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ABSTRACT 

 Release of engineered nanomaterials (ENMs) into the environment is inevitable as the 

nanotechnology industry continues to expand producing a multitude of nanotechnology-enabled products 

(NEPs).  In this work, advancements in single particle inductively coupled plasma mass spectrometry 

(spICP-MS), used in tandem with the particle separation capabilities of field-flow fractionation (FFF), 

were made in order to quantitatively address two challenges: 1) the detection, characterization, and 

quantification of a composite particle representing the formation of a surface coating upon release of 

inorganic engineered nanoparticles (ENPs), and 2) the need to distinguish ENPs from interfering natural 

nanoparticles (NNPs). 

An inorganic-core/organic-shell composite particle was characterized using spICP-MS and two 

FFF techniques.  A model Au-PS-b-PAA nanoparticle (NP) consisting of 50 nm Au NPs incorporated 

into polystyrene micelles was used to represent a) the formation of surface coatings on inorganic NPs and 

b) polymer fragments released from inorganic ENP-containing polymer nanocomposites due to material 

weathering or abrasion. spICP-MS analysis of the composite particle indicated that multiple Au NPs were 

incorporated into the PS-b-PAA micelles, consistent with transmission electron microscopy (TEM) 

results.  The presence of multiple NPs resulted in an average incorporated Au equivalent size of 63 nm.  

Particle separation by asymmetric flow field-flow fractionation (AF4) provided a distribution of the 

composite particle hydrodynamic size (about 70-400 nm).  Analysis of the fractions by spICP-MS 

provided the incorporated Au mass, which demonstrated that as the Au-PS-b-PAA NP hydrodynamic size 

increased, the number of incorporated Au NPs (i.e., Au mass) increased.  Additionally, separation by an 

additional FFF technique, centrifugal FFF, and analysis of the fractions by spICP-MS provided the Au NP 

mass distributions in the Au-PS-b-PAA NPs as the mass of incorporated NPs increased.  

One of the challenges of detecting ENPs in the environment is distinguishing them from NNPs.  

ENPs have elementally pure compositions while NNPs contain multiple elements.  A bimetallic core-

shell NP (Au-core/Ag-shell) was used as model for NNPs in order to develop nano-metrology techniques 

suitable for the detection of interfering NNPs.  The Au-core/Ag-shell NP was first used to demonstrate 
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how current spICP-MS capabilities (i.e., using single element analysis) in combination with AF4 can be 

utilized not only to determine the bimetallic composite nature of the Au-Ag core-shell NP but can also be 

used to reveal the core-shell structure by temporally observing a slow acid digestion of the particles.  

Particle number concentrations provided by spICP-MS and AF4-ICP-MS analysis showed that the 

particle solution contained composite NPs rather than individual Au-only and Ag-only NPs.  spICP-MS 

was then used to observe particle dissolution in dilute acid over time to reveal the core-shell particle 

structure.  A recent development in spICP-MS technology, dual element analysis with a quadrupole mass 

analyzer, offers the ability to quickly determine the composition of a particle by detecting two elements 

on a particle-by-particle basis within one short sample analysis time.  It is expected that the detection of 

multiple elements in NNPs will distinguish them from the simpler single element detection events 

characteristic of ENPs.  A qualitative validation procedure with the Au-Ag NPs, Au NPs, and Ag NPs (all 

