1.5). Following injection of the particlesarthe channel, a focusing flow opposing the channel
flow is applied to allow the particles to rdaiheir steadistate distribution against the applied crliesy
prior to the elution phase. During the elution phase, with only the chéomednd crosslow applied,
the laminar parabolic channel flow differentially elutes particles based wrlieodynamic diameter
(i.e., diffusion coefficient); those with a smallerdngdynamic size and a larger diffusion coefficientelu

first.
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Figure 1.5. Particle separation by asymmetric flow fidldw fractionation.

According to FFF theory, particléaineter is directly related to the retention paraméler The

equation for$ varies depending on the field. For AR4s described by Equation 1.4.

Wl !!'l m (1.4)
Where: $ = retention parameter
k = BoltzmannOs constdft.381x10° m** kg * s?* K™
T = temperature (K)
V° = void volume ()
V. = volumetric crosslow rate (nf * s™)
| = viscosity (kg * nt * s™)
w = channel thickness (m)
d = hydrodynamic diameter (m)
Through$, the diameter can also belated to the retention time)t as shown in Equation 1.5.
1! N !
L 1 [res 1 1 (1.5)

Where: R = retention ratio
t” = retention time for void volume
tr = retention time for sample component
$ = retention parameter
This allows for conversion from the retention time tdarkter, based on FFF theory. The diameter can
also be determined experimentally by calibrating the retentiomwiith particles of a known size.
1.2.2 Centrifugal field -flow fractionation (CFFF)

CFFF (al® called sedimentation FFF) uses a gravitational (i.e., ceg#lf force to separate

particles based on their mass. Similarly to AF4, the applédd forces the particles with more mass and
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a greater density toward the outer wall (i.e., channel bjtitoim the slower stream lines of tleminar
parabolic channel flow, which results in longer elution tinsesaller particles (i.e., less mass and/or
lower density) in the faster stream lines elute first. The effective particle orabe true mass mis the
buoyant mass, is obtained. CFFF provides better size resolution BdaasAgradients of the spinning
rate (up to 2500 rotations per minute [rpm]) are typicadlgdu[28]. Additionally, CFFF can separate two
particles of the same size if their déy is different. Similarly to AF4, the diametemche determined
from the retention parameter, as shown in Equatiénaind Equation 1.5 can be used to relate the

diameter to the retention time through the calculated retention pegam

15
nt Pherr @t (.6)

Where: $ = retention parameter
k = BoltzmannOs constant (1.381%10° * kg * s * K™
T = temperature (K)
%#= density difference
& = centrifuge speed (rpm)
ro = centrifuge radius (m)
w = channel thicknss (m)
d = hydrodynamic diameter (m)
1.3 Thesis objectives

spICRMS and FFF were used to characterize complex corgpparticles in the two studies
presented herein. The abilities of these methods have been previcusiysti@ted using monodisperse
homogeneous NPs of single element composition329 however, one of the numerous challenges that
exist for applying these techniques to realrld samples is a potentially composite structure.

The first study, included in Chapter 2 of this woakns to detaminethe mass of gold (Au) NPs
incorporated inside a composite Qolystyrene NP as the total composite particle size increasag us
spICRMS, AF4, and CFFF. The loAgrm goal of this project is to use the demonstrated methods to
characterize composifarticles released from the weathering of ranabled products.

The goals of the second study, presented in Ch8ptae twefold. The first is to use spIGRIS

andAF4 to identify the size and composite natofea bimetallic gold (Awcore/silver Ag)-shellNP in a
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similar manner as shown in the first project as welhasstigate the corghell structure by temporally
observing particle dissolution in dilute acid with spt@IS. The second goal is &valuatethe recent
spICRMS advancement of dualement analysis using the AAg coreshell NPswith 1) a qualitative
validation of its ability to distinguish between NPs containing only ormaezié and those containing two
elementsand 2) a quantitative assessment of its ability to accuratelyrsizeoant composite NPS his
project aims in the lonterm to use these methods to distinguish ENPs from NNPs in environmental
systems.

A summary of project results andggested future work based on the concluséyasvn from

these two studies apre®nted in Chapter 4.
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CHAPTER 2

CHARACTERIZATION OF AN INORGANIC -CORE/ORGANIC-SHELL COMPOSITE
PARTICLE BY SINGLE PARTICLE ICP -MS AND FIELD -FLOW FRACTIONATION

The objective of this project is to show tlsgi CRMS and FFF can be used to obtain the
distribution of the number of inorganic NPs incorporated in a model inorgam/organieshell
composite particlas the total composite particle size increadése longterm goal is to use the
demonstrated method to characterize composite particles refeasedaneenabled products (e.g. dust
from abraded polymer nanocomposites).

2.1 Introduction

Engineered nanoparticles (ENPs) released into thiecemeent are likely to undergo
transformations, such as surface modification, aggregation (i.e. horegatign and/or
heteraggregation), and degradation reactions (e.g. oxidative dissolution)fsefore, realvorld
environmental samples (e.g., surface waters) likely contain BBVABg a composite structure. This
study focuses on composite particles resultrogifthe formation of coatings. The formation of thags
on the surface of ENPs éxpected upon their release into the environment, the exact coimpasit
which depends on their method of release and subsetpansformations in the environment, sash
incorporation into nanenabled products (NEPS) prior to release or the formatiarpodtein corona
upon biological interaction/uptake [34]. For example, inorganic ENPas&tefrom polymer
nanocomposites (PNCs) will have a composite structure storgsiof one or more inorganic NPs
incorporated inside a solid polymeric material. As discussed in Chapteractehization of these
complex composite particles by traditional nanetrology techniques, such as TEM and DLS, is often
challenging [3]. A such, an analytical methodology using a combinatf@plCRMS and FFF is
presented as a promising alternative and/or addition to the tradittamaliques for characterizing

complex NP structures resulting from the formation of cgatin
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Thetotal particlesizedistributionof a model mtal-nonmetal composite particle as well as the
mass distribution of the metallic portion with incsgay composite particle sizeas determined using
spICRMS and FFF. spICIMS provides the metallic NP size and paginumber concentration based on
elemental mass. AF4 and CFFF separate and size particles basenl bydtodynamic size and buoyant
mass, respectively. The model composite particleistsnsf one or more Au NPs, approximately 3
nm in size, surrounded by a thick polystyrgradyacrylic acid block copolymer (PI&PAA) shell, up to
about 150 nm thick, that represents the formation of a costiclg as that expected to be released with
inorganic NPs from PNCs. This methodology has potential usedustiial manufacturing processes,
monitoring release of ENPs into the environment framuse and disposal of NEPs, and assessing
transformations of ENPs in environmental agueous media.

2.2 Methods and Materials

The following discussion provides a desdoptof materials used including composite particle
synthetic procedures, and methods utilized to coladtprocess particle characterization data.
2.2.1 Synthesis of AUPSb-PAA NP

Au-PSb-PAA NPs were synthesized to represent the abilithefmethod presesad herein to
characteree this type of inorganicorebrganicshell composite structure likely to be found in the
environment. AuPSb-PAA NPs were synthesized by the Moffitt Group (Unsisr of Victoria in
British Columbia, Canada) to represent the fation of coatings and released polymer fragments with a
desired coreshell particle structure (Figure 2.1).

The AuPSb-PAA NPs were prepared by incorporation of Au NPs artiphiphilic block
copolymer Psh-PAA micelles by setassembly in a microfluidiceactor. Citrate stabilized Au NPs (Au
cit NPs) were first prepared by reduction of chloroauric ackluEl,) by sodium citrate. Following
ligand exchange of the surface citrate with th@ininated polystyrene (PSH), the resultant
polystyrene stabitied gold NPs (AtPS NPs) were incorporated into-BEAA copolymer micelles by
selfassembly using a microfluidic reactor. Additional detailthef AuPSb-PAA NP synthesis are

provided in Appendix C (section C.1).
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(core-shell)
- polymer fragments
- formation of coatings

Figure 2.1. A Au-PSb-PAA NP is a nodel for coreshell type particles resulting from either the
formation of coatings or polymer nanocomposite degfiad and release of fragments containing
inorganicNPs (not drawn to scale).
2.2.2 Data collection and processing

The AuPSb-PAA NP bulk solutionwas analyzed by spICHS, AF4, CFFF, and TEM. Select
fractions collected during separation by AF4 and ERIere analyzed by splGAS. The Aucit NP
precursor was analyzed by spHFS, AF4, CFFF, TEM, and DLS. The ARS NP precursor solution
was also aalyzed by TEM and DLS.
2.2.2.1 spICP-MS

spICRMS data was collected according to the standardadipgrprocedure (Appendix B) using
a Perkin EImer NexION 300D quadrupole mass spectrometer (Tdble@ata acquisition and data
processing (i.e., raw intensity ngeis time to particle size distribution and number eotrations) were
performed by the commercially available software package Syngdistiano Application Module
(Perkin Elmer). The software allows for collection of 8IS response (intensity in couhtsver time
using short dwell times (e.g. 100 ps) with a very short detectortdead35 nanoseconds [pdetween
readings. Transport efficiency determination is kot the software (following the procedure in Pace et
al. [12]) and calculated in der to determine particle size and number concentration. The reasiiyt
fit of the intensity distribution of the standard APSI(500 ppNational Institute of Standards and
Technology NIST] citratestabilized Au, prepared and analyzed in triplicata} used to calculate

transport efficiency by the software. Particle events are identified aMECFesponse above the
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threshold, which is determined in raahe by the software using the average pluge.g. 3) method
described previously (section 1.1.3.2), and the particle number conaantsapiroportional to the

number of NP events detected (i.e., the number of NPs deteatdjdissed by the flow rate and transport
efficiency). The total NP ew intensity is determined by integration of all readings that corestitit
event, from which the particle size is determined assuming aisphgeometry and density, as described

previously (section 1.1.3.3).

Table 2.1 spICRMS operating conditiomn

Parameter Parameter Condition
Group
ICP-MS Model NexION 300D
components Mass analyzer Quadrupole
Nebulizer Concentric glass, Type C (Meinhard)
Spray chamber Baffled glass cyclonic (PerkinElmer)
Torch 0-Slot Quartz Torch (PerkinElmer)
Cones Nickel (PerkinElmer)
Software SyngistiX"™ Nano Application Module (Perkin Elmel
Data Nebulizer gas flow rate 0.86H0.98 L/min
acquisition Sample flow rate 0.3 mL/min
and method Plasma RF power ~1600 W
conditions | Sample flush, read delay, an 60 s €24 rpm), 3645 s €20 rpm),
wad time 60 s (24 rpm)
Analyte AU
Dwell time 100 ps
Scan time 60 s
Assumed density 19.3 g/cnd
Mass fraction 100%
lonization efficiency 100%
Transport efficiency 5.89D10.32%
Transport Particle Au 0 ppt and 500 ppt AgitrateNP
efficiency (concentrations / matrix) (NIST, 50 mg/L, 56 nm by TEM)
and in Milli -Q water (18.2 M -cm)
calibration Dissolved Au 0, 1,5, 10, 20, and/or 100 ppb Au
standards (concentrations / matrix) (SPEX CertiPrep, 100 mg/L, Lot # CIEZBAU)
in 2% (v/v) HCI (Fisher Scientific, Optima grade,
32-35% diluted by vol. in MilliQ water)

Bulk NP solutions (AtPSb-PAA, Au-cit), AF4 fractions (section 2.2.2.2), and CFFF fractions
(section 2.2.2.2) were diluted by a factor of £:00:1¢, 1:1091:5000, and 1:1:12, respectively, in

Milli -Q water (18.2 M -cm) for pICP-MS analysis (Appendix C, Table C.1). All particengples,
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standards, and AF4 fractions were diluted (in Miliwater) the day of analysis. Stock particle stashdar
solutions parts per million [pprhrange concentration) were gently shaken or mixadg a vortex mixer
for 15 seconds prior to dilution. Each diluted jmetsolution was sonicated in a sonic bath for Butes
following preparation. Au dissolved standards waepared less than one week before analysis in 2%
(v/v) hydrochloric acidHCI) (Table 21).

In addition to spICRMS analyses, total Au concentration of-8il NP and AuPSb-PAA NP
was measured in conjunction with the December 2015 I8F4MS analyses (section 2.2.2.p 4t
1:1000 dilution of the bulk solutions in MHID wate. Calibration was performed using 0, 1, 10, and 100
parts per billion (pppdissolved Au (SPEX CertiPrep, 100 mg/L, Lot # GAGAU) in 2% (v/v) HCI
(Appendix C, Figure C.1). The samples, calibrationdaads, and MiliQ blanks were analyzed for
¥7Au using a dwell time of 2187.5 ms (used to match the calculatedUAF#is data collection
frequency, see section 2.2.2.2.1) with 55 readings @ minute analysis time) and a 1 mL/min sample
flow rate (blackblack peristaltic pump tubing at 20 rpm pump speed).
2.2.2.2 Field-flow fractionation

The AuPSh-PAA NPs and the Awit NP precursor were analyzed by several fitday
fractionation techniques: AF4 with UVisible and/or ICPMS detectors and centrifugal (or
sedimentation) fieldlow fractionation (CFFF) wh UV-visible and/or a 90j light scattering detectors.
The AF4 provides a size separation based on theodydamic diameter whereas CFFF provides a
separation based on buoyant mass. A summary of albABACFFF analyses are included in Appendix
C (TaHde C.2).
2.2.2.2.1 Asymmetric flow field-flow fractionation (AF4)

A Postnova Analytics AF2000 AT AF4 with online Wisible (Postnova Analytics PN3211)
and/or ICPMS (Perkin ElImer NexION 300D) detectors was useskfmarate, by hydrodynamic size, the
bulk solutionAu-cit NPs andAu-PSb-PAA NPs. A carrier fluid containing 0.025% (v/v) #10
surfactant (Fisher Scientific, Lot # 981144) and @00fv/v) sodium azide (Naf\Mallinckrodt, Lot #

7117CT) in Milli-Q water (18.2 M -cm) was used in all analyses. A 10 kDa regenerated cellulose
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membrane (Postnova Analytics Lot # CF2009811-:144391040163) and a 350 um spacer were used.
The injection volume was 100 yL. Bulk samplesrerinjected with no dilution for all separations except
those with ICPMS detection performed in December 2015, which vadrged by 1:10 and 1:8 for Au

cit and AuPSb-PAA NPs, respectively (Table C.2). Fractions (tydicdlminutes across and 2 mL
each) were collected across the fractogram, and select ones were analygbciRiyS (Table C.1).

All separations were performed with a crdigsv of 0.5 mL/min, with the exception of a
preliminary analysis using 1 mL/min creiew to determine optimum ntleod conditions (Table C.2).
Outlet flow rate was 1 mL/min to the detector(s). Autien time of 90 minutes and 20 minutes was used
for Au-PSb-PAA and Aucit separations, respectively, with the exception of a 60 meluten time
during the prelimingy analysis. To determine AF4 recovery, sample waiaf at 1 mL/min for 1
minute and then eluted through the column with asfiosv of 0 mL/min and a tip flow of 1 mL/min
(i.e., no field applied) during a80 minute elution time. This representedondition where nearly 100%
of the sample should pass through the system. Following the elution phdsecluded in the
fractograms, is a rinse time during which no fieldsvapplied (i.e., 1 mL/min tip flow only) in order to
remove any particles thatrongly interacted with the membrane during elution. A five minute rinse time
was used for all separations except for those in Dbee 2015 of the AIPSb-PAA NPs, for which a ten
minute rinse time was used instead. No rinse timeusad for analysewithout an applied field (i.e., O
mL/min crossflow). All AF4 fractograms included herein are péattfrom the beginning of the elution
time, which includes a one minute transition time from the focusing step (i.e., injéot®) to the
elution period

UV-vis detector wavelengths of 254 nm and 520 nm (i.e., the wavelength attiwbimaximum
UV-vis absorbance occurs for polystyreR&[and Au, respectively) were used for R&b-PAA and
Au-cit NP samples, respectively. The December 2018 &i-PAA separations were completed using
both 254 nm and 520 nm. The size was calibrated based on the retentiaisitign solutions of 0.01%

(v/v) PSspheres of 60 nm, 100 nm, and/or 140 nm (Thermo 8figehot # 36003, 36005, and 36073,
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respectively) and/a80 nm and 60 nm Awitrate NPs (NIST) (each at 1.2%2.5 ppm) at least once each
day of AF4 analysis (Appendix C, Figure C.2).

On-line ICP-MS (Perkin ElImer NexION 300D, Syngist!%) provided a reatime signal for’Au
using a dwell time of 200 ms (Augu2015) or 2187.5 ms (December 2015) with the ap@@pnumber
of readings (one reading per dwell time) to ensure a signal wasedtdiring the entire AF4 sample
elution time (including rinse). The longer dwell time ufadthe December 2015 analyses was chosen to
match the frequency of readings produced by thevid$\letector during the AF4 separation. The-U¥
outlet tubing (reered peristaltic pump tubing) was connected directlyléek-black ICRMS peristaltic
pump sample tubing using a péecf Teflon tubing (about-@2" long, 0.022" ID x 0.042" OD), and a
peristaltic pump speed of 20 rpm was used to match the 1 mL/mirUARdis effluent flow rate. Size
and ICRMS response (counts per dwell time) were calibratett day of analysisHigures C.2and C.1,
respectively). Size was calibrated based on the fetetime of 30 nm and 60 nm Acitrate NPs (500
1250 ppb each, NIST). Dissolved Au solutions of 0, 1, 10, 20, and 100 ppb (S&&EXr€p, 100 mg/L,
Lot # CL556AU) in 2% HCI were usetb calibrate ICPMS response.
2.2.2.2.2 Centrifugal field -flow fractionation (CFFF)

A Postnova Analytics CF2000 CFFF was used to septrateulk solution of AtPSb-PAA
NPs by the Au NP mass. A carrier solution of 24% (glyrerol and 0.05% (v/v) FZ0 with a density
of approximately 1.056 g/mL, which closely matched the density of tHe P&A micelles (assumed to
be 1.05 g/crf), was used to obtain neutral buoyancy of polymer ristend separation by the Au mass
only. The injection volume was 50 yL. CFFF method conditions are shoWable 22. A powerdecay
program was used. @onstant centrifuge speeflyf is appliedfor an initial time period ¢), and then the
speed &) is decayed according to Equation §38]. t; and f are constants that control the field decay

rate.

I l.(%)I (2.1)
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Thirty fractions (3 minutes across and 1.5 mL @auwbre collected, and select fractions were analyzed by
spICRMS (Table C.1). Online UWis (Postnova Analytics) at 254 nm and 520 nm and/or 90j light

scattering detectors were used.