< 100 nm in size) showed that dual element spICP-MS detected and reported signals for the correct 

analytes using dwell times and settling times of 100 µs.  A quantitative comparison between the single 

element mode and dual element mode average NP intensities for the Au-Ag NPs showed dual element NP 

intensities that converged on an average in agreement with the expected core-shell NP mass ratio.  The 

ratio of single element NP intensity to dual element NP intensity was the same for both analytes, which 

may indicate an empirical factor that can be applied to convert the average NP intensity in dual element 

mode to a NP mass.  Approximately 40% of the dual element NP peaks were false negatives for the 

detection of particles containing both Au and Ag.  Dual element spICP-MS favors false positives for the 

high abundance element and false negatives for the low abundance element.  Future work will aim to 

broaden the NP peak to obtain more NP readings above the background to reduce false positives and 

negatives. 
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CHAPTER 1 

INTRODUCTION  

Given the continued growth of the nanotechnology industry and the prevalence of 

nanotechnology-enabled products (NEPs), release of engineered nanomaterials (ENMs) into the 

environment during the material lifecycle is inevitable.  A 2014 report by Lux Research shows that, 

worldwide, the revenue from NEPs grew from $339 billion in 2010 to more than $1 trillion in 2013, and 

global funding for emerging nanotechnologies has increased by 40-45% per year over that same time 

period [1].  The National Nanotechnology Initiative (NNI), the United States Federal GovernmentÕs 

interagency program for coordinating nanotechnology research and development, defines ENMs as 

Òmaterials that have been purposely synthesized or manufactured to have at least one external dimension 

of approximately 1Ð100 nanometers (nm)Ñ at the nanoscaleÑ and that exhibit unique properties 

determined by this sizeÓ, and NEPs as Òintermediate engineered nanoscale products, including ENMs 

embedded in matrix materials, that exist during manufacture and in final productsÓ [2].  Predicting the 

risks posed to human health and the environment due to the release of ENMs from NEPs is difficult due 

to challenges in quantifying ENM exposure parameters such as release rates, transport, stability, and fate.  

The development of new nano-metrology to quantify (mass, particle number concentration) and 

characterize (size, composition, structure, aggregation state) ENMs is essential to assessing the impacts of 

their release.  This need is recognized by the Nanomaterial Measurement Infrastructure (NMI) core 

research area of the NNI, which aims to Òestablish a comprehensive set of measurement toolsÑ

instruments, protocols and assays, standards, benchmark data, and modelsÑ to enable accurate and 

reproducible measurements of ENMs and NEPsÓ [2].  The work presented herein aims to address this 

necessity. 

Several analytical challenges to detecting ENMs in the environment exist.  These are low 

expected concentrations in the part per trillion (ppt), or nanogram per liter (ng/L), range; complex 

matrices such as surface waters, groundwater, wastewater, etc.; high background of dissolved (i.e., ionic) 
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species; transformations of particles upon their release such as the formation of coatings; and interfering 

naturally occurring nanoparticles (NNPs) present at higher concentrations than engineered nanoparticles 

(ENPs).  Commonly used techniques for nanoparticle (NP) characterization include electron microscopy 

(e.g., transmission electron microscopy [TEM], scanning electron microscopy [SEM]) and light scattering 

techniques (e.g. dynamic light scattering [DLS], nanoparticle tracking analysis [NTA]); however, these 

techniques are better suited for simple monodisperse particles in simple matrices at concentrations higher 

than those found in the environment [3].  Analytical techniques, or more likely a suite of techniques, is 

needed that can overcome these challenges to detection and characterization of NPs in the environment.  

Recent advancements in single particle inductively coupled plasma mass spectrometry (spICP-MS) 

coupled with the particle separation capabilities of field-flow fractionation (FFF) techniques offers the 

ability to tackle several of these challenges, specifically 1) the characterization and quantification of 

composite particles formed from the formation of coatings upon ENP release, and 2) the ability to 

distinguish ENPs from NNPs. 

1.1 Single particle ICP-MS: Particle-by-particle detection  

spICP-MS is an analytical technique used to detect, quantify, and characterize metal-containing 

NPs at environmentally relevant concentrations (i.e., the ng/L, or ppt, range).  The following is a 

description of fundamental ICP-MS components and spICP-MS theory used to determine the size, 

concentration, and composition of NPs. 