Table 2.2 CFFF method conditions for Acit NPs and AvPSb-PAA NPs.

Parameter Au-cit NP Au-PSb-PAA NP
Channel flow rate (mL/min 1.0 0.5
Initial field (rpm) 1500 3000
Final field (rpm) 0 0
t; (minutes) 7.4 7.4
ta (Minutes) -61.9 -61.9
Relaxation time (minutes) 1.0 5
Injection delay (seconds) 30 50

2.2.2.3 Additional methods: DLS and TEM

The Aucit NP and AdPS NP precursors to the RE5b-PAA NPs were sized by DLS on a
Brookhaven Instruments BI00SM goniometer equipped with a Melles Griot HeNe laser (wavelength
632 nm and power = 35 mW). TEM imaging was performed on thE&3l-PAA NP (Moffitt Group),
and size analysis was performed using ImageJ software. All@iVDLS analyses for the ARSb-
PAA NPs and precursors were performed by the Md&Hitiup.
2.3 Results and Discussion

The coreshell structure of the ARSb-PAA NPs was designed to contain one or more metallic
NPs in the core (e.g., 50 nm Au) with a thick polyroeating (e.g., at least 25 nm thick polystyrene) to
represent: 1) formation of a coating on a metallic [§Bruits release to the environment, and 2)
composite particles relsad from PNCsontaining metallic NPs. The characteristics of thePSb-
PAA composite particle were determined using a couatimn of size information obtained by spl&Fs
and FFF. Analysis of the ABSb-PAA NP bulk solution # spICRMS provided the size (i.e., mass)
distribution of the Au NPs incorporated into the composite particld, ggparation of the ARSh-PAA
NP bulk solution provided the hydrodynamic sizeritsttion of the composite particle, and CFFF

separation othe AurPSb-PAA NP bulk solution provided a second measure ohtass distribution of
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the incorporated ANPs. splCPMS analysis of select AF4 fractions provided the srdistribution of
the incorporated Au NPs at individual points in the AF4 size Higion (i.e., with increasing
hydrodynamic diameter). spl@RS analysis of select CFFF fractions provided thze slistribution of
incorporated Au NPs across the CFFF mass distribution. In addition, thié WB precursor solution
was analyzed by spIGHMS, AF4, and CFFF to determine the size distributibthe starting material.
These results were compared to structure and sizéded by TEM imaging and the associated
distribution statistics.
2.3.1 Particle sizing: TEM and spICP-MS analysis of bulk solutons

TEM images of the Atcit NP and AuPS NP precursors show relatively monodisperse spherica
particles with average sizes of 51 + 9.3 nm and 50 = 6.6 nm, rasbgchy particle distribution analysis

(ImageJ). These results are supported by DLS measure(Ranise 2.2). TEM analysis of the
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Figure 2.2.TEM images ofa) Au-cit NPs (deposited onto the TEM grid from water), ahéu-PS NPs
(deposited onto the TEM grid from toluene). Size (deameter in nm) distributions af d) Au-cit and
Au-PS NPs obtained by ImageJ analysis of TEM imagesdctisply), ance) Au-cit and AuPS NPs
obtained by CONTIN analysis of DLS results.
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composite particles show Au NPs incorporated insid&PAA micelles (Figure 2.3a). A variation in
the numler of Au NPs per composite particle was observed by TEM imamgegsing (ImageJ). Many
PSb-PAA micelles were observed to not contain any Au NuRs for those that did contain Au NPs,
almost 50% contained only one Au NP, about 30% containedtwoeeAu NPs, and the remaining

20% had four or more Au NPs (Figure 2.3d).

100 nm

Figure 2.3.TEM imaging(a-c) and distribution statisticgl) of Au-PSb-PAA NP showing composite
particles with differing amounts (i.e., number) of incorporated As WRh approximately 50% of
composite particles containing one Au .NPhe total number of composite particles counted by TEM was
approximately 300

Particle mass (i.e., size) distributions from splk2B analysis of the bulk solutions of the R&
b-PAA NP andits Au-cit NP precursor indicate an average Au NP diameter of 63.2an0and 41.9 +

0.2 nm, respectively (Figure 2.4). This increase in average Awbierved in the composite particle

arises from the incorporation of multiple Au NP precursotsthe polymer micelles. Several splGFS
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b)

Figure 2.4.spICRMS (**’Au) mass/diameter histograms for the bulk solutiofs) Au-cit NPs and

b) Au-PSb-PAA NPs. The average and standard deviation ofdaf@ samples for the mode and mean
size Syngistix v1.0/1.1) are shown. Red arrows indieateh Au NP integer mass based on the average
SpICRMS size of 42 nm for the Aait NP (i.e., Njps= n + 1, where 1f 0 and Njp = number of Au NPs

42 nm in diameter). Colored arrows indicate the area of integratied to convert splIGHS mass
distribution into the simplified stacked bar histogram shown in Figure 2.8.

analyses were performed on different days for thec AP and AuPSb-PAA NP bulk solutions, but

only one size distribution was used ttata analysis for the following reasons. The initial analysisusf A
cit NPs at a dilution of 1:PGvas too concentrated and coincidence was observeke smmple was then
performed at a 1:f@lilution (Figure 2.5&). As such, the results from the second analysis are used. The
Au-PSb-PAA NP concentration (1:£@lilution) was initially too low to provide sufficient particle

numbers for statistical confidence, so these results were rbansethe sample was analyzed at a’1:10

dilution factor on two occasions approximately one month apart. The semalydia in July 2015 at a
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b) d)

Figure 2.5.Au-cit NP (AuPSb-PAA precursor) bulk solution was analyzed by spi@8 for **’Au

twice: a) 1/27/15 at 1:10dilution factor, and) 6/3/15 at 110° dilution factor. AuPSb-PAA bulk

solution was analyzed by spl@®S for *’Au three timesc) 1/27/15 at 1:10dilution factor,d) 6/3/15 at
1:1¢" dilution factor, ande) 7/14/15 at 1:1bdilution factor. The average size distribution with
normalized frequency of triplicate samples is shown. The averagstamthrd deviation of triplicate
samples for the mode size, mean size, and NP eventgi¢8yri.0/1.1) is shown as well as the mean size
+ the standard deviation of the Gaussian fit (ORgin215). Lognormal fit (OriginPro 2015) is shown
for comparison.
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1:1¢" dilution was performed to determine reproducibility of the size Bistion for this sample. Because
the reanalysis confirms the size distribution with a variation of less than 2r386tfothe mode and
mean size, only the first analysis at a £:dilution factor was used (Figure 2e9.

The Aucit NP distribution is almost normal since the mode dianwtdd.0 nm does not vary
significantly from the mean diameter (Figures 2.4d 2B6b). As such, a Gaussian fit can be used to find
a Au-cit NP mean size of 39.8 £ 6.5 nm (Figure 2.5a), whicimig about 2 nm less than the number
weighted average determined by the Syngistix softw@enversely, the mode size of 52.3 nm for the
Au-core in the AUPSb-PAA composite particles is significantly smallerhthe mean size of 63.2 nm,
and the distribution is closer to legrmal, with a longer OtailO that significantly increases tha siee
(Figures 2.4b and 2.5d).

The Aucit NP distibution is consistent with TEM results (Figure 2.2c¢); however, the size
calculated by TEM is about 21% greater than the sgSsize. Although this is not unexpected given
that TEM imaging captures only a fraction of the particles captured by S Rralysis (several
hundred by TEM versus several thousand by sg&) resulting in poorer counting statistizsd that
bias in TEM imaging analysis may result from the overlap of two Rs N.e, thre@limensional particles
flattened on a twalimensional imagewo FFF techniques were used as an additional measurement of
the Aucit NP size distribution. The splGRS results for the Atcit NPs are confirmed by AFKCP-MS
and CFFFUV-vis, which show a similar distribution with a mean size of 46.0n& and41.4 + 4.6
nm, respectively (Figures 2.6 and 2.7, respectively). The AF4ssstightly larger because AF4
separation accounts for the citrate coating whileQREF size is based on the separation by Au mass
only since the citrate contribution to bt mass is insignificant. The average spM® Au-cit NP
size of 41.9 nm was used as the nominal size of thegocated Au NPs in the following discussion.

Comparison of the particle distributions for &t and AuPSb-PAA by spICRMS indicates that
there is a range in the Au mass (i.e., number of Au NPs) encegasiiahe P$-PAA micelle that
exceeds the upper end of the distribution for thecAINPs, which is supported by TEM observations of

composite particles containing more than one Au NFheN\the particle mass distributions are labeled at
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a) b)

Figure 2.6.Au-cit NP (PSh-PAA precursor) bulk solution was analyzed by AB¥-vis and AF4ICP-
MS: a) AF4-UV-vis (crossflow of 1 mL/min) on 1/27/15 with no dilution, ary c) AF4-UV-vis (cross
flow of 0.5 mL/min) on 12/2/15 and 12/4/15 with ndution, andd) AF4-ICP-MS for **’Au with 2187.5
ms dwell time. The mean size + standard deviatioh@f3aussian fit (OriginPro 2015) is shown for the

eluted NP peak.

Figure 2.7.Au-cit NP (PSh-PAA precursor) bulk solution was analyzed by CREF¥-vis on 2/18/16
(Postnova Analytics). The mean size + standard dewiati the Gaussian fit (OriginPro 2015) is shown

for the eluted NP peak.
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each Au NP integer mass based on the average 9Y&§ize of 419 nm for the Aecit NP (i.e., Nips=n

+ 1, where { 0 and Nip = number of Au NPs 41.9 nm in diameter), it is qadiNely clear that the
distribution of Au in the AlPSb-PAA NP is shifted to larger masses than observethBprecursor
containing a monodisperse distribution of singla NPs (Figure 2.4) The most frequent number of Au
NPs incorporated into the composite particle stmgcisi two by spICRMS and one by TEM (Figures
2.4b and 2.3d, respectively).

To provide a quantitative analysis of the distribntdf the number oAu NPs observed within a
sample by a given method, the sptlIS size distribution of thAu-cit NPs was used to develop
simplified stacked bar histograms (Figure 2.8). Tapo® these stacked bar histograms, the midpoint
between each {{ marker on the@CP-MS size distributions was found, and the numberasfigles (i.e.,
frequency) between those midpoints was summed mdate the approximate Au NP distribution in the
sample (Figure 2.4). For example, to find the nunafeomposite particles conieng three Au NPs, the
frequency of particles between a mass of 1.86'kuiand 2.60 x 18ug (the green arrow in Figure
2.4b) was integrated and normalized to the total frequency. Thipevizsmed for up to 8 N for both

the Aucit NP and AuPSb-PAA NP splCRPMS data (Figure 2.88). The AuPSb-PAA TEM size

Figure 2.8.Stacked bar histograms were produced from the spISRize (ie., mass) distributions for
Au-cit NPs(Figure 2.4a)Au-PSb-PAA NPs (Figure 2d), andthe TEM distribution forAu-PSb-PAA
NPs (Figure 2.3d). Thapproximatenumber of particles counted for each sample analysis is shown
above each sample bar.
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distribution (Figure 2.3d) was simply converted to the new distributionadb(Rigure 2.8c). These
stacked bar histograms more clearly illustrate thattmeposite particles contain a range in the number
of nominally 41.9 nm Au NPs in their core. The discrepancy betweaptB&MS and TEM
distributions is also apparent. In the following section, stacketistmgramsawill be shown in this way
for the spICPMS results of the AF4 and CFFF fractions in ordequantitatively illustrate the trend in
the Au NP core mass with an increase in composite particle hydrodynaen{@Bi4) and incorporated
Au mass (CFFF).

Additionally, the total Au concentration for the ARRSb-PAA NP and the Atcit NP precursor
were determined by IGRIS analysis of triplicate 1:1000 dilutions of eaahlbsolution (in Milli-Q
water). The average signal intensity (815 counts per dwell time) waslculated for each replicate,
and the concentration was calculated based on the dissolved Aatatimurve (Figure C.1). After
adjustment for dilution, the average total Au concentratiaghérAu-PSb-PAA NP and Aucit NP bulk
solutions is 41.754 £8.086 ppm (42 ppm) and 2.753 + 0.058 ppm (3 ppm), respectively.
2.3.2 Particle separation by FFF and analysis of fractions bgplCP-MS

The AuPSh-PAA NPs and the Awit NP precursors were separated by both AF4 and CFFF.
The retention time of the particles sveorrelated to the hydrodynamic size for AF4 analgsisthe mass
of Au for CFFF analysis. Fraction analysis by spl@B provides a mass distribution of Au NPs at
various retention times. The information obtained from both the metbgdther providemformation
about the composite particle structure that could not be obtasied one technique alone.
2.3.2.1 Asymmetric flow field-flow fractionation

Several AF4 analyses were performed on thechand AuPSb-PAA NPs with U\tvis
detection for all separations and additional online-NI® detection for select separations, and each
separation was completed with a different objectageshown in Appendix C (Table C.2).

The AF4 recovery for Atcit and AuPSb-PAA NPs was calculated using IS detector
respmse data from December 2015. Total recovery was calculated tasahiategrated intensity over

the fractogram with a field applied (0.5 mL/min crdksv) divided by the integrated intensity of the
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fractogram with no field applied (0 mL/min creisw). Resolvable recovery was calculated as the
integrated intensity of the resolved NP peak divided by the total fractogramsitgteTotal recovery was
82% and 127%, and the resolvable recovery was 70% and 85%-ftit &ud AuPSb-PAA NPs,
respectively (Figure 2.9). These recoveries are acceptal not ideal.Theyindicate possible retention

of the Aucit NPs due to interaction with the membrane, and no retefttiche AuUPSb-PAA NPs.

a) b)

Figure 2.9.AF4 recovery (total and resolvable) wasccdated fora-b) the Au-cit NPs (82% and 70%)
andc-d) the AuPSb-PAA NPs (127% and 85%) based on a comparison bettheeAF4ICP-MS
fractograms without an applied field and with an @bfield.

Fractions were collected during several AF4 separatibthe AuPSb-PAA NP bulk solution

(Figure 2.10Table C.2), and select fractions were analyzed¥aw by spICRMS (Table C.1). The
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following discussion uses data from the July 2015 AEgaration and splGHMS analysis. Although

fractions were colleted and analyzed during the preliminary January 2015 AF4 sepaaativell, these

a) b)
c) d)
e) )

Figure 2.10.Au-PSb-PAA bulk solution was analyzed by AF4 several timéh WV-vis (a-c, € and
ICP-MS (d, f) detection under the conditions shown in Apprr@i (Table C.2). Fractions were collected
during separation on 1/27/15, 7/14/15, and 12/2/15. spMSRanalysis was performed on fractions from
1/27/15 and 7/14/15. The two diameter axes shove) dmne a result of slight variations in the retention
time for standard calibration particles observed andifferent analysis days (12/2/15 and 12/4/15).
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data were used for method development purposes only. Because the Jepa o only captures a
portion of the composite particle distribution, the cridee used for future experiments was decreased
from 1 mL/min to 0.5 mL/min, which allowed for detixt of the entire elution peak over a 90 minute
elution period. A comparison of the peak maxima elution fon¢he various fractograms (Figure 2.10)
shows goodeproducibility with an elution time of 22 + 2.1 mies (mean + standard deviation) and a
range from 19.4 minutes to 25.4 minutes. The peatimmafor ICRMS detection of*’Au were about 3
3.5 minutes later than the peak maxima for the corresponding onlingd étector.

Four fractions (2 minutes and about 2 mL each) weliected across the elution peak and
analyzed by spICRS for **’Au (Figure 2.11): 1214 minutes, 226 minutes, 334 minutes, and 480
minutes. Calibration of the ARkeparation with standaRlS and AUNPs (30140 nm)(Figure C.2)
provided a range of the hydrodynamic size for each fractio®779m, 175193 nm, 24863 nm, and
386-403 nm. Analysis of each fraction by spt&FS (**Au) provided the mass distribution fire Au
NPs incorporated into the composite particles (Fegud2ad). Visually the spICARMS mass

distributions have increased frequency at larger masses, or aQaai®, as the hydrodynamic size

Figure 2.11.Four fractions (2 minutes and 2 mL eparere collected for spIGMS analysis during the
AF4-UV-vis separation on 7/14/15. The ARA/-vis signal is replicated well by the AREZP-MS data
(12/4/15 data shown).

33



Figure 2.12.spICRMS (**’Au) mass histograms for the ARRSb-PAA NP AF4 factions:a) 12-14
minute (7087 nm),b) 24-26 minute (175193 nm),c) 32-34 min (245263 nm),d) 48-50 minute (386
403 nm). The average and standard deviation of tatg@isamples for the mode ameéan size (Syngistix
v1.0/1.1) are shown. Red arrows indicate each Au NP integerlrassd on the average spH®FS size
of 42 nm for the Atcit NP (i.e., Nips= n + 1, where 1f 0 and Nijp = number of Au NPs 42 nm in
diameter). Colored arrows indicate the area of integration nsszhivert spICAMS mass distribution
into e) the simplified stacked bar histogram (dygproximatenumber of particles counted foagh sample
analysis is shown above easdimplebar).
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increases (i.e. with increased elution time), which indicates that more Au Nifs@gorated into the
larger composite particles. The increase in mean Au size (i.e. mass) witisingrBydrodynangisize
supports this observation; however, the mode Au size doechange significantly, indicating that the
composite particles most frequently contain a mass of Au NfPstiwe equivalent size of 4952.7 nm.
Stacked bar histograms were produced ftbensplCPMS mass distributions (Figure 2.12¢), as
previously described for the bulk samples, to more clearly observesthibution of the number of Au
NPs within the composite particles. A decrease irfridngtion of composite particles containingeoor
two Au NPs and a corresponding increase in the fraction containingrgifesteor equal to eight Au NPs
as the hydrodynamic size increases is evident.
2.3.2.2 Centrifugal field -flow fractionation

The AuPSb-PAA NPs were separated based on buoyant massifeencorporated Au NP
mass) using CFFF with online U¥s (520 nm and 254 nm detection wavelengths) and 90j light
scattering detectors (Figure 2.13). As previously shigure 2.7), the Atcit NPs were also analyzed

by CFFF to provide another measuwf the precursor Au NP size distribution.

a) b)

Figure 2.13.Au-PSb-PAA bulk solution was analyzed by CFFF on 2/18/16 (Ros&trAnalytics) with
a) UV-vis detection at 254 nm and 520 nm, #)&@0; light scattering detection.

Thirty fractions (3 nmutes, 1.5 mL each) were collected across théSti-PAA NP CFFF

fractogram, and select fractions were analyzed b@RBplS for **’Au (Figure 2.14a). The mass of Au
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observed by spICGRIS is expected to increase across the fractograomp@site particleaot containing
Au and any particles that were not focused shouli ditst in the void peak. Following the void peak,
composite particles should elute from low to high massadrporated Au. The hydrodynamic size may
not correlate with the Au masg.or example, one Au NP can be incorporated into gposite particle
with a hydrodynamic size of 70 nm or one of 400 bowth would elute before composite particles
containing two Au NPs. There is only a minimum compggséteicle hydrodynamic size neatito
incorporate a given mass of Au, which increases as the Au mass iscréhseeffective Au masgas
calculated from the CFFF retention times based on FFF theigiyréR2.15) via Equation 1.6, as
described in Chapter 1 (section 1.2.2).

The resultsfom splCRPMS analysis of the CFFF fractions are qualitativedysistent with these
expectations. Of the ten CFFF fractions analyzed, four hadilombers of Au NPs present (< 3000 NPs
counted), even at no dilution; these are fractions 1, 4, 58 4Agpendix C, Figure C.3). As expected,
these are in the void peak or at the low mass end of the fractogram. Fraetiemi@ the void peak
(Figure C.3), was analyzed at a 1:10 dilution factat laamd about 3900 NPs countaithis dilution
Because thevarage Au NP size for these five fractions is similar toaterage Au size of the bulk Au
PSb-PAA NP solution by spICRMS (Figure 2.4), it is likely these represent unfeed composite
particles. The remaining five fractions (10, 15, 20, 25, and 30) Hadsit5000 NPs counted without
sample dilution, and were analyzed at a dilutioavoid coincidene if needed. These fractions clearly
show the expected increase in the number of incompdrau NPs (Figure 2.14b), which is also seen as a
significart shift of the spICAMS Au mass distributions towards higher mass witlassociated increase
in the mean NP size (Figure 2.38c Comparison of these results to the expected éffeétu mass
provided by FFF theory (Figure 2.15) shows agreetmvith theexponential trendThe exponential
increase in the effective Au mass (due to the CFFF power decay progeahfior separation) resulted in
difficulty resolving the increase in incorporated number of Au NPsgdit ALl masses (i.e., high retention

times). Here, better mass resolution is provided at lowemntain times. Future work could refine the

36



c) d)

Figure 2.14. a)Ten out of 30 fractions collected during the CFFpasation of AuPSb-PAA NPs were
analyzed by spICIMS (**'Au). b) Stacked bahistograms were produced for the five fractions (CFFF 10
15, 20, 25 and 30) with enough NPs observed to have statistical relevance $000 NPs countsc-f)

The NP mass histograms for CFFF 15, 20, 25, andh8® she shift in the distribution toigher Au mass
with increasing retention time. The inset showsptbeion of the plot from a mass of 0 f.0x10° ug

with red markers to indicate each Au NP integer masgd on the average spl®F5 size of 42 nm for

the Aucit NP (i.e., Njps= n + 1,where n( 0 and Njp = number of Au NPs 42 nm in diameter). The
mass distributions for the remaining six CFFF frawtiare included in Appendix C (Figure C.3).
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CFFF method to obtain better Au mass resolutioarggl retention times (i.e., a linear iease in

effective Au mass); however, such a separation would bedomsuming (> 90 minutes).

Figure 2.15.The effective Au mass calculated from the CFFF retention times basgE&®ltheory
(Equation 1.5.
2.4 Conclusions

Surface coatings may be presen ENPs released into the environment. The composition of
these surface coatings depends on the method of ENP release as uledkasient transformations in the
environment. An inorganic ENP incorporated into a NEP ,(paymer nanocomposites) meglease
particles several hundred nm in size consisting of one or more inotgBeimcorporated inside a solid
polymeric material. This project presents a methodology using sii€Bnd FFF techniques to
characterize a AP Sb-PAA composite NP, used asnodel for coreshell type particles resulting from
either the formation of coatings or polymer nanocompositeadi@gion and release of fragments
containing inorganic NPs.

Particle size information obtained by spl&F5, AF4, and CFFF analyses revealegl th
characteristics of a complex ARSb-PAA composite corshelltype NP. Analysis of the ARSb-PAA
NP bulk solution by spICIMS provided the size (i.e., mass) distribution & &u NPs incorporated into

the composite particle. Comparison of this distribution to that for theityurecursor NPs showed an
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increase in the mean Au NP size in the composite particles, which indicates lfiiendu NPs are
incorporated into the RB-PAA micelles. AF4 separation of the R&b-PAA NP bulk solution

provided the hydrodynamic size distribution of the composite particle.PddI€ analysis of select AF4
fractions for'®’Au provided the mass distribution of the incorpodatel NPs with increasing
hydrodynamic size. These results indicate that the number of incapdratNPs increases with
increasing composite particle hydrodynamic size. Additionally, the average afithe polymer in the
composite particle at a given hydrodynamic size can be determirgdtracting the average mass of the
incorporated Adrom the average hydrodynamic size for each AF4 foactiCFFF separation by Au NP
mass and analysis of fractions by spi®IB for **’Au provided the Au NP mass distributions in the- Au

PSb-PAA NPs as the mass of incorporated NPs increased.
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CHAPTER 3

CHARACTERIZATION OF A BIMETALLIC CORE -SHELL PARTICLE USING ADVANCED
SINGLE PARTICLE ICP -MS AND FIELD -FLOW FRACTIONATION TECHNIQUES

The primary objective of this project is to presadvanced splCRIS methods to characterize a
bimetallic coreshell NP. Tie first part of this project shows that spk&FS5 andAF4 can be used not
only to determine the bimetallic composite nature of the parbalecan also be used to reveal a eore
shell structure by temporally observing a slow acicsign of the particledhe second part of this
project presents a quantitative evaluation of a recent developmgn€CiR-BlS technology, dual element
mode spICPMS, as an alternative to traditional single elersgn€CRMS for the characterization of
bimetallic particles withhe potential to discriminate ENPs from NNPs.

3.1 Introduction

Oneof the significant challenges afsessing the impacts from the release of engineered
nanoparticlesgNP9 into the environment is the ubiquitous presence of interferatgrally occurring
nanoparticlesNNNPg. Environmental concentrations of NNPs are approximately six orderagditade
larger than those expected for released ENPs;INNIiBt at approximately-1000 milligrams per liter
(mg/L) while ENPs are expected to be released at ngficentrations [34]. ENPs released into the
environment are likely to contain some of the same elements folMidPs; however, the elemental
ratios (i.e., elemental compositions) are expecteatp for the two different classes of particles.

ENPs ae expected to be compositionally uniform with either elemenpaitg¢ compositions (e.g.
metal oxides, metal NPs) or fixed elemental ratiog. €dSe/ZnS qudaum dots, Al/Ti sunscreens) [B6
In comparison, NNPs will contain multiple elementsatios eflective of their geochemical origin. In
agueous systems this ratio predominantly depends on theftypelerlying rock present and the extent
of its weathering as well as the source of suspended sedimemtexample, higipurity cerium (1V)
oxide (&0,) NPs, commonly used in catalysts, fuel cells, ared &dditives, released to the environment

would contain only Ce (i.ex 99.9% purityfrom most chemical manufacturgsghereas naturally
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occurring Ce, found in a variety of mineral classes, willtmmpanied by other metals, particularly
lanthanum (La) as the majority of @&inerals contain Létypically in a 1.51.7:1 Ce:La molar ratio,
deending on the mineral source [36,]8For example, the main industrial mineral sources of Ce include
La-containing bastnSsite ((Ce,La)(§B) and monazite ((Ce,La,Nd,Th)(RP[37]. Although analysis of

an environmental media (e.g. surface water) for total metals coatientr can provide the environmental
Ce:Laratio, the Ce input from engineered G&IBs neded to significantly increase this ratio (outside of

a 95% confidence interval) is approximately three orders of radmlarger than the expected ENP
release concentrationas shown by Monta—o et al. [3igure 3.1). As such, particley-particle

detection may provide a means to assess these differences at envitymel@vant concentrations.

We hypothesize that the detection of multiple eletm@nNNPs will distinguish them from the simpler

single element detection events characteristic of ENPs

Figure 3.1. Bulk elemental Ce and La concentrations in surfadem{@data from the Geochemical Atlas
of Europe (2005)). Hypothetically, the concentration of additional engin€x&dNPs needed to shift
the Ce:La ratio outside the 95% confidence wdékrs on the order of micrograms per liter (ug/L).][36

A recent advancement in spl@PS technology called dual element mode spl® may enable
the detection of multiple elements on an individual particle basis. Until recently,ughrena

guadrupole mass analyzer, analysis of only one element by 98 Ras possible. As discussed in

Chapter 1, the quadrupole mass filter selects ffivenm/zby varying the ratio of the DC and RF
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voltages applied across the quadrupole. For a given ratio of these satdgea single elemental mass
will reach the detector. In single element spik@B, there is no need to change the voltage ratiosacr
the quadrupole and the detector takes readings for one mass repehtetligl element spIGRIS, the
guadupole switches back and forth between two differeassas. The settling time is the length of time
required to adjust the voltage ratio from one elemeaibther. Ijus-dwell and-settling times are used,
at least one reading for each element is expected for a NP wipicaltyulse duration of about 500 us
(Figure 3.2).This project aims to: 1) show the current capabiitior the characterization of a bimetallic
Au-Ag coreshell NP using single element spi8F5 andAF4 including determination of the coshell
structure using a slow acid digestion, and 2) providaaial validation and quantitative evaluation of

dual element mode splGRS for the detection and characterization of theAAuNP.

Figure 3.2. Dual element spICIMS switches rapilg between two different masses to analyze two
elements within one NP ion cloud.

3.2 Methods and Materials
Below is a description of materials and methods usembllect and process patrticle

characterization data.
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3.2.1 Nanomaterials

Three types of nanomaterial&re characterized by single element spM®, dual element
spICRMS, and/or AF4ICP-MS: a AuAg coreshell NP, a Au only NP, and a Ag only NP.

A polyvinylpyrrolidone (PVP3stabilized coreshell NP with a Atcore and Aeshell
(nanoComposix, Lot # MGM2278) was used to evaluaeattility of spICPMS to characterize a
metallic coreshell particle in both single element and dual elemsode (Figure 3.3). The Afig NP
TEM characterization provided by hanoComposix shoaredverage Awore diameter of 48.2m and
an average Aghell thickness (calculated) of 17.2 nm to give al witameter of 82.7 £ 7.7 nm (i.e.,
average + standard deviation). The equivalent spherical diaméhber Afrshell is 76.8 nm. The PVP
capping agent provided a hydrodynamic ditenef 100.2 nm and a zeta potentiat4®.8millivolts
(mV). Total metals analysis by nanoComposix indicated concentrations of Aguaatd580 mg/L and

370 mg/L, respectively, and 3.2x1@articles/mL.

a)

Figure 3.3.Au-Ag coreshell NPa) average sizes of componertt3, TEM image,c) and TEM size
distribution from nanoComposix materials data sheet.
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A citrate-stabilized 60 nm Au NP (NIST SRM 8013) was used temine spICPAVS transport
efficiency and validate dual element mode spl@® data ctiection. The manufacturer reported a mean
size by TEM of 56.0 £ 0.5 nm, a mass concentratidslld86 mg Au/L, and a zeta potential-87.6 mV.

A citrate-stabilized 60 nm Ag NP (nanoComposix, NanoXact, L4C#1107) was used to
validate dual element mode splKB#S data collection. The manufacturer reported amséze by TEM
of 60.8 + 6.6 nm, a mass concentration of 0.021 mg Ag/mL, and 1%pdficles/mL. A surface coating
of sodium citrate produced a hydrodynamic size of 62.5 nm and a zeta pateath9 mV.

3.2.2 Data collection and processing

The AuAg coreshell NP structure was determined using single elemdé@PsldS and AF4
ICP-MS. spICRPMS was used to measure the size distribution oAtreore and Agshell in Milli-Q
water and their dissolain in 1% (v/v) aqua regia and MH® water over a period of 28 hours.
Additionally, dual element spIGRIS was validated using the Aug NPs, 60 nm Au NPs, and 60 nm Ag
NPs.
3.2.2.1 spICP-MS

spICRMS data was collected according to the standardatipgrprocedre (Appendix B) using
a Perkin EImer NexION 300D quadrupole mass spectrometer (TdBleAs described in Chapter 2
(section 2.2.2.1), data acquisition and data procggsm, raw intensity versus time to particle size
distribution and number conceations) were performed by the commercially available software package
SyngistiX™ Nano Application Module (Perkin Elmer). Dual elemdata was collected using a beta
version SyngistiX! Nano Application Module (Perkin Elmer) that functidniae same asié
commercially available software with the option to add a secongtaraid specify a settling time. The
raw dual element data was processed manually usingbtift Excel, as described below.

All particle samples and standards were preparedilin-ig water (18.2 M -cm) the day of
analysis with the exception of the dissolution experiment fear(pee section 3.2.2.4), which were
prepared in either MiliQ water or 1% (v/v) aqua regia and analyzed overiagef 28 hours. Stock

particle standard sdlions (ppm range concentration) were gently shaken or mixed usingex woixer
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Table 3.1.spICRMS operating conditions in single element and disghent mode.

Parameter Parameter Condition
Group
ICP-MS Model NexION 300D
components Mass analyzer Quadrupole
Nebulizer Concentric glass, Type C (Meinhard)
Spray chamber Baffled glass cyclonic (PerkinElmer)
Torch 0-Slot Quartz Torch (PerkinElmer)
Cones Nickel (PerkinElmer)
Software SyngistiX"" Nano Application Module (Perkin Elmer)
Transport Particle Au 0 ppt and 500 ppt Acitrate NP
efficiency (concentrations / matrix) (NIST, 50 mg/L, 56 nm by TEM)
and in Milli -Q water (18.2 M -cm)
calibration Dissolved Au 0,1, 2,5, 10, 20, and/or 100 ppb*Au
standards (concentrations / matrix) (SPEX CertiPrep, 100 mg/L, Lot # CL-56AU)
in 2% (v/v) HCI (Fisher Scientific, Optima grade,
32-35% diluted by vol. in MilkQ water)
Dissolved Ag 0,1, 2,5, 10, 20, and/or 100 ppb*Ag
(concentrations / matrix) (PerkinElmer Pure, 1000 mg/L, Lot #-PBAGX1)
in 2% (v/v) HNG; (Fisher Scientific Optima grade,
67-70% diluted by vol. in MilkQ water)
Single Element Mode
Data Nebulizer gas flow rate 0.88D1.06 L/min
acquisition Sample flow rate 0.3 mL/min
and method Plasma RF power ~1600 W
conditions | Sample flush, read delay, and 30-60 s €24 or-26 rpm), 3660 s €20 rpm),
wash time 4560 s €24 rpm)
Analytes 7ag, 'Au
Dwell time 100 ps
Scan time 60 s
Assumed density (Au, Ag) 19.3 g/cnd, 10.49 g/cril
Mass fraction 100%
lonization efficierty 100%
Transport efficiency 8.39D9.63%
Dual Element Mode
Data Nebulizer gas flow rate 0.88 L/min
acquisition Sample flow rate 0.3 mL/min
and method Plasma RF power ~1600 V
conditions | Sample flush, read delay, an 30 s (24 rpm), 30 £-20 rpm),

wash time 60 s €24 rpm)
(Teflon short tube attachment instead of autosampils
Analytes 7ag, 'Au
Dwell time 100 ps
Settling time 100 ps
Scan time 240 s
Assumed density (Au, Ag) 19.3 g/cnd, 10.49 g/cril
Mass fraction 100%
lonization efficiency 100%
Transport efficiency 9.47%
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for 15 seconds prior to dilution. Each diluted mdetsolution was soni¢ed in a sonic bath for 5 minutes
following preparation. Au and Ag dissolved standanctre prepared less than one week before analysis
in 2% (v/v) HCl and 2% (v/viitric acid HNO3), respectively (Table 3.1). The associated calibration
curves are inclded in Appendix D (Figure D.1).
Single Element Mode

The AuAg NP bulk solution was analyzed in single element enspl CRMS for **’Au and**’Ag
at 1:16, 1:10, and 1:10dilutions (in Milli-Q water) with 1:18determined to be the optimum
concentration fosplCRMS analysis at the acquisition conditions shownabl€ 3.1. Seven total
replicate sample analyses at a £:dilution were performed (triplicate on 6/30/14, single on 7/24/14, and
triplicate on 10/14/15). Processed results, including NP mehmade size, mean intensity, particle
number concentration, and dissolved metal concentration were exporteth&@yngistix software.
Dual Element Mode

Additionally, the 1:18dilution of the AuAg NP bulk solution was analyzed in dual element
mode spCP-MS for **’Au and'®’Ag in triplicate (10/14/15). Using the betarsion SyngistiX" Nano
Application Module (Perkin Elmer), both analytes warglyzed within one sample analysis scan time of
240 s with a dwell time of 100 pus and a settling time of 100 s sténdard ICRMS operating
conditions (i.e., nebulizer gas flow, sample flow rate) (T&ul¢. Under these conditions, approximately
600,000 readings (one per 100 us dwell time) were obtained for each analyte

The dual element data was manuglipcessed using Microsoft Excel, as followsb#ckground
cutoff of two countper dwell timewas used to identify NP peak$his cutoff valuewas chosen beaae
the average plus'3of the'*’Au and'®’Ag signal response for MillQ blanks was betweenahd 2 counts
per dwell time. The raw data output for each sample provided tweosl, one for each element, with
approximately 600,000 data points for each. A third coluime in increments of 100 us, was added.
The Au column was first filtered tomeove background readings (countg d@). This identifiedall Au
NP peaks.Some of thesAu readings (all above the background) have Ag readibgse the

background associated with them (i.e. with the same time measuenThese are NP peaks with
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consecutive readings of Au and Ag. The Ag peaks wenetified in the same manner bytéiring out
reading9 2 counts (after the Au column was first unfiltered;lo original data).The filtered data for
each element was then combined. Time measursnrethe compiled data with both Au and Ag
readings above the background were identified andbtteese rows was remove@ecause this
identified NP peak appeared in both the Au and Ag peak finding procetlypkicate NP peaks were
identified in the ompiled data, so one was removédthe data were then grouped when consectitive
measurementsereobservedi.e., when Au and/or Ag had readings for two or moresecative dwell
times). This identified NP peaks containing two or more fagsd abovetie background for Au and/or
Ag. If either element was above the background trolels the readings were identified as a NP peak, and
the signal intensity for both elements in the identified NP peak was integratedallibeof the total
integrated countfor each element in an identified NP peak was usédetatify peaks as: Au only >
detection limit (DL), Ag only > DL, or Au and Ag > DL. HerBL is used to describe the background
threshold.

Hypothetical dual element spl@®S realtime data is shown in Figure 3.4 to illustrate NP peak
identification, intensity integration, and classification. For example, the first NPsheavs three

consecutive g readings above the backgrounthese Ag readings and the three associated Au readings

Figure 3.4.Hypothetical dual element spl@d®S reattime data. Green boxes show identified NP peaks.
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were integrated to obtain total Au and toAal NP intensity for the identifiedeak. The associated Au
readings were integrated whether or not they were inglitigl above the background cutoff. If the three
Au readings were 0, 1, and 1, then the integrated Aink#asity was still in the backgrouifd 2 counts)
and the NP peak was considered as a peak with only Ag detected én@dAu not detected (< DL)For
the purpose of this discussion, the number of readings for this exampeakRvill be described as three
because it has a minimum of three out of six total readings abobadkground. Although it can have
up to six total readings above the backgroumikal time, it is counted as a NP peak based only on the
three consecutive readings above the background for one of théeanalye data was processed in this
way for the AuAg NP triplicate samples to determine the total nuntféNP peaks, their wlth (i.e.,
number of readings), the number of NP peaks at each width, the irtkguatand Ag intensity for each
NP peak, and the percentage of NP peaks with both AuAgrdetected, only Au detected, and only Ag
detected.
3.2.2.2 Conventional ICP-MS

In additionto spICRMS analyses, total Au and Ag concentrations of theAy NPs were
measured by conventional IEWS according to the standard operating procedur@éAgdix A) using a
Perkin Elmer NexION 300D quadrupole mass spectrometel: 10 dilution of the AuAg NP bulk
solution acidified to 2% HN@was analyzed in triplicate fdt’Au and'®’Ag using 200 ms dwell times
and 25 sweeps/reading, 1 reading/replicate, and 3 replicates ppbl@dium internal standard (in 2%
HNO3) was used to correct for instrumtedrift. Calibration was performed with using 0, 1, 10, and 100
ppb dissolved Au and Ag standards (Table 3.1).-MFconcentrations were adjusted for dilution based
on the solution masses measured during sample preparation. Addititmaligtal Agconcentration was
adjusted based on the 84% recovery of a standard reference maikial 680a Trace Elements in
Natural Waters) containing 8.081 ug/L Ag. A standaférence material was not available for Au; as
such, the Au concentration was adjustadly for dilution. The calibration curves used for total metal

concentration calculations are included in Appendix D (Figurg.D.2
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3.2.2.3 Asymmetric flow field-flow fractionation

A Postnova Analytics AF2000 AT AF4 with online Wisible (Postnova Analytics PN3211)
and/or ICPMS (Perkin ElImer NexION 300D) detectors was usedetiermine the hydrodynamic size of
the AuAg NPs. A carrier fluid containing 0.025% (v/v) #10 surfactant (Fisher Scientific, Lot #
981144) and 0.05% (v/v) NaNFisher Scientific, Lot #/90862) in Mill-Q water (18.2 M -cm) was
used in all analyses with the exception of one analysis using 0.5 g/L sdddeuy! sulfategDS, Fisher
Scientific, NF/FCC grade, Lot # 13739) in Mil water to investigate the effect of carrier fluid on
particle retention by the membrane. A 10 kDa regenerated cellulose men{P@sinova Analytics Lot #
CF2009110911:144391040163 and CF290715451593) and a 350 um spacer were used. The injection
volume was 100 pL. Bulk Ad\g NP sample was analyzed at tléldwing dilution factors in MilliQ
water: a) 1:100, b) 1:125, and c) 1:400. All separstwere performed with a creBew of 1.0 mL/min
and an outlet flow rate of 1 mL/min to the detector(s). @la&on period included 45 minutes with
constant crosflow and 5 minutes of a power decay (0.2 exponenthefcrosslow from 1.0 mL/min to
0 mL/min prior to a 5 minute rinse period with no crflssv. To determine AF4 recovery, sample was
injected at 1 mL/min for 1 minute and then eluted through themoolvith a crosglow of 0 mL/min and
a tip flow of 1 mL/min (i.e., no field applied) during7zaminute elution time with no additional rinse time.
All AF4 fractograms included herein are plotted frima beginning of the elution time, which includes a
oneminute transition time from the focusing step (i.ejection time) to the elution period.

All analyses were performed with an-bne UV-vis detector at 520 nm. G&me ICP-MS
detection (Perkin Elmer NexION 300D, Syngistixwas included for the analis on 6/19/14 and
3/17/16 of the 1:400 dilution of the Aig NPs. A conventional IGRIS method provided a reéime
signal for'*’Au and'®’Ag using a 500 ms dwell time for each analyte andD3®2dings to ensure signal
was obtained during the entird=A sample elution time (including the rinse tim&}P-MS analysis was
started at the beginning of the elution period ,(tlee end of the one minute transition time) for the
6/19/14 analysis and at the end of the one minute transition time f8flff¥d6 analysis; however, all

ICP-MS fractograms included herein have been adjustédestime corresponds to the AW -vis
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fractograms. The UWis outlet tubing (reded peristaltic pump tubing) was connected directlplazk
black ICRMS peristaltic pumsample tubing using a piece of Teflon tubing (abei26long, 0.022" ID
x 0.042" OD), and a peristaltic pump speed of 20 rpm was used to rhatthrL/min AF4UV-vis
effluent flow rate.

The hydrodynamic size was determined by calibradiotme elution time using solutions of
0.01% (v/v) polystyrene spheres of 60 nm and 100 nm (Thermo Scientific,36608 and 36005,
respectively) with UWvis detection (520 nm) and/or 500 ppb 30 nm and 60 nrmeitkate NPs (NIST)
with ICP-MS detection ®’Au and'®’Ag) at least once each day of AF4 analysis. Size calibrationsurve
and fractograms are included in Appendix D (Figure D.3). Sstdesize calibration data was obtained
on 6/166/17/14; however, for data collected on 6/19/14 aneBB3714, the total ge calibration (i.e.,
both 6/166/17/14 data) was used since size calibration was not performed on Gih8/$ie calibration
was unsuccessful on 8878/14 (due to the age of the polystyrene solution rather than analytidal AF
issues). As such, the s calculated on 6/19/14 and @®/B/14 should be considered estimated.
3.2.2.4 Dissolution of A-Ag NP

Dissolution of the AvAg NPs in Milli-Q water and dilute aqua regia solutions were recorded
over time using single element mode splIB (see section 3.2.2.brfdata acquisition conditions).
Three dissolution experiments were performed.

The first, preliminary, experiment was performedhnat1:16 dilution of Au-Ag NPs in
approximately 10% (v/v) aqua regia (7/24/14). Aqua regiatigols were prepared with a 3:1 ratio of
concentrated HCI (Fisher Scientific Optigeade, 3235%) and concentratddiNO; (Fisher Scientific
Optima grade, 670%). Att=0, 4.95 mL of concentrated aqua regia was spiked into af.@6 1:10
Au-Ag NP solution (prepared in MiH water), the tube was inverted about 20 times to amg, sample
analysis began at t = 1 minute. After sample flush and reag teles, data collection began att =3
minutes with'*’Au followed immediately by°’Ag analysis by single element mode spi€IB. Analysis

was repeated in the same manner att = 11, 194368 72 minutes.
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The second dissolution experiment was performed aptroximately 1:10dilution of Au-Ag
NPs in Milli-Q water and 1% (v/v) aqua regia (8/8/14). Att=.8,L of 110" Au-Ag NPs were spiked
into about 49.5 mL of MilHiQ and 1% (v/v) aqua regia with no sonication followadglition of NPs.
Because the MiliQ and aqua regia solutions were analyzed as blanglsarrior to NP addition, the
sample volume was likely @ber to 47.548.5 mL, which results in a concentration slightly larger than
1:1¢. Here, the difference is assumed to be negligible. Analysi&af and'°’Ag was performed
consecutively over a period of four hours every half houtistaimmediately after NP addition. The
solution was capped between analyses and invertethdort 80 seconds prior to each analysis.
Calibration check standards of 10 ppb Au and 104phvere analyzed every hour (starting at 75
minutes) for'®’Au and'®’Ag, respectiviy.

The third dissolution experiment was performed mshme manner with a 1dilution of the
bulk Au-Ag NP solution in MilliQ water and 1% (v/v) aqua regia, but over a longeogef time and
with more care for accurate concentrations (5/13/2%)t = 0, 0.5 mL of 1:16Au-Ag NPs were spiked
into 49.5 mL of Milli-Q and 1% (v/v) aqua regia. Following NP additionusohs were shaken
thoroughly, but not sonicated. Prior to each analysis, solutions were invieolett?s times. Each NP
solution was analyzed in single element mode spM®for **’Au and'°’Ag consecutively at the
following times: 0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, &, and 28 hours. Other MH and 1% aqua regia
solutions were prepared separately for blank samplgsisa Cdibration check standards of 0, 1, and/or
10 ppb Au and 0, 1, and/or 10 ppb Ag were analyzed after the 4 hour, 8 hour, and 28 paints.
3.3 Results and Discussion

The results of the analyses described above arergessin the following sections alomgth a
discussion of how they provide a complete characterization of theshetestructure of the Ag NP.
3.3.1 Single element spICPMS and AF4-ICP-MS

Analysis of the bulk solution of Ahg NPs by single element spl&¥®S provides size
distributions for eah element with a mean diameter of 54.1 + 1.4 nm for thedka and 67.1 + 1.6 nm

for the Agshell (Figure &). These values are the average + the standard deviatitve ofiean diameter
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Figure 3.5.spICRMS size distribution for the bulk solutiamf Au-Ag NPs in single element mode for
a) *’Au andb) “/Ag. Three separate analyses were performed: A, BCan#éinalysis A and C each had
triplicate samples, and analysis B had only one sample. The mode diametediameeter, and particle
numbe concentration are average + the standard deviatitreahean of seven total sample results.
Gaussian fits were added for each analysis usingi®igi2015 and the mean size is the distribution
mean + distribution standard deviation.

from seven reptiate sample analyses performed on three different days Aucore diameter is 5.9 nm
larger and the Aghell is 9.7 nm smaller than manufactureported sizes of 48.2 nm and 76.7 nm,
respectively. If the PP-outershell thickness of 8.8m (calculatedased on manufacturer reported
sizes) is assumed, then these e and Aeshell sizes results in a hydrodynamic size of 94.7 nm. A
Gaussian fit (OriginPro 2015) for each analysis wafopmed to obtain a mean diameter and standard
deviation of the disibution (Figure 3). The average of the mean and standard deviatiorechtiee
Gaussian fits (A, B, and C) provide a distributioean and standard deviation (i.e., width#6f1 + 8.2
nm for the Aucore and 62.7 + 8.5 nm for the Apell. The Gausiandistributionmeansizeis about 5

nm less thathat determined by the Syngistix softwéoe both Au and Ag due to the actual fagrmal
character of the particle distributiordowever the distribution standard deviation provides a good
estimate fothe polydispersity of the particle and indicates that the particles are relativetydisperse
and is in agreement with that reported by the manufacturer.

A particle number concentration of about 2.0X#03.0x16° particles/mL was found for both the

Au-core and Agshell (Figure 3). While the particle number concentration is integnatinsistent, it
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does not agree with the manufacturer reported number of 3dicles/mL. It appears that the
manufacturer number is calculated according tadked Au metal concentration of 370 ppm and the
mean Au diameter of 48.2 nm. If the expected partiakmber concentration is instead calculated
according to the reported total Ag metal concentration of 580 qmd equivalent diameter of the reported
Ag-shell thickness of 76.8 nm, it is 2.4x1@articles/mL and much closer to the spH@IB results. In
either case, spIGMS results in fewer particles than reported by tteuafacturer, which may be due to
loss during sample preparation and/or introduction (i.e., on tubing, glas®i@je

Total Au and Ag concentrations of the bulk-Aig NPs found by ICRMS analysis of a 1:10
dilution of the AuAg NPs (acidified to 2% HN¢) are 100.4 + 2.6 ppm Au and 596.0 £ 5.2 ppm Ag. The
Ag concentration agrees veryskly with the reported 590 ppm concentration; however, the Au
concentration is less than ottérd the reported 370 ppm concentration. Particle number concentrations
calculated according to these total metal concentrations and the avieesggeterming by spICPMS
are 6.3x1¢ particles/mL and 3.6xIHparticles/mL for Au and Ag, respectively. The average of these
two concentrations is 2.1x¥0and very similar to the concentration found by spM®. Because of
these inconsistencies in the manufaetuieported particle number concentration (i.e., two differen
expected particle number concentrations based off the total metal tratioerand TEM sizes) and the
disagreement between the total Au concentration byMSPand the manufactureeported Al
concentration, the accuracy of the spiIB particle number concentrations could not be pilgpe
assessed. As discussed in Chapter 1 (section 1.1.3.1) aimteestin the particle number concentration
can result from aggregation, settling, and/or Sorpto the sample containers.

Agreement in the particle number concentration forafd Ag by spICRMS indirectly indicates
that the AuAg NPs are composite particles rather than a solutiortaining both Au and Ag particles.
However, this data on its own does not provide a dafinconclusion regarding the dual element
composite nature of the particle. Addition of ARZP-MS analysis of the bulk solution providée
hydrodynamic size distribution, amdnclusive evidence of a composite partedéebng as the Au and Ag

masses are different (as they are he@gven AF4JV-vis analyses of the AAg NP bulk solution at
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varying dilution factors (1:100, 1:125, and 1:400) show a hydrodynamic size aathenpgimum of
97.2 £ 3.8 nm (average + standaevidtion) (Figure &). Analysis of a 1:100 dilution of the Alig NP
bulk solution by AF4UV-vis shows a size at the peak ntx100.9 £ 0.5 nmKigure 3.&). Analysis of
the AnAg NP at a 1:125 dilution confirms this result witpeak max size of 100r#m (Figure 3.6).
Both are in very good agreement with the manufacttegorted hydrodynamic size of 100.2 nm.
Additional AF4UV-vis analyses performed on a 1:400 dilution of the bulk solution show sirdalts,
but have more signal noise and slighbwer average size at the peak max of 94.6 + 3.0Figu(e 3.®).
AF4-1CP-MS of the 1:400 dilution AtAg NPs shows a similar hydrodynamic size of 95.2 znbn6and
93.0 + 0.6 nm, based on théAu and'°’Ag signals, respectively (Figure68,d). Thee results from the
1:400 dilution AuAg NPs provide a hydrodynamic size that agrees vesety with the value of 94.7
nm found based on the spl@PS Au-core and Agshell sizes. Most importantly, the normalized RIS
signal response of the AHEP-MS data shows that the Au and Ag are detected simultaneously aceoss th
fractogram indicating that the particle containshbét and Ag (Figure 3). While the spICRMS data,
with same number of particles, hints at this coriolusit cannot definitively prove it in single element
mode. Note that a mixture of Au and Ag NPs of thacesame size would have the same appearance as
the AuAg coreshell NP by AF4CP-MS (i.e., a single composite particle). As suchlitahal
methodologies, such as dual elemgaiticle by-particle analysis or particle dissolution (described below),
are required to confirm that the solution contains compositdé coreshell particles. As discussed in
the following section, dual element mode spiIB, properly optimized, woullde able to definitively
come to this conclusion in less analysis time than FFF and asly ICRMS.

Unfortunately, the AF4 recoveries were not optimal #redlPVRstabilized AuAg NPs
interacted strongly with the AF4 membrane (Figure 3.6d,e). Thertmtavery (i.e., integrated signal
with an applied field divided by the integrated sibwithout an applied field) for the AAg NPs using
the FL-70 surfactant carrier fluid (0.025% F10, 0.05% Nah) by online ICPMS was 52% by th&’Au

signal and 47% bthe'Ag signal. This discrepancy between the two analgtesexpected given that
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a) b)

Figure 3.6. AF4 fractograms for AtAg NPs:a) 1:100 dilution by online UWis (520 nm))) 1:400
dilution by online U\Vvis (520 nm)c-d) 1:400 dilution by online ICRMS (**’Au and'®’Ag), e) 1:400
dilution without an applied field (i.e., no crefiew) by online ICRMS (**’Au and'®’Ag), andf) 1:125
dilution by online U\vis (520 nm) using two different carrier fluids: 0.025% FL + 0.05% Nal and
0.5 g/LSDS. The hydrodynamic size at the peak maximumads/sl{mean + standard deviation, if

applicable).

55



Figure 3.7.AF4-ICP-MS fractograms for duplicate analyses of-Ag NPs at a 1:400 dilution with the
7Au and'®’Ag signals normalized to their resgive maximum signal response. The average
hydrodynamic size is 95.2 + 0.6 nm and 93.0 + 0.6 nm, based 5#&hand'®’Ag signals, respectively.
they are detecting the same particle. One possible explanation is loss of Agiornise NP shell tthe
tubing during transport to the I@RS. The resolvable recovery (i.e., integrated digh#he resolved NP
peak divided by the integrated signal without an applied field) was 30% ant2?%u signal and
1%Ag signal, respectively. When the figkdturned off during the rinse time at the end of the elution
period, all particlereversibly sorbed to the membrane are removed from theehalf a carrier fluid of
0.5 g/L SDS is used instead, the resolvable recovery qualitativelp@oeimproe, as observed in the
visually smaller rinse peak (i.e. field off) in the fractogréitigure 36f); however, if the intensities are
integrated (UWvis signal response), the resolvable recoveacisallynot significantly improved with an
increase of onl\l.2%. Because the hydrodynamic size at the peak maximum was 100.2Fim/@r
and 96.3 nm for SDS and use of SDS did not improvedbevery, the FL70 separations were used in
this study.

Although the results from both ARCP-MS and single elemesplCRMS suggest that the
particle is a composite of Au and Ag, more information is neededti¢odime whether the structure is a
coreshell type or a homogeneous distribution (i.e. allafyAu and Ag. Dissolution of the particles in

dilute acid provids this information: a simultaneous decrease in NP sibetbfelements over time
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would indicate a homogeneous structure while a deergaNP size of only one element would indicate a
coresshell structure with a shell of that element. Dissolutf theAu-Ag NPs was initially performed in
10% (v/v) aqua regia, and while the results hint that thesl#gjl dissolved before the Acore,
dissolution of the entire particle occurred too quickly to obtain accreatdts (Figure D.4). The Ag
shell appears alost fully dissolved after about seven minutes; gdstime data shows a dissolved Ag
signal with only a few small NP pulses. The Au signavshan elevated background and NP pulses at a
lower intensity than the original solution (i.e., in Mil) wate). After 19 minutes the Agore was
completely dissolved. Dissolution using 1% (v/v) aquaarégstead produced a gradual dissolution of
the particle that was observed over 28 hours. Two replicate experimeatpaerdormed using 1% (v/v)
aqua regiard Milli-Q water as a control: the first experiment (perfornme®014) included
measurements only up to 4 hours while the secondiexpet (performed in 2015) went up to 28 hours.
Overall, the results were reproducible; the spM® size distributionsdr 2014 experiment as well as a
comparison of the mean size and particle number concentratiofis (w\l) aqua regia are shown in
Appendix D (Figure D.5).

Dissolution in Milli-Q water shows a slight decrease in the Ag NP size artianoge in the Au
NP size, as expectedFigure 3.8,d,e). The spICIRIS size distributions clearly show a decrease in the
Ag NP size over the first few hours in 1% aqua regih &iconstant Au NP size over the same time
period (Figure 3Ba,c,e) indicating that the particlesha Agshell and a Atcore. A slight decrease in the
mean Au NP size is observed at 8 hours, but isleatly visible in the size distribution until thd-hour
time point. The decrease in Ag NP size occurs linearly over the first three il a lire of best fit of
y =-9.65x + 69.5 with R= 0.999 (where y is time in hours and x is mean éi@min nm). After three
hours the mean Ag diameter appears to increase (Figure 3.8c),isvhitlartifact of the data processing
by the Syngistix softwareDue to the iterative approach for identifying NP peaked by the software
(discused in Chapter 1, section 1.1.3.8utlier data points are always identified as NRkamean size
is computed. Even for a blank sample not containing NPs, the signal intenshigeidas outliers of

the dataset will be identified as particles. Similarly, the software will identify the tasigesl intensities
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Figure 3.8.spICRMS size distributions for Au\g NPs at 1:10dilution for a-b) **’Au andc-d) 1*’Ag in
1% (v/v) aqua regiéa,c)and Milli-Q water(b,d) at time points of 0, 1, 2, 3, 4, 8, and/or 24 hourd;&n
the mean diameter arigparticle number concentration f6¥Au and'°’Ag in Milli -Q water and 1% (v/v)
aqua regia for all time poisit
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from a dissolved ion solution as NPs. For thesegygf samples, the software reports a small number of
NPs counted (typically several hundred in 60 secpadd a mean NP size. The mean size information is
insignificant. The apparently larger Ag°Nsize appears to be due to this software issue seny low
particle number concentrations are observed (Figure 3.8c,f). Asthask,data points have not been
included in Figure 3.8e. Albugh the dissolution of the Aghell is not expected to biméar based on a
surface area model of NP dissolution, a linear regressialysis was used to obtain a rough estimate for
the time at which the Aghell is completely dissolved. Extrapolation of thneér regression for Ag
dissolution suggests complatessolution of the Agshell (i.e., mean diameter of 0 nm) at 7.2 hours. A
decrease in the Au NP size is indeed observed starting at 8 lBraause of the gap in data between 8
and 24 hours, the rate of Auore dissolution cannot be known with confidence, although a rough estimat
assuming linear dissolution, indicates this rate is appratdly 20 times slower than Ag dissolution.
Additionally, the dissolved Ag concentrations supbé observed NP dissolution trends (Figure D.6).
Most importantly Au-core dissolution is only observed after the expected time foplate Agshell
dissolution, providing strong evidence of a eshell structure.

In addition, a significant decrease in particle nundmercentration by mechanisms other than
dissolutionis observedKigure 3.8). The same rate of particle loss is observed it NQ} water for both
Au and Ag even though there is no dissolution ofAiecore Figure 3.8,d). In aqua regia, a
comparable decrease in the Au particle number concentratidasésved until about-8 hours when the
Au-core begins to dissolve. This illustrates the potentiakofgua coreshell particle with Au in the core
as an internal standard to record changes in particle number caioentinat may not be observable in
the unknown sample alone. Settling is not expected to be the causdabé p@ss since the solution was
inverted repeatedly prior to analysis to resuspend any settled particlesegAtjgn is also an unlikely
cause since an increase in particle size was not observed. Partideda® sorption on the container is
suspected. A decrease in the average signal intensityafverage counts per dwell time for réale
data without the background signal removed) in Millivater by about 50% indicat@ decrease in the

amount of sample, both particulate and dissolved, reachindabtma (Figure 3). The same trend is
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observed for Au in 1% aqua regia. However, the average signal igterecsagases slightly for Ag in 1%
aqua regia, which likely repsents the signal from the dissolved-gteell ions in solution. Comparison
of this increase of the average signal intensity for Ag to the deemgbserved for Au in acid may also
illustrate the differences in transport betwéens and particles durirgpmple introduction prior to the
entering the plasmavhich is incorporated into the particle size method for determining transport

efficiency (section 1.1.3.1).

Figure 3.9 The percent of the initial (at t = 0 hours) averamgmal intensity (dissohdand
nanoparticulate) fo’’Au and*®’Ag in Milli -Q water and 1% (v/v) aqua regia fron28 hours.
3.3.2 Dual element spICRMS

Dual element spICIMS offers the ability to quickly determine the comsjiimn of abimetallic
coreshell NP (e.g., the A\g NP) bydetecting two elements (almost) simultaneously on a patiicle
particle basis. Three different particles were used to talgldCPMS in dual element mode for the
determination of a bimetallic NP composition: the-Ag NP characterized previously byngle element
SpICRMS and AF4ICP-MS as well as a 60 nm Au NP and a 60 nm Ag NP.thkBe particles were
analyzed in both single element and dual element modes in oraesdss the ability of the dual element
mode software to correctly distinguish beem NPs containing only one element and those containing

two elements. The redéime data plots show NP pulses for both Au and Ag for theA§UNPs (Figure
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D.7ad). Similarly, the 60 nm Au NP had only Au pulses and the 60 nm Ag NBritad\g pulses in
both single and dual element modes (Figure B).7e

Additionally, the intensity of the NP pulses are agexted: the pulse intensity for the dual
element analysis is expected to be less than in single element @odsidering that the typical duration
of a NP of this size is about 500 us and with dwell and settlingstiofi 100 us, it is expected that no more
than two pulses of one elemental mass will be detected for a given NP in dushteheade (while in
single element mode the entire NP peak wélldaptured with about five pulses). It is also statistically
unlikely that these dual element pulses will be at the NP peakmaxi This is consistent with retiine
data observations: in dual element mode the NP pulse intensitiedessithan those in the single
element data (Figure D.7). This can be seen clearly for theghalsbut is more difficult to visually
observe for the Ag signal. The average intensity (i.e., the avecagés per dwell time over the 60
secondscan time, including bothatckground and NP counts) quantitatively illustrates the decrease i
counts observed in dual element mode within a sample (Table Bi®)se average intensities are small
values because they include the background couB&0(000 readings of-0 counts).For all three
sample types, the average counts per dwell time ilesegigment mode are 4.61 + 0.14 times larger and
1.38 + 0.01 times larger than the average counts per dwell time ieldosnt mode for’Au and'®’Ag,
respectively. The reproduciity of this factor within each element for different samples is promising, as
it indicates that there may be some empirical factor that can be used fotesaehtdo convert intensity
in dual element mode to a particle size. The difference in the magnitude aictioistfetween Au and
Ag likely reflects the relative instrumental senstii for each element. The ratio of the Ag and Au
dissolved calibration curve slopes (i.e.,sH@Ausiope= 3.04/0.81, in single element mode, Figure D.1a) is

Table 3.2. Average counts per dwell time f6¥Au and'®’Ag for Au-Ag NP, Au NP, and Ag NP samples
analyzed by spICIRS in single element mode and dual element mode.

Average *’Au counts per dwell time | Average'®’Ag counts per dwell time

Sample Single Elemen Dual Element Single Element Dual Element
Au-Ag NP 0.292 £ 0.018 0.062 + 0.003 1.388 + 0.086 1.018 + 0.050
Au NP 0.217 £ 0.009 0.049 £ 0.001 0.002 = 0.000 0.002 = 0.000
Ag NP 0.000 = 0.000 0.000 = 0.000 0.585 + 0.010 0.425 + 0.007

61




3.8, so the ICRMS detector is almost four times more sensitive for Ag than Aus Vailue is close to the
ratio of the Au and Ag single element to dual eletdaator (i.e., 4.61/1.38) of 3.3. The difference may
also be attributed to nemptimal data acquisition conditions (e.g., the settling time mapbeopriate for
Ag, but not for Au). A similar evaluation is perforthbelow for the average NP intensities. Overall, the
reattime data for AuAg, Au, and Ag NPs indicate dual element splkaB correctly obtained the ta
needed for a qualitative assessment.

The quantitative goals of dual element splB are: 1) to size and count particles with as much
accuracy as single element mode, and 2) to determine accurately whgdinécla contains one or two
elements. Theollowing evaluates the Ag NPs for the key considerations needed to reacdetheals.

In single element mode, the NP peak signal (about 5 readings at 100 psihes)lis integrated to

obtain a mean NP intensity which can then be converted to a sizd| bifts eaks above the
background cutoff are counted to obtain the number of NPs in a sampleor Tmare consecutive peaks
constitute a NP peak in single element mode. The same cannaidamdiual element mode since the
NP peak is only partially captured for each analyieder the data acquisition conditions used here in
dual element mode, the Alg NPs typically have only one reading per NP pea#l,the resulting mean
NP peak intensity is less. Typical NP peaks forAbheAg NPs in single element and dual element mode
are shown in Figure B0.

In single element mode, the mean NRendity and number of NPs counted were calculated by
the SyngistiX" Nano Application Module (Perkin Elmer), as descripeelviously. In dual element mode,
a background cutoff of two counts was used to evaluate the damaafly in Microsoft Excel, as
descibed in section 3.2.2.1.

The data was processed for triplicate-Ag NP samples to determine the number of peaks (i.e.,
particles) with: only Au, only Ag, and both Au and Ag readings above the backgf®abl& 3.3a).
Additionally, the average Au and Ag NP integrated iste@s were calculated for 1) all NP peaks (i.e.,
including intensities below the background cutoff), and 2) only Au and AgédRs (i.e., not including

intensities below the background cutoff) (Table 3.3b). All results shownhle B8 are the average
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Single Element

Dual Element

Figure 3.10.Typical NP peaks observed for spkBFS analysis of the AAg NP for*’Au (black) and
1%Ag (red) in single element mode and dual elementenod

value * the standard deviation of triplicate samples. Indivisiamlple results with the standard deviation
of the distributiormean for each parameter are included in Appendixdabl@D.1). A comparison
between the single element and dual element results for the alPageensity (based on values above
the backgound cutoff) and the average number of NPs for Au and Ag is shown in Tdble 3.

These results show trends as thepg¢Bk width decreases (i.e., feweadings). There are very
few particles with three or more readings; 85% amngle readings (i.e., maxiom of one Au and one Ag
reading) and 14% are double readings (i.e., maximumwou and two Ag readings). Itis clear that the
wider the peak, the more likely it will have integrdtintensities above the background cutoff for bth
and Ag; however his may be an artifact of data processing. For example, a ptdakwei Ag readings
above the background (and identified as a NP peak as a resukpasddings of three 10s and two 00s
would be classified as a duallement NP (i.e., Au and Ag > DL) even though all the Au regalare
below the background cutoff. Most importantly, this data shows that aboubdflBf total NP peaks

contain both Au and Ag, 7% has only Au and no Ag, and 88%only Ag and no Au (Table 3.3a). This
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Table 3.3.Dual elemat spICRMS results for the AtAg NPs:a) the number of peaks (i.e., particles)
with only Au, only Ag, and both Au and Ag readings abtve background, ana) the average Au and
Ag NP integrated intensities for all NP peaks (ismcjuding intensities Hew the background cutoff) and
only Au and Ag NP peaks (i.e., not including intensities below the backgraoff)dor different NP
peak widths (i.e., number of readings). All results shown arawbeage * the standard deviation of

triplicate samplesThe unit for intensity is counts per dwell time.

a) | Number Number of NPs
of (with either Au % NPs with both | % NPs with only | % NPs with only
Readings| and/or Ag>DL) | Auand Ag>DL Au > DL Ag > DL
5 2 + 1 100.0 £+ 0.0 00 = 0.0 00 = 0.0
4 4 + 2 933 + 94 00 = 0.0 6.7 £+ 94
3 140 + 14 509 + 1.6 00 = 0.0 401 + 1.6
2 3346 + 255 349 + 0.8 03 = 0.1 649 + 0.8
1 19936 + 1523 88 + 0.3 8.1 + 0.1 83.1 + 04
Total 23428 + 1771 129 + 04 6.9 + 0.1 80.2 + 0.4
b) | Number Average Au Average intensity Average Ag Average intensity
of intensity of all NP | of Au NP peaks | intensity of all NP | of Ag NP peaks
Readings peaks (no Au <DL) peaks (no Ag <DL)
5 9.0 + 47 9.0 + 47 1386 + 67.5 1386 + 67.5
4 9.2 + 49 94 + 48 171.8 + 1296 | 171.8 + 129.6
3 50 + 0.3 26.0 + 26.0 506 + 1.2 506 + 1.2
2 25 £ 0.2 58 £+ 05 27.0 + 0.9 27.0 + 0.9
1 1.1 + 0.0 51 + 0.1 19.0 £+ 1.0 207 + 1.1
Total 1.3 + 0.0 57 + 0.6 204 + 1.0 21.8 + 1.1

Table 3.4.Mean NP intensity (counts per dwethe) and number of NPs fot’Au and'®’Ag for the Au
Ag NP in single element mode and dual element moleRspIS. Single element mode results were
obtained using the Syngist!% Nano Application Module by Perkin Elmer. Dual elemertde results
were detemined by manually processing the data in Microsoftdbxas described using a background
cutoff of two counts per dwell time. All results are the ager+ the standard deviation of triplicate
samples. The unit for intensity is counts per dwelktim

Mean NP intensity Number of NPs
Analyte | Single Element| Dual Element | Single Element| Dual Element
AU 34.2+0.8 57+0.6 4947 + 261 4633 + 253
Ag 133.1+ 7.0 21.8+1.1 4790 + 423 | 21800 + 1669

is not entirely unexpected given that the sensytifot Au is significantly less than for Ag; however, this
may also result from the NP peak identification pescie dual element mode. Only one reading above
the background was required to identify a NP peak, which seems apfedpr Au given the nundy of
NPs agrees well with the single element spM® results (Table 3.4). It may not be appropriate,

however, for Ag as it has more instrumental sensitivity. If twoore consecutive readings are required
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for Ag tocount as a NP peak, then the numtifgparticles counted is 5233 + 342 and very similar to
those found in single element mode. There are 3005 + 156 NP peaks thhbttaiu and Ag detected,
or about 60% of the approximately 5000 expected-sbedl NPs. About 58% of these dual elemeRsN
(1749 NP peaks) are single element readings (i.e., orend one Ag reading above the background).
Given that the percentage of dual element NP peakedres with peak breadth (Table 3.3a), future work
will focus on broadening the NP peak to obtaiare readings and reduce false negatives.

Similarly, trends are observed in NP peak intensitthe NP peak width decreases (Table 3.2b).
In general, the average integrated intensity decreasthe oeak width decreases when there are three or
less radings. Statistically this makes sense, but it also ind#tat the single reading peaks do not
contain a significant number of large intensity readinfjsis trend is not seen for the very wide peaks
(i.e., four and five readings), and the integradgdntensities are significantly larger than the Au
intensities. This is concerning as a-Ag coreshell particle with the magnitude of Ag intensity olvesl
should have a correspondingly large Au intensity.hBgs this could be explained by a smaiinter of
Ag particle aggregate impurities in the bulk samplmmparison between the intensities calculated with
and without the values below the background cutoff value shewignificance of the percentage of the
total NP peaks that have only Ag amal A readings above the background; these intensities are very
close for Ag while for Au the intensity without the vallmdow the background is 4.4 times larger than
the average for all NP peaks. Most importantly, a comparison between tleeedémgenmode and dual
element mode average NP intensities yields promising resaltdgB.4). The ratio of’Ag intensity to
197Au intensity is 3.9 in single element mode and 8.8ual element mode indicating that the dual
element NP intensity converges on an average that, while difiareragnitude from the single element
data, represents the appropriate esirell NP intensity (i.e., mass) ratio. Additionallyetratio of single
element intensity to dual element intensity is 6.1'f%g and 6.0 for®’Au. Contrary to the results for
the average counts per dwell time taken across the entire scan time (i.e., inblakground), presented
previously, this factor is very similar for both elements, and mdigcate a possible empirical factor that

can be applied to convert the NP intensity in dual element nooa®&\P mass (i.e., size).
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3.4 Conclusions

The ability to distinguish ENPs released into theimmment from interfering NNPs is orod the
significant challenges tassessing the risks to human and environmental health diNPtodiease. The
low expected release concentrations (ng/L) compared to the high taticers of NNPs (mg/L) as well
as the fact that ENPs are likely to contain some of the same etefoent in NNPs complicates their
discrimination in the environment. However, ENPs have elgally pure compositions while NNPs
contain multiple elements. It is expected that the detectiorutifpte elements in NNPs will distinguish
them from the simpler single element detection eventsactexistic of ENPs. spIGRIS can be uskto
detect these differences arparticleby-particle basis at environmentally relevant concentrations. This
project highlighted the splGMIS capabilities for characterization of a bimetallia-Ag coreshell NP
with 1) traditional single element spl&@®S combined with AF4, and 2) dual element mode splCFR

The first part of this project showed that sptIS and AF4 can be used not only to determine
the bimetallic composite nature of a-#g coreshell NP but camlso be used to reveal the ceteell
structure by temporally observing a slow acid digestibtine particles. Bulk solution analysis by single
element spICAMS and AF4 provided Awore, Agshell, and hydrodynamic sizes consistent with those
reported bythe manufacturer as determined by TEM. Agreement in the particle nuoriEmtration
determined by single element spHGOFS for Au and Ag indicated the presence of composiieAg
particles in solution rather than a solution containingofily and Agonly particles. AF4CP-MS
analysis showed definitively the Mg composition of the particles; however, this metdoés not
reveal structure. As such, single element spM®was used to observed particle dissolution inteilu
acid over time, which revealghe coreshell particle structure. These results illustrate siragle element
spICRMS and AF4 can be used to determine particle cortiposas well as structure, biltey are time
consuming and ilsuited for highthroughput sample analysis.

A recentdevelopment in spIGIRIS technology, dual element mode spHUIS with a quadrupole
mass analyzer, offers the ability to quickly deterenine composition of a particle by detecting two

elements on a particley-particle basis within one short sample analysne. The second part of this
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project provided an initial qualitative validation as well as a gtetivte evaluation of dual element mode
spICRMS. Realtime data plots (counts per dwell time versus time) for single element and duahele
analysis 6the Aun-Ag NPs, a 60 nm Au NP, and a 60 nm Ag NP qualitativebyad promising results.
The observed NP pulses and associated pulse inésnsitre detected as expected in dual element mode
(i.e., in agreement with the known particle compositioldeally dual element spIGRIS would

accurately size and counts particles and identify dual element pawtitheaccuracy. A comparison
between the single element mode and dual element mode averagensRigésténdicate: 1) that dual
element NP intensiteeconverge on an average that accurately represengxpiected corshell NP

intensity (i.e., mass) ratio, and 2) there may be an empirical factor that caplied &pconvert the

average NP intensity in dual element mode to a NP mass (., Jihe particle counting results indicate
more variation between Au and Ag, depending on h@piaks were identified. Using one Au reading
and two Ag readings to identify a NP peak, NPs countedahelament mode agree quite well with the
number of NPs couad in single element mode; however, only 60% of them contain both Au anddi\g, an
a significant number of false negatives. Of the dual elemeritleartounted, 58% of these have only
two readings above the background (i.e., one Au and one Ag reaiagause the percentage of dual
element NP peaks increases with NP peak duration (i.e., widithe?), future work will focus on

broadening the NP peak to obtain more readings above the background and redumsgtdises.
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CHAPTER 4
SUMMARY OF RESULTS AND FUTURE WORK
Recent advancements in spHUFS coupled with the particle separation capabiliGé&FF
techniques weresgd to address two challenge@ssessing the impacts to environmental and human
health from ENP release into the environment. sehehallenges are 1) the characterization and
quantification of complex composite particles formed upon ENP relande?) the ability to discriminate
ENPs from NNPs. The following presents the projectatusions and a discussion of future work.

4.1 Characterization of an Inorganic-Core/Organic-Shell Composite Particle by spICPMS and
Field-Flow Fractionation

ENPs existing in the environment are likely to umgetransformation upon release, such as the
addition of surface coatings [34]. As a result, ENPthe environment are expected to have complex
composite structures. Characterization of these complex compaediiges by traditional nano
metrology techniques, such as TEM and DLS, can fliewt, especially at environmental relevant
conditions [3. This project presents a robust analytical methaglolesing spICRMS and FFF
techniques to characterize a-R$b-PAA NP that represents the formation of surface ngatupon
release of particles from inorganic ENdBntaining polymer nanocomposites due to material weathering
or abrasion. The number of Au NPs incorporated into th€&b-PAA NPs as a function of the
composite particle hydrodynamic size was determined.

Composite AuPSb-PAA NPs containing Au NPs were observed by TEM analy$IEM and
DLS analysis of the Awit and AuPS precursor NPs showed spherical particles with arage size of
approximately 50 nm. A distribution of the number afdrporated Au NPs was determined by TEM
image processing with the majority (about 50%) of the pasite particles containing only one Au NP.

Bulk solution particle mass distributions by speIS for */Au showed an average Aait NP
precursor size of about 42 nm, which was confirmed with AF4 and Cé#dtits, and an average

incorporated Au NP size about 63 nm in the ARPSb-PAA NPs. This increase in size arises from the

68



incorporation of multiple Au NPs into the polymer particles, as observed by M&wvever, the
distribution in the number of incorporated Au NPs by TEM showed significamile singly
incorporated Au NPs than indicated by the spM® results.

Following bulk solution analysis by TEM and spl8FS, AF4 and CFFF separations were
performed to separate the particles by hydrodynamic size and incorpétatedss, respectively.
Fractionscollected across the fractogram for each separation were analyzed BPyMgI®r *Au. The
AF4 results provided a hydrodynamic size for the posite particle as well a distribution of the mass
incorporated into the APSb-PAA for a given hydrodynamisize. Subtraction of the average
incorporated Au mass from the hydrodynamic size provides the averass of P$®-PAA in the
composite particle. As the ARSb-PAA NP hydrodynamic size increased, the number arimarated
Au NPs (i.e., Au mass) increa as well.

CFFF results qualitatively showed an increase imtimaber of incorporated Au NPs with
increasing retention time, as observed by the significant shift of the $4E8CRu mass distributions
towards higher mass and an associateceas® in the mean NP sizeiffldulty resolving the increase in
the incorporated number of Au NPs at high Au masses (i.e., high retentiaresdted from the CFFF
power decay program used for separation and the subsequent exponentia incteaeffective Au
mass.The CFFF method parameters could be refined tombititer Au mass resolution at large
retention times. This would more clearly delineagniass distributions provided by spHEFs.

4.2 Characterization of a Bimetallic Core-Shell Particle Using Advanced spICRMS and FFF
Techniques

One of the significant challenge$assessing the risks to human and environmental health due to
ENP release is the ability to discriminate ENPs fintarfering NNPs. We hypothesize that spiuiS
detection of multiple elements in NNPs will distinguish them fthmsingle element composition of
ENPs. This project presented how traditional simdgenent spICAMS and AF4 can be used to
determine the composition and structure of a dual elemenf@icoreshell NP. This particle was also

used to evaluate the quantitative capabilities of dual element SpECP
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4.2.1 Summary of Results

Bulk solution analysis of the AAg NPs by single element spl&W®S provided size information
in good agreement with manufactureportedTEM results. The spIGRIS mean diameter for the Au
core and the Aghell agreed within 10 nm of the manufactueported TEM size, and Gaussian fits
showed a variation around the mean diameter consistdntmanufacturer results. The equivalent
hydrodynamic size was calculated to be 94.7 nm, which was in good agteeitiiethe manufacturer
reported size of 100.2 nm.

spICRMS results showed the same particle number condemtraf 2.0 x16" particles/mL for
both Au and Ag, which indirectly indicatesatithe AuAg NPs are composite particles rather than a
solution containing both Au and Ag particles. Becahgee were inconsistencies in the manufacturer
reported particle number concentration (i.e., two diffeexpected particle number concentratibased
off the total metal concentration and TEM sizes) as well segdéement between the total Au
concentration by ICRMS and the reported Au concentration, the accuratyeosplCPMS particle
number concentrations could not be thoroughly assessed.

Agreement in the particle number concentration for AuAangdy spICRPMS only indirectly
indicates a composite Afig particle. Addition of AF4CP-MS analysis of the bulk solution provided
definite evidence of a composite particle as well as anothesurazd the hydrodynamic size, consistent
with spICRMS results. The normalized IGRS signal response of the AREP-MS data showed that
Au and Ag are detected simultaneously across théofjeam, which indicates that the particle contains
both Au and Ag.Additionally, the hydrodynamic size by AF4 with onlib®/-vis detection was about
97.2 nm; AF4 with online ICRMS detection showed a slightly smaller hydrodynasige of 95.2 nm and
93.0 nm by thé®’Au and*®’Ag signals, respectively. All were consistevith the spICPMS size of 94.7
nm.

In order to determine whether the composite particle tsireiés a coreshell type or a
homogeneous distribution of Au and Ag, particle dissolution was observed usihg eiement spIGP
MS. In 1% aqua regia, a linedecrease in Ag NP size was observed over the first threevioileghe
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Au NP size remained constant over the same periatkak regression of the mean Ag diameter for the
first three hours suggested complete dissolutioh®ftgshell at 7.2 hoursand a decrease in Au NP size
was observed starting at 8 hours. These resultsomsstent with a Acore-Ag-shell particle structure.

Additionally, observation of AtAg NPs in Milli-Q water served as a control dissolution
experiment, and indicated wsef particles by mechanisms other than dissolutiorMilin-Q water a
slight decrease in Ag NP size and no change in Au kidPveere observed, as expected; however, particle
number concentrations decreased by about half and at the same baiid fanand Ag. In 1% aqua
regia, the Ag particle number concentration decreasexh ffaster, in agreement with particle dissolution,
and the Au particle number concentration decreased at the same raderasain MillFQ water up until
Au-core dissolution began at approximatel@ Gours. Particle loss due to sorption on the container is
the suspected reason for the observed decrease in particle numtstcation in MilltQ water, as
indicated by a corresponding decrease in the average signal intenskgrthand and nanoparticulate
signal).

As illustrated by these results, single element BEMS and AF4 can be used to determine
particle composition as well as structure; however, the methbdisted for highthroughput sample
analysis. Dual elemesplCRMS, on the other hand, offers the ability to quiclistermine the
composition of a particle by detecting two elements on a pahiclearticle basis within one short
sample analysis time. Both composition and structdoermation can be investiged using this method
to observe slow particle dissolution in acid. Dual element spSPwith a quadrupole mass analyzer, is
a recent development in spl@PS technology. As such, a qualitative validatiorttef method using the
Au-Ag NP, a 60 nm Au NPand a 60 nm Ag NP as well as a quantitative evaluation usingutfg NP
were performed.

Evaluation of reatime data plots (counts per dwell time versus time) for single element and dual
element analysis of these three particles qualitatively shovesdiging results. In dual element mode,
NP pulses for both Au and Ag were observed for theA§UNPs, and only Au pulses or Ag pulses were
observed for the 60 nm Au NP and 60 nm Ag NP, respectively. Additiotta\NP pulse intensities
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were less tharhbse in single element mode, consistent with expectations given that paoltion of a
NP peak is detected.

Quantitative evaluation of dual element spiI® focuses on the following analytical goals: 1)
to size and count particles with as much accuracsiregle element mode, and 2) to determine accurately
whether a particle contains one or two elements. dila element data was manually processed using
Microsoft Excel. A background cutoff of two coumtas used, and only one reading above the
background was required to count as a NP peak.

A comparison between the single element mode andaler@ent mode average NP intensities
yields promising results. The ratio 8fAg intensity to*®’Au intensity is 3.9 in single element mode and
3.8 in dual elerant mode. This indicates that the dual element NP intensitie®ige on an average that
accurately represents the expected -atrell NP intensity (i.e., mass) ratio, which allows for
determination of particle composition. Additionally, the ratio of @rejement NP intensity to dual
element NP intensity is 6.1 f6FAg and 6.0 for®’Au, which may indicate a possible empirical factor
that can be applied to convert the average NP intensity in dual element modedn Blfhmass (i.e.,
size).

Particlecounting and accurate detection of dual element particles may proeechadlenging.

In single element mode approximately 4900 NPs werateau The dual element results for Au indicate
4633 NPs, which is close to the expected result. The dual eleeseits for Ag, however, indicate a
much higher NP concentration of 21,800 NPs courftedly one Ag reading is required to identify a NP
peak. If two Ag readings are required instead, then the NPs paaki®d is 5233, and in much better
agreement witlthe single element mode results. Additionally, about 60% of the approximaté€ly 500
expected corshell NPs have both Au and Ag readings detected, bogt 8% of these dual element
NPs are single element readings (i.e., one Au anddgmeading abovehe background). Given that the
percentage of dual element NP peaks increases with peak bread otk will focus on broadening

the NP peak to obtain more readings and reduce false negatives.
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4.2.2 Future Work: Dual Element spICP-MS Optimization

Optimization of dual element mode spl@FS operating parameters in order to obtain more
readings above the background in each NP peak isetktestep of this project. We expect there are two
routes to achieving this objective. This first igtoysically incrase the NP duration by allowing for
more diffusion in the plasma to increase expansiagh@fon cloud and/or by using the collision cell t
slow and broaden the ion cloud prior to reachinggihadrupole mass filter. The second is to increase the
speedat which the quadrupole fills with ions, thus reducingrttieimum required settling time.

Several operating parameters located prior to idit®pre expected to affect the diffusion of the
ion cloud in the plasma (Figure 1.2). These are the nebgl@eflow rate, the sampling depth, and the
plasma power. The plasma temperature transitions sharply franplesima (< 500 K) to hot plasma
(6000G-8000 K) at a specific kation along the center axis [38, 39].4The breakdown from intact solid
sample(i.e., NP) into an ion cloud begins when the drophgées the hot plasma, and the time spent in
the hot plasma before entering the cone interface dictates the width of theudn This time depends
on the location of the coltb-hot transition poinand the distance of the point to the cone interface (i.e.,
the sampling depth). Location of the transition point is affected by the cestBogaate
(predominantithe nebulizer gas flow rate) [39, 4Qf the center gas flow rate decreases, thatloo of
the transition point along the center axis moves away from the cone intevfdach is expected to cause
an increaseni the width of the ion cloud [41, B8Therefore, decreasing the nebulizer gas flow rate is
expected to broaden the NP peakmitarly, increasing the sampling depth (i.e., physically moving the
torch away from the cone interface), as well as increasing the plasmaagrevexpected to increase NP
peak width.

As shown in Chapter 1 (Figure 1.3), the collisior @ed., universatell) is located after the ion
optics and before the quadrupole mass analyzer. It is expectelelkitdtic energy discrimination
(KED) collision cell, filledwith helium gas, wilincrease the width of the NP peak. Collision of analyte
ions with helium gas in the collision cell may slow the-§#heratedons and subsequently broaden the
NP peak.
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Modification of several additional operating paraemstfollowing the cone interface is expected
to decrease the settling time while maintaining sensitivityese parameters are the quadrupole rod
offset (QRO) voltage and the quadrupole ion deflector (QID) entramsevbltage. Decreasing the QRO
voltage (e.g. from 0 volta/] to -10 V) should increase the acceleration of ions through the quadrupole
mass aalyzer, which would fill the quadrupole with ions more quickly and allovafdecrease in the
settling time needed to switch from one element wtear. Optimization of the QID entrance lens
voltage for elements of interest can increase the instruseasttivity. While this doesnOt directly affect
the capacity to switch between two elemental masses, an increased sensitivigxinilza the NP
signal to reduce signal loss from the ends of the NR aed allow for NP peak width broadening
without losng readings to the background.

Following optimization of dual element spl@®S, the methodOs ability to discriminate ENPs
from NNPs in environmental samples can be evaluafed.example, nan@e can be spiked into surface
water samples to show an incseaén NPs containing only Ce in the presence of backgt NPs
containing Ce and La. It can also be used to establish a baokgroncentration of NNPs in surface
waters, which is needed to evaluate ENP input andtsffe the future With further devéopment, he
dual element spICGIMS approach has the potential to be incorporatedéristing water quality sampling

networks for routine water quality monitoring.
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APPENDIX A

CONVENTIONAL ICP -MS STANDARD OPERATING PROCEDURE

Updated: February 2016

For analysis of total metals concentration in aqgesanples acidified to 2% acid.

A.l. General Lab Practices and Recording

For all ICRMS users.

A.1.1. Scheduling and Recording

¥

¥

Sign up in advance on the onli@mail CO 260 ICAVS Calendar.

If you are automatically recurring on the schedule,g#qalan at leaswo days in advance to remove
yourself, if necessary, to allow other users to plan their expetimk last minute cancellations occur,
email group members who use the NexION of its availability.

In the onlineGmail Dorothy Performance and Usage Log@&Xiles logbook, record all pertinent run
information including user, date, time in/out, plasma on/off time, matrix, vacuussyree results

from daily tuning, whether cones are checked ananed, and any additional run information (e.qg.,
collision/reaction cell usage and/or transport efficiency). tothe comments section any issues
encountered; if none, note ORan wellO.

Email those responsible for maintenance if a reagrerror message persists or you encounter run

problems that force you to hoontinue with planned experiments.

A.1.2. General Lab Practices for NexION

¥

Leave the NexION area in clean condition and rensaraples from the autosampler before ending
your shift.
Do not leave solution bottles empty for the nexisparto refill (e.g.2% nitric acid for rinsing,

standardizing solutions, etc.).
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A.2. Instrument Start Up and Plasma Ignition

For all ICRMS users.

1. Check pressure on argon dewar (~180psi) and instruargon pressure gauge (~100psi).

a. If instrument argon pressure is <100psntact those responsible for IBPS maintenance.

2. Turn on the chiller (wait until temperature reads @il 5;C before lighting the plasma).

a. Chiller temperature should be about 15 jC and rutol80 jC when the instrument is in use. If it
is out of this rage, contact those responsible for IS maintenance.

3. On the Windows desktop, open Syngistix software (iy take a few minutes to open).

a. Note that the dataset should not be above 500 enésethis will slow the computer and
eventually cause problemsth loading the program entirely. If the datasetdraes large, please
create a new dataset for Daily Tuning.

4. Connect peristaltic pump tubing; replace tubingetessary (stretch new tubing before placing on
pump). Wait to clamp tubing down until plasisagnited.

a. Sample tubing (greearange, outemost location)

b. Internal standard tubing (gre@mange, middle location)

C. Waste (reered or greygrey, innermost location)

5. Connect rinse peristaltic pump tubing on the autqgdam

a. Acid rinse fill tubing (yelow-yellow, outermost location)

b. Acid rinse waste tubing (blaekhite, middle location)

6. Check that an adequate volume of 2% nitric acid if@gigrade) is in large rinse bottle; refill is
necessary from the 2 L 2% nitric acid bottle.
7. Check that the vacuunrgssure is <1B.

a. Control button Main tab

I. This tab shows the status of the instrument; if @amgrs are shown contact those responsible

for ICP-MS maintenance.
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8. Light the plasma.

a. Control button Main tab! press Start next to Plasma bar

b.

I. If the plasma des not ignite on the first try, press Start once more. If 4w does not
ignite after two tries, contact those responsible for-M$ maintenance.
Allow the plasma to warm up for 30 minutes beforetstgrdaily tuning procedure and/or sample

analyss.

9. Turn on the peristaltic pumps.

a.

The main peristaltic pump will start upon plasmaitign (the tubing should be connected, but

should not be clamped down at this point).

Start the autosampler peristaltic pump.

i. Devices button AutoSampler talh Probe! Go to Rinse

il. Clamp down the autosampler petimp tubing.

Change main peristaltic pump speed20rpm.

i. Devices buttont Peristaltic tad type in-20 rpm in pump speed

Clamp down the main peristaltic pump tubing; make subing is in the correct grooves.

Check that 2% nitric acid rinse solution flowesthe spray chamber amditthe waste tubing.

I. If it does not, check that the peristaltic pump tghimproperly connected. If issues persist,
contact those responsible for [BIFS maintenance.

Allow the pump to run until there is smooth flow and no bubbles appear in the sangdelfi

through the sample introduction system (i.e., autosampler line, internal stéindaed the T of

analyte lines, etc.). Tap out any bubbles that you see whéingtiiepump.

i. If bubbles continue to appear, check connection,lchacclogs, or try changing tubing if it

is aged. If that does not help, contact those responsible.
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A.3. Daily Tuning Procedure

1.

Check that the 50 mL sample tube in autosampletitotd has tlleast 10 mL of NexION Setup

Solution (10 ug/LBe, Ce, Fe, In, Li, Mg, Pb, U in 1% HND Refill if needed.

Make sure only the greasrange sample tubing and waste tubing are on the peristaltic pump (i.e.,

internal standard should not be in use during optimization).

Perform daily optimization.

a. Smart Tune buttoi change to SmartTune Manual (next to Optimize b)ttorMake sure

OCSM DailyO is open (Fife Open, if not}* Click Optimize

i. Typical optimization in OCSM DailyO is:

1. Torch AlignmentbMoves the toch box position to obtain the maximum number of

indium counts.

2. Nebulizer Gas Flow STD/KED [NEBDAdjusts the nebulizer gas flow to achieve

maximum indium and cerium counts while minimizing ceriundexcounts (<0.025 or

2.5%).

3. QID STD/DRCBSweeps the vidge of the ion deflector to optimize the voltage to get

the maximum signal for the majority of elements.

4. STD Performance ChedkTakes optimized values and analyzes a suite of eltme

typical values below:

¥

¥

¥

¥

Mg: 300,000500,000
In: 750,0001,000,000
U: 300,006500,000
Ce0:<0.03
Ce™:<0.025

Bkgd: <1 counts

Below are some common fixes if these values are off:
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¥ If CeO is too high, reduce neb gas flow.
¥ If Ce™is too high, increase neb gas flow.
¥ If counts are low, cleaning may be necessary or youmaayto increase neb gas
flow.
If changes are made,-ran STD Performance Check by right clicking on OSTD
Performance CheckO and choosing OQuick OptimizeO.
2. Input nebulizer gas flow, Mg, In, U, Ce CeO, background counts, and vacuum pressure into online

Dorothy Performance and Usage Log.

A.4. AnalysisbUsing Pre-existing Methods
See section A.5 for creating a new method.
1. Load method.
a. Click Method buttorr File* Open* Choose method
b. Within Method, go to Report tab Report File Destination Browse* Type n New File
Name* Click Open
c. File* Save As* <New sample file name or replace existing file >
2. Create sample list.
a. Click Sample buttori Batch tab, fill out table (Batch mode is describetbty, use Manual
sampling tab if desired)
I. Type in Autosampler Locan, Batch ID (if desired), Sample ID, and Measurement Action.
1. Typically the measurement action is Run Sample faaanples except the first for
which Run Blank, Stds. and Sample should be chosen
il. Right click method to select appropriate methodafiealysis (the method you just saved) and
fill down the table.
iii. Fillin Sample Type as Sample for all samples

iv. Fill out other columns in table if desired.
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b. File* Save ag <New sample file name>

3. Add internal standard tubing to the middle locatidithe peristaltic pump, tee in to the sample
tubing, and place internal standard inlet tubing into 10ppb In internal starcdatidrs (or other
desired internaltandard). Let run several minutes.

4. Highlight all rows of sample list and click Analyze tBh.

A.5. AnalysisBCreating a New Method
See section A.4 for analysis with a fmeising method.
1. Create new method.
a. Click Method buttorl File! New! Quantitative Analysi$ OK
b. Create a list of analytes.
i. Click Timing tab
il. Type in elements of interest
1. Use periodic table to the right to choose desiretbj®e(s) of interest and internal
standard
2. Highlight all analytes (incl. int. std!) Click down arrow on Method buth! Define
Group
3. Highlight internal standard row Click down arrow on Method buttdn Set Internal
Standard
ili. Fill out remaining information, typical conditione@wvn below:
1. Scan Mode: Peak Hopping
2. MCA Channels: 1
3. Dwell Time per AMU (ms): 200 for analytes0 for internal standard
4. Mode: Standard, Cell Gas A: 0, Cell Gas B: 0, RR®&y: 0.25
iv. Fill out timing information, typical conditions showbelow:

1. Sweeps/ Reading: 25
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2. Readings / Replicate: 1
3. Replicates: 3
4. MassCal File: default.tun
5. Conditions File: diault.dac
c. Processing tabtypically no change needed.
d. Equation talbshould automatically fill in based on grouping angbinal standard set in Timing
tab, no change needed.
e. Set calibration standards.
I. Calibration tad Fill in appropriate concentratiorfisr standards
il. Set concentration metric by right clicking to change
iii. DonOt set any concentrations for internal standard
f. Sampling tab
I.  Fill out appropriate peristaltic pump timing and sgs, typical conditions shown below:
1. Sample Flush: 60 se€4 rpm
2. Read [lay: 45 sec;20 rpm
3. Analysis:-20 rpm
4. Wash: 90 sec24 rpm
i. Fill out the appropriate sample name and autosangations for the calibration standards
g. Reporttab
I. Under Report View choose Report Options Template
1. Typically valerie uranium.rop
il. Under NetCDF choose NetCDF Destination Directory
1. Typically NetCDF Destination Directory: @serdCSM
RanvilleDocument&erkinElmer Syngist#«CPMS_CSM RanvilleReportOutput

lii. Under Report to File
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1. Check Send to File
2. Choose Report Options Template (the same as glaaaben)
3. Choose Report Filename
h. File! Save as <New method file name>
2. Create sample list.
a. Click Sample buttoh Batch tab, fill out table (Batch mode is describebblve use Manual
sampling tab if desired)
I. Type in Autosampler Location, Batch ID (if desil), Sample ID, and Measurement Action
1. Typically the measurement action is Run Sample faaanples except the first for
which Run Blank, Stds. and Sample should be chosen
il. Right click method to select appropriate methodafimalysis (the method you jusaved) and
fill down the table
iii. Fillin Sample Type as Sample for all samples
iv. Fill out other columns in table if desired
b. File! Save ag <New sample file name>
c. Add internal standard tubing to the middle locatidrthe peristaltic pump, tee in to the sdenp
tubing, and place internal standard inlet tubing into 10ppb In internal starcdatidrs (or other
desired internal standard). Let run several minutes.

d. Highlight all rows of sample list and click AnalyzetBh.

A.6. During Calibration BView and Sae File

1. Click CalibView button.

2. As standards are analyzed, click Stats button tw Revalue.
a. Want several 090s0 (i%= B.9999)

b. Toggle between elements using dia@yvn box
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c. If only one point is throwing off the calibration cunaick on that point teemove it (donOt do
this for more than one point obviously)
3. Once standards are analyzed, make sure to savaltbetion curve

a. File! Save as <New calibration file name>

A.7. During AnalysisBView and Export Results
1. View analyzed sample concentration
a. Click Reporter buttoh Concentrations tab
2. To view real time data, click Realtime button
3. Export data report
a. Click Reporter buttori click Export AIIE button in lower right corner

<New report file name> (the report will be exportedan Excel file)

A.8. Instrument Shut Down and Optional Cone Cleaning

1. Allow autosampler to rinse in 2% nitric acid rinsdusimn for 5 minutes.

2. Move autosampler to MilliQ water rinse tube in autnpéer location 3 and rinse for 3 minutes.
a. Devices buttorf AutoSampler tah Probe* Choose tube numbé&r Goto Tube #

3. Move autosampler out of solution and flush withfair3 minutes or until the tubing does not contain
solution.
a. Devices buttorf AutoSampler tah Probe* Goto Standby

4. Turn the plasma off.
a. Control buttor* Main teb* click Stop next to Plasma status bar

5. Unhook peristaltic pump tubing on main peristaltionp and autosampler peristaltic pump.

6. Turn off chiller.

7. Clean cones. Do not complete this step if you h@teaceived cone cleaning training.
a. Open instrument.

i. Lift up OhoodO from the front
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il. Press button on right (lit green)
ili. Wait several seconds until you hear a click and dperdoor on the right side of the
instrument
b. Visually inspect sampler cone. If salting (i.elf saildup) is present, proceed to the nstdps.
If not, do not clean cones and move on to step §oufuse a very OdirtyO matrix, such as
wastewater, cell growth media, concentrated surfacpdedise clean the cones even if they
visually do not appear to have significant salting.
c. Remove sampler cone and skimmer cone.
d. Clean sampler cone using 2% nitric acid and Kimwipes
I. May also need to use methanol occasionally if sasnwkre heavy in organics.
e. Place skimmer cone in upturned 50 mL falcon tubevaitip 2% nitric acid, soak for several
minutes and wipe with Kimwipe, repeat if needed.
I. Sonicate in bath for a couple minutes, if needed.
f. Place cones back in instrument.
I. Make sure to do this correctly. Failing to do so oasult in damage to the instrument.
g. Close the door and hood of the instrument
Complete the Dorothy Performance and Usage Log. eNdaike to record plasma time off, whether
cones were inspected and cleaned, and time out.
Clean the ICRMS area (i.e., clean up any tubes, caps, peristalticp tubing etc. that will get in the

next ugrs way).
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APPENDIX B
SINGLE PARTICLE ICP -MS STANDARD OPERATING PROCEDURE
Updated: April 2016
For analysis of dilute aqueous solutions contaimregallic nanoparticles (< 1 um).
B.1. General Lab Practices and Recording
Refer to Conventional IGRS Standard Operating Procedure Section 1 (Appeidix
B.2. Instrument Start Up and Plasma Ignition
Refer to Conventional IGRS Standard Operating Procedure Section 2 (Appeidix
B.3. Daily Tuning Procedure
Refer to Conventional IGRS Standard Operating Procedure Section 3 (Appefdix
B.4. Transport Efficiency Determination
1. Prepare dissolved Astandards.
a. Dilute stock Ad solution to 0, 1, 5, 10, and 20 ppb (ug/L) in 2% HCI
i. These dilute standards should be kept no longer3tdays to ensure they remain accurate.
It is preferable to make fresh standards the day of/sisal
2. Prepare partie Au standards.
a. Dilute stock 50 ppm (mg/L) NIST Au NP solution to 508 ng/L) in Milli-Q water (18.2 M -
cm).
i. Prepare three 500 ppt solutions. These shoulddEaped the day of analysis.
ii. Sonicate particle solutions following preparatioe (ibetveen each dilution) for 5 minutes in
sonic bath.
iii. Record average TEM size, provided by NIST.
b. Prepare one 0 ppt solution (i.e., Mii blank).
3. Create transport efficiency method. If using a@xesting method, move to Step 4.
a. Open Nano Application Module.

89



i. Applications tab* Click on Nano button
Open transport efficiency method window.
i. Click on Analysis button within Nano Application Mol.
ii. In Acquisition sectiort Transport Efficiency tab
Create new transport efficiency method.
i. In Method sectioi Transpot Efficiency tab* Click on New button
ii. In Transport Efficiency tab (within Method section)| éilt data analysis information.
Typical conditions shown below:
1. Dwell time: 100 ps
2. Scantime: 60 s
3. Conditions Files: Default.dac
4. Analyte: Au
5. Mass: 196.967 amu
6. Density: 19.3 g/crh
7. Mass Fraction: 100%
8. lonization Efficiency: 100%
9. RPg: 0.5
iii. In Calibration tab (within Method section), fill outli&ation information to match dissolved
Au and particle Au calibration standards (Steps 13nd
1. Dissolved Au standardsT®1 =1 pg/L, STD2 =5 pg/L, STD3 = 10 pg/L, and STD4 =
20 pg/L.
2. Particle Au standards: STD1 = 56 nm (according to NA8drage TEM size)
iv. In Pump Settings tab (within Method section), fill simiing information. Typical conditions
shown below.

1. Sample Flgh: 60 s;24 rpm
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¥ Reduce to 30 s if using short piece of teflon tuliima can be attached to green
orange sample tubing instead autosampler tubing.
2. Read Delay: 30 s20 rpm
3. Wash: 60 s;24 rpm
d. Save transport efficiency method file.
i. In Method sectiori Transport Efficiency tab Click on Save button
<New method file name>
4. Set up data acquisition conditions for transpoitifhcy.
a. Set flow rate and transport efficiency approach.
i. In Acquisition sectiort Transport Efficiency tab
ii. Pump speed is controtledoy method, no need to alter.
iii. Enter flow rate (0.3 mL/min, if using greemange sample tubing).
iv. In dropdown box, choose Calculate Based on Partide. Si
b. Load transport efficiency method.
i. In Method sectiorf Transport Efficiency tabh Click on Load buttn* choose method
from file.
1. Make sure the dissolved Au standard concentratindgarticle Au standard size agrees
with prepared standards (see Steps 1 and 2).
2. Check that sample flush, read delay, and wash tareesppropriate for tubing length.
¥ If using the autosampler, suggested times are: 624srpm) sample flush, 30 20
rpm) read delay, and 60 €4 rpm) wash time.
¥ If using short tube, which can be connected to thergoeange peristaltic pump
sample tubing at this point instead of the aamogler tubing if desired, suggested
times are: 30 s-24 rpm) sample flush, 30 20 rpm) read delay, and 60-24 rpm)
wash time.

5. Create new Dataset.
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a. Click on Results button within Nano Application Modul

b. In File Options section, click on first Browbe@tton next to Dataset Folder.

c. Documents PerkinElmer Syngistix ICPMS_CSMRanville¢e Nano* Dataset Create
New Folder (preferably located within your own persdoider)* Label appropriately (e.g.
date_sample description_initiats) Click OK

6. Create @ssolved Au calibration curve.

a. Click on Analysis button within Nano Application Molg.

b. Acquisition sectiort Transport Efficiency tab

c. Choose Dissolved in calibration drolown box.

d. Place autosampler sipper (or short tubing attachne% HCI blank (0 pb Au). Click

Analyze Blank.

i. Intensity (counts) are typically < 0.1 for the blank.ndk, flush with 2% HCI until counts are

< 0.1. If counts are still not < 0.1 aftesl® minutes of flushing, contact those responsible for

ICP-MS maintenance.
e. Place atosampler sipper (or short tubing attachment) in STD1 (1 ppb Au). Chdose Hrop
down box next to Analyze Standard. Click Analyze Standard.
f. Place autosampler sipper (or short tubing attachne2% HCI to wash tubing for about 60
seconds.
g. Repeat Stas 6ef for all dissolved Au standards. Remember to chahgetandard number in
the dropdown box to the correct number according to the transport efficiency method.
h. Save dissolved Au calibration file.
Calibration sectiori Transport Efficiency tab Dissolved chosen from dragown box*
Save buttorf <New calibration file name>
7. Create particle Au calibration curve using one sawpincentration in triplicate.
a. Acquisition sectiort Transport Efficiency tab
b. Choose Particle in calibration drafmwn box.
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c. Place autosampler sipper (or short tubing attachment) in-®ilkater blank. Click Analyze
Blank.

i. Intensity (counts) is typically < 0.1 for the blank.nbt, flush with 2% HCI or MiliQ water
until intensity is < 0.1. If intensity is still not < 0.1terf 510 minutes of flushing, contact
those responsible for IEGMS maintenance.

d. Place autosampler sipper (or short tubing attachne®00 ppt NIST Au NP solution OaO (first
of three solutions prepared). Choose 1 from eifopn box next to Analyze Standla Click
Analyze Standard.

i. Note average particle intensity (counts) provide@atibration section (Transport Efficiency
tab* Particle chosen from dregiown box). Transport efficiency based on afmgmal fit
of the size distribution data is also provided here.

e. Repeat Step 7d with solution ObO and OcO (rensamipte replicates). Each time choose 1
from dropdown box and Analyze Standard.

f. Place autosampler sipper (or short tubing attachne% HNG; rinse solution.

8. Calculate average transporfieiency.

a. Click on Results button within Nano Application ModulThis will show results of samples
included in selected Dataset.

b. Click on STD1 for solution Oa0 in results tablefitaeof three OSTD10). The calculated
transport efficiency is shown the Parameters window. This transport efficiency is calculated
based on the chosen fit of the distribution.

c. Alter the fit of the distribution to Max Intensitgnd record the transport efficiency.

d. Repeat Steps 8bfor STD1 results for solutions ObO @ad.

e. Calculate the average transport efficiency fromttipdicate analysis. Record this value in the
Dorothy Performance and Usage Log, and use for saamallysis. Transport efficiency is

typically 510%.
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B.5. Sample AnalysidSample Mode (no autsampler)

Analysis using autosampler in batch mode is desgribé&ection B.6.

1. Create new Dataset if not already done during tramsdficiency determination (see Section B.4

Step 5).

2. Click on Analysis button within Nano Application Molg.

3. Create n& sample analysis method. If using a-psésting method, move to Step 4.

a.

b.

In Acquisition sectiort Sample tab

In Method sectiori Sample tali Click on New button

In Sample tab (within Method section), fill out dateabysis information. Typical conditis

shown below:

1.

2.

Dwell time: 100 ps

Scan time: 60 s

Conditions Files: Default.dac

Analyte: Choose analyte and mass of interest. Exssumed density, mass fraction, and
ionization efficiency (typically bulk density, calculated mass fraction, anéc100

ionization efficiency). RPq should be 0.5.

In Calibration tab (within Method section), fill outldmation information for dissolved

calibration standards.

1.

Make at least three and up to six calibration stedgléincluding a blank) for your
analyte of interdsthat bracket the anticipated range of pulse intensities from the
nanoparticle samples to be analyzed. These dilute standards shoutd be kenger
than 5 days to ensure they remain accurate. It is preferable to makstémedards the

day of analyss.

In Pump Settings tab (within Method section), fill ¢simting information. Typical conditions

shown below:

1.

Sample Flush: 60 s24 rpm
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¥ Reduce to 30 s if using short piece of teflon tuliima can be attached to green
orange sample tubing instead@ampler tubing.
2. Read Delay: 30 s20 rpm
3. Wash: 60 s;24 rpm
c. Save sample method file.
i. In Method sectiort Sample tali Click on Save buttoih <New method file name>
4. Set up data acquisition conditions for sample ctibbec
a. Set flow rate and transport efficiency for analysis.
i. In Acquisition sectiort Sample tab
ii. Pump speed is controlled by methmo need to alter.
iii. Enter flow rate (0.3 mL/min, if using greemange sample tubing).
iv. Enter transport efficiency determined in Section.B.4
b. Load sample method.
i. In Method sectiori Sample tali Click on Load buttorf choose method from file.
1. Make sure théissolved standard concentrations agree with prepared standards.
2. Check that sample flush, read delay, and wash tareesppropriate for tubing length.
¥ If using the autosampler, suggested times are: 6srpm) sample flush, 30 20
rpm) read delayand 60 s{24 rpm) wash time.
¥ If using short tube, which can be used in sample nifodiesired, suggested times are:
30 s €24 rpm) sample flush, 30 20 rpm) read delay, and 60-24 rpm) wash time.
5. Create dissolved calibration curve.
a. If analyzing for*’Au, use the transport efficiency calibration and mtw Step 6.
i. In Calibration section, check box for Use Transportdigficy Calibration.
b. If not analyzing for®’Au, analyze dissolved standards.
i. Acquisition sectiort Sample tab

ii. Ensure the transpoefficiency and sample flow rate are entered.
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iii. Choose Dissolved in calibration drolewn box.
iv. Place autosampler sipper (or short tubing attachniewlibration blank. Click Analyze
Blank.
v. Place autosampler sipper (or short tubing attachnmecglibraton STD1. Choose 1 from
drop-down box next to Analyze Standard. Click Analyze Standard.
vi. Place autosampler sipper (or short tubing attachnie2% HNGQ; solution to wash tubing
for about 60 seconds.
vii. Repeat Steps 5biv for all dissolved calibration standis. Remember to change the
standard number in the dralmwn box to the correct number according to the method.
viii. Save dissolved standard calibration file.
Calibration sectiori Sample tali Dissolved chosen from dregown box* Save button
* <New calibratdn file name>
6. Analyze samples.
a. Acquisition sectiort Sample tab
b. Ensure the transport efficiency and sample flow aageentered.
c. Place autosampler sipper (or short tubing attachnesample.
d. Type in sample name.
e. Click Analyze Sample.
f. Rinse in 2% HNQ@for 60 seconds following sample analysis.
g. Repeat Steps écfor remaining samples.
B.6. Sample Analysi®©Batch Mode (using autosampler)
Analysis using sample mode without the autosampldessribed in Section B.5.
1. Create new Dataset if not alreadynéaduring transport efficiency determination (see Section B.4
Step 5).
2. Click on Analysis button within Nano Application Molg.
3. Create new sample analysis method. If using @&egigting method, move to Step 4.

96



a.

b.

C.

In Acquisition sectiort Sample tab

In Method sectiori Sample tali Click on New button

In Sample tab (within Method section), fill out datealysis information. Typical conditions

shown below:

1.

Dwell time: 100 ps

Scan time: 60 s

Conditions Files: Defatidac

Analyte: Choose analyte and mass of interest. Exsumed density, mass fraction, and
ionization efficiency (typically bulk density, calculated mass fraction, anéc100

ionization efficiency). RPq should be 0.5.

In Calibration tab (within Method s&on), fill out calibration information for dissolved

calibration standards.

1.

Make at least three and up to six calibration stedgléincluding a blank) for your

analyte of interest that bracket the anticipated range of pulseitigsrfrom the

nanopaitle samples to be analyzed. These dilute standards should be kept no longer
than 5 days to ensure they remain accurate. It is preferable to makstémedrds the

day of analysis.

In Pump Settings tab (within Method section), fill simting informaion. Typical conditions

shown below:

1.

2.

3.

Sample Flush: 60 s24 rpm

¥ Reduce to 30 s if using short piece of teflon tuliim can be attached to green
orange sample tubing instead autosampler tubing.

Read Delay: 30 s20 rpm

Wash: 60 s;24 rpm

Save samplenethod file.

In Method sectiot Sample taly Click on Save buttoh <New method file name>
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4. Load sample method.
a. In Method sectiorf Sample taly Click on Load buttorf choose method from file.

i. Make sure the dissolved standard concentration®agith pregpared standards.

ii. Check that sample flush, read delay, and wash tareegppropriate for tubing length.

1. If using the autosampler, suggested times are: ésrpm) sample flush, 30 20 rpm)
read delay, and 60 24 rpm) wash time.
2. If using short tubewhich can be used in sample mode if desired, suggested times are: 30
s (24 rpm) sample flush, 30 20 rpm) read delay, and 60-24 rpm) wash time.
5. Create new batch and analyze samples in batch.
a. Acquisition sectiort Batch tab.
b. If desired, an old batch can be modified or used austd creating a new one.
i. Click Load. Choose batch from folder. Alter as reskd
c. If a new batch is desired, click on New button.
d. Choose the correct Dataset Folder.

i. Click Browse.

ii. Choose Dataset Folder.

e. Fill out table. Expand the table by clicking theaimvhite box in corner of Acquisition section
window.

i. Enter Autosampler location (A/S), Sample ID, Actigypically Run Sample except for
calibration standardSsee below), Method, Flow (0.3 mL/min with gre@mange peristaltic
sample tubing), and Transport Efficiency (determiime8ection B.4).

i. If analyzing for®’Au, use the transport efficiency calibration anchdo include calibration
standards at the begingiof the batch.

1. In Calibration section, check box for Use Transportdigficy Calibration.

iii. If not analyzing for®’Au, analyze dissolved standards first in batch.
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1. Fillin table as was done for the samples, excephgh the Action to Run Blank and Run
Dissolved Standard STD1, STD2, etc. (for calibratiamk and standards, respectively)
instead of Run Sample.
f. Save Batch file. Click Save buttén <New batch file name>.
g. Analyze samples in batch.
i. Ensure the transport efficiency and sample flow aageentered.
ii. Click Analyze Batch.
iii. Following analysis of calibration standards in batobde, save the calibrationdi
1. Calibration sectiori Sample tati Dissolved chosen from dregown box* Save
button* <New calibration file name>
h. View the realtime signal and redime histogram as each sample is analyzed in the bottom
windows of the Analysis section. See Secton for viewing and exporting results following
sample analysis.
B.7. View and Export Results
Raw data files for each sample (IBA5 response at each dwell time) is saved in the Reaablder
(Documentg PerkinElmer Syngistix ICPMS_CSMRanvilleé Nano* RawData). The following
section shows how to view and export the sample ressifpscessed by the Nano Application Module of
the Syngistix software.
1. Click on Results button within Nano Application Modul
2. The Dataset most recently analyzed, or opewdtappear in the Results Table. If samples were no
recently analyzed, open desired Dataset Folder.
a. Click Browse button next to View Dataset FitesOpen desired Dataset Folder.
3. Click on each sample row in the Results Table ta &ttélog-Normal, Gassian, or Max Intensity)
and adjust viewing window, if desired. Either of these stdjents will likely alter the sample results.
a. If any changes are made, the software will ask if ydik@®do keep or discard the changes when
you move to another sample in the table.
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4. Export individual sample results.
a. Click Export button next to Export Current Sample llsiample row of interest is highlighted.
b. An Excel file containing the Sample Information (@ble row), Size Histogram, Intensity
Histogram, and Mass & Calibration will be saved in the Export folder (Documents
PerkinElmer Syngisti¥x ICPMS_CSMRanvillee Nano* Export).
5. Export Results Table.
a. Click Export button next to Export Results Table.
b. An Excel file containing only the Results Table vki# savd in the Export folder.
B.8. Instrument Shut Down and Optional Cone Cleaning

Refer to Conventional IGRS Standard Operating Procedure Section 8 (Appefdix
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APPENDIX C
SUPPLEMENTAL MATERIAL FOR CHAPTER 2: CHARACTERIZATIO N OF AN
INORGANIC -CORE/ORGANIC-SHELL COMPOSITE PARTICLE BY SINGLE
PARTICLE ICP -MS AND FIELD -FLOW FRACTIONATION

C.1. Procedure forthe synthesis of AuPS-b-PAA NPs

The following presents the experimental procedusesidor the synthesis of ARSb-PAA NPs
(courtesy of Sundiata KlyJniversity of Victoria, British Columbia, Canada).
C1.1. Preparation of citrate-stabilized gold nanoparticles

All glassware was cleaned thoroughly via base batir pwiuse. All chemicals were obtained
from (SigmaAldrich®) and used as purchased. Undambient conditions chloroauric acid trinydrate was
combined with deionized water to make 50 mL of a 0.01 % (wbiQtion in a 100 mL round bottom
flask. In a clean sample vial, sodium citrate wasalved into deionized water to form a 1% (w/w)
solution The solution of chloroauric acid was brought to a boil. At the first instancalofghd.45 ml of
the 1% sodium citrate solution was added. The resulting solution turned blugsaseconds and red
after 70 seconds. The mixture was then allowedftaxéor another 10 min, cooled to room temperature
and then stored at 4;iC. TEM images of freshly prepared citat#lized gold nanopatrticles (citrate
AuNPOs) were compared against those obtained aftgs3dd after 1 month.
C.1.2. Preparation of pdystyrene-stabilized gold nanoparticles

Thiol-terminated polystyrene (PSH, M, = 29000 g mot) (PDI = 1.07) (SHFunctionality
>90%) was obtained from (Polymer Source?). Under amiiieonditions, PSSH was combined with
THF to make a 17 mg mitsolution Citrate AUNP solution was set to stir at approximately 600.rpm
The ligand exchange proceeded by dwipe addition of 1 mL of PSH solution to 5mL of citrate
AuNPOs allowing to stir overnight. A thin layer of penpolystyrenestabilized nanoparticles formed
atop the aqueous solution. Chloroform was added to thairitd dissolve the thin polymer layer into a

purple organic layer beneath the aqueous layer. The organic layer Veasecbby pipette. Particles that
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migrated to the water chloroformté@rface were purposefully not collected because they might not be
fully exchanged. The RS&abilized gold nanoparticle solution was then trameéeto a weighed vial,
rotovapped to dryness, and then further dried in a viacanen overnight without heatjrto remove
remaining solvent. Enough DMF was added to the drighes to make a 1% (w/w) solution which was
then stored at 4;iC. TEM images of freshly prepared nanoparticles arapaced against those obtained
after 3 days and after 1 month.
C.1.3. Microflui dic reactor fabrication

Negative masters were fabricated on silicon wafelg @i Materials) using the negative
photoresist S8 100 (Microchem). A 158m-thick SU-8 film was spircoated at 2000 rpm onto the
silicon wafer and heated at 65 {C for ith and then at 95 jC for 50 min. After cooling dothe wafer,
a photomask was placed over it and exposed to UV light fois1Then, the UMreated film was heated
at 65 jC for 1 min and then 95 {C for 20 min. Finatlye silicon wafer was submerged$U-8 developer
(Microchem) and rinsed with isopropanol until all unes@o photoresist was removed.
C.1.4.Microfluidic chip preparation

Microfluidics chips were fabricated from poly(dimgttsiloxane) (PDMS) using a SYLGARD
184 silicon elastomer kit (o Corning). For fabrication of all PDMS chips, thagtbmer and curing
agent were mixed at a 7:1 ratio and degassed under vacuum. Thiegesikture was poured over a
clean negative master chip in a Petri dish and further degassiealluemaining @& bubbles were
removed. The PDMS was heated at 85 {C until cured (ri&), and then peeled from the negative
master; holes were punched through the reservottseafesulting PDMS chip to allow for the insertion
of tubing. A thin PDMS film (substrate layer) was also made gliass slide by sphgoating a 20:1
elastomer / curing agent mixture followed by curing. The sateslayer was then permanently bonded to
the base of the microfluidic reactor (channel layer) after both comonene exposed to ggen plasma
for 45 s. The resulting reactor has a set chanmehd® 150 um and consists of a sinusoidal mixing

channel 100 pm wide and a sinusoidal processimannel 200 pm wide
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C.1.5. Flow delivery and ontrol

Pressuralriven flow of liquids to theeactor inlet was provided using 1 mL gastight syringes
(Hamilton, Reno, NV) mounted on syringe pumps (Harvargakatus, Holliston, MA). The microfluidic
chip was connected to the liquid syringgés 1/16™-inch (OD) Teflon tubing (Scientific Products and
Equipment, ON). Gas flow was introduced to the ahidpan Ar tank regulator and a downstream
regulator (Johnston Controls) for fine adjustments. The was connected to the downstream regulator
through a 1/18-inch (OD) / 106um (ID) Teflon tube (Upchurch Scientific, Oak Harb@¢A). The liquid
flow rate Qiq) was programmedia the syringe pumps and the gas flow r&dg.§ was finetunedvia the
downstream pressure regulator in order to dial in the nominafftmtarate of 200+L/min. Due to the
compressible nature of the gas and the high gas/liquid intelrfacision, discrepancies arise between the
nominal (programmed) and actual valuefgfs QyadQiq, and the total flow rateQwa). Therefore, the
adual gas flow rate was calculated from the frequency of bubble formatibtha average volume of gas
bubbles, determined from image analysis of the mean lengths of liqughamugslq andLgas
respectively, under a given set of flow conditionksisTmethod of flow calculation has been previously
employed in the context of gdiguid segmented flow in the microfluidic devideor the synthesis of
nanopatrticles described in this publication, the actualiga&l flow ratio and total flow rate were
determined to beQyadQiq ~1.04 andQioai~ 204+L min™.,

Visualization of the gas bubbles and liquid plugshimitthe microfluidic reactor was achieved
using an upright optical microscope (Omax) with a-bBjective lens. Images were captured using a 2.07
megapixel PupilCam (KeA-Vision) and mean lengths of liquid and gas plugs vdetermined from the
images usingmage analysis software (ImageHjjuations used to calculate flow rate and images of the
reactor are supplied in the supporting informiati
C.1.6. Microfluidic preparation of PS-b-PAA composite PSgold nanoparticles

Polystyreneb-polyacrylic acid (Mn = 704-13k) (PDI = 1.10) was purchased from Polymer
Source?. PS-b-PAA was dissolved in DMF at 1% (w/w) and allowed tix mvernight. For ncrofluidic
preparation of the composite nanoparticles three fluid streamscaergined to form gasegmented
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liquid plugs within the reactor: (1) 1 wt % mixture of equal parts (w/wpHRAA and PSAuUNp solution
in DMF, (2) pure DMF, and (3) a 12 wt % solution of water in DMF. The relative fedes of the three
liquid streamsQyq1, Qiig2, Qiigs, respectively, were set such that combination of the streams yielded
steadystate orchip concentrations of 0.33 wt % copolymer, 0.33 wt %AR8Ips, and 4 wt %vater.
Microfluidic flow conditions were selected and caniiied as described in the previous section. During
collection momentary flow stoppages would occur, and duhiage times the outlet tube from the chip is
removed from the accumulating sampleilutiie flow becomes regular again. Samples were collected
from the chip into 10x excess deionized water wéiiging, and stored at 4;C. TEM imageffreshly
prepared composite nanoparticles were compared against those obt@n8dials and after 1 month.
C.1.7. Particle sizing and image analysis
Sizing of the citrateand PSstabilized gold nanoparticles was done by dynamid kghttering
ona BI200SM goniometer with a (Melles Griot) HeNe laser (wavelergd32 nm and power = 35 mW).
Statistics and population distributions of-BAA composite PS50ld Nanoparticles were visualized by
TEM and size analysis was done using image analgftiwae (ImageJ).
C.2. Supplemental tables and figures
An electronic file containing the following tablesdafigures ispresented to supplement the
results and discussion included in Chapter 2 for Hagacterization of AAPSb-PAA NPs by spICRMS
and fieldflow fractionation techniques:
¥ Table C.1.Summary of all spICRMS analysesncluding sample ad data acquisition
conditionsfor each analysis type and sample.
¥ Table C.2.Summary of all fieldflow fractionation analyses, including sample andadat
acquisitionconditions, for each analysis type and sample.
¥ Figure C.1.ICP-MS dissolved Au calibration curve for 0, 1, 10, Xjb Au (SPEX
CertiPrep) in 2% HCI, collected fot’Au using 2187.5 ms dwell time/reading and 55

readings with a 1 mL/min sample flow rate.
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¥ Figure C.2.AF4 size calibration based on retention times ohB0) 100 nm, and 140 nm
polystyrene spheres and 30 nm and 60 nm NISTifkate NPs analyzed under conditions
shown in Table C.2.

¥ Figure C.3. The spICPMS (**’Au) NP mass distributions for detted fractions CFFF 1, 2,

4,5, 8, and 10 from the separation of-R8b-PAA NPs by CFFF.
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APPENDIX D
SUPPLEMENTAL MATERIAL FOR CHAPTER 3: CHARACTERIZATIO N OFA
BIMETALLIC CORE -SHELL PARTICLE USING ADVANCED
SINGLE PARTICLE ICP -MS AND FIELD -FLOW
FRACTIONATION TECHNIQUES
An electronic file containing the following tablesdafigures ispresented to supplement the
results and discussion includedChapter 3 for the characterization of-Ag coreshell NP by single
element and dual element mode spi@B and AF4.

¥ Figure D.1.Calibration curves fol’’Au and'°’Ag (response in counts per dwell time versus
concentration in ppb) used for splB#S particle size calculations od) bulk solution
analysis of AuAg NPs at 1:10dilution in Milli-Q water, and) dissolution experiment
analyses of AtAg NPs at 1:10dilution in Milli-Q and 1% (v/v) aqua regia.

¥ Figure D.2.Calibration curves fol’’Au and'®’Ag (net intensity in counts per second versus
concentration in ppb) used for total metal concentration aigaly

¥ Figure D.3.a) AF4 size calibration curves based on the elutiorsiof:b) 60 nm and 100
nm polystyrene spheres, aod30 nm and 60 nm Au NPs (NIST).

¥ Figure D.4.spICRMS raw data plots of the initial AAg NP dissolution experiment in 10%
aqua regia foa-c) **’Au andd-f) %Ag.

¥ Figure D.5.spICRMS size distributions for Adg NPs at 1:10dilution for a-b) **’Au and
c-d) 1%Ag in 1% (v/v) aqua regiéa,c) and MilliQ water(b,d) at time points of 0, 1, 2, 3, and
4 hours for the 2014 experiment; and a comparison between the 2014 and 2015 experiment
for e) the mean diameter arfiparticle number concentration f6fAu and'®’Ag in 1% (v/v)
aqua regia.

¥ Figure D.6. Temporal spICRMS results for AuAg NPs at 1:18dilution for */Au and'*’Ag

in 1% (v/v) aqua regia and Mi#Q water for the dissolved metal concentration (ppb).
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¥ Figure D.7.spCP-MS realtime data plots (i.e., IGRIS response in counts per dwell time
versus time in seconds) fard) Au-Ag NPs,e-h) 60 nm Au NPs, andl) 60 nm Ag NPs.
Samples were analyzed fare,i)**’Au in single element modé;f,j) **’Au in dual element
mode;c,g,k) *°*’Ag in single element mode; anich,l) **/Ag in dual element mode.

¥ Table D.1.Dual element mode splGHS results for each triplicate sample for the-Ag

NPs from manually processing the raw data using NizftcExcel.