1.1.1 Conventional ICP-MS vs. spICP-MS 

The basic methodology of spICP-MS, as presented initially in a series of papers by Degueldre et 

al. [4-8], uses the inherent sensitivity and elemental specificity of ICP-MS to detect pulses of ions 

resulting from the sequential introduction of particles into the instrument.  In ICP-MS, aerosol droplets of 

an aqueous sample are introduced into an argon plasma where droplet desolvation, sample vaporization 

(of particles and/or dissolved solids), atomization, ionization, and diffusion of ions occurs before entering 

a quadrupole mass analyzer that filters the ions based on their mass-to-charge ratio (m/z).  The filtered 

ions are detected and amplified into a measurable signal by an electron multiplier.   Conventionally, ICP-
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MS is used to determine total concentrations of dissolved metals in solution using several data acquisition 

dwell times.  The dwell time is the length of time the ICP-MS detector collects a reading for a given m/z, 

and is on the order of several hundred milliseconds (ms) for conventional ICP-MS analysis.  Comparison 

of the constant intensities measured between the sample and dissolved analyte standards (i.e., a 

calibration curve) is used to determine the dissolved metal concentration.  spICP-MS utilizes standard 

ICP-MS sample introduction and detection but with shortened dwell times (< 100 microseconds [µs] to 10 

ms), which allows for quantification of metal NPs and/or colloids in solution (Figure 1.1).  Data 

processing procedures to obtain the desired particle characterization results, such as particle size and 

number concentration, are presented below (section 1.1.3). 

 
Figure 1.1.  Conceptual diagram of conventional ICP-MS analysis versus spICP-MS showing that ICP-
MS is typically used to measure the intensity from a constant stream of ions produced from a solution 
containing dissolved solids while spICP-MS measures discontinuous pulses of increased intensity (above 
a background signal) produced from a dilute solution of particles. 

 
 
1.1.2 ICP-MS components and processes 

The ICP-MS used for the studies herein (a Perkin Elmer NexION 300D quadrupole mass 

spectrometer) consists of a sample introduction system composed of a nebulizer and spray chamber, an 

ICP torch and radio frequency (RF) coil, cone interface, quadrupole ion deflector, collision/reaction cell, 

quadrupole mass analyzer, and a detector [9, 10].  A peristaltic pump transports a liquid sample at a flow 

rate of 0.3 milliliters per minutes (mL/min) to a concentric pneumatic nebulizer that produces aerosol 
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droplets ranging in size from < 1 micrometer (µm) to 20 µm [11].  A cyclonic spray chamber then 

removes large droplets (those greater than approximately 2-5 µm [12]), which would not be completely 

vaporized in the plasma and would subsequently create analytical issues if allowed to enter.  The transport 

efficiency, used in spICP-MS calibration and data processing (discussed further in section 1.1.3.1), is the 

fraction of the nebulized sample that enters the plasma, and accounts for removal of sample droplets in 

the spray chamber.  Under the sample introduction conditions used in these studies, transport efficiencies 

are typically about 6-10%.  The transport efficiency varies depending on the sample flow rate, type of 

spray chamber (e.g., Scott type instead of cyclonic), and the type of nebulization (e.g., monodisperse 

droplet generator instead of pneumatic nebulization).  Argon plasma, with a temperature of 6000-8000 

kelvin (K), is generated in the ICP torch when an RF power is supplied to the copper RF coil that is 

wrapped around one end of the torch.  This creates a strong electromagnetic field that forms the ICP 

discharge when a high-voltage spark is applied to the argon gas, and electrons are continuously stripped 

from the argon atoms.  During the 1-3 ms that a droplet spends in the hot plasma, the solvent evaporates, 

the remaining solid vaporizes, the gas is atomized, the atoms are ionized, and the ion cloud diffuses 

before entering the cone interface [13] (Figure 1.2).  The width of a NP peak is mainly influenced by the 

amount of diffusion the ion cloud experiences before entering the interface (discussed further in Chapter 

4).  Three nickel cones, the sampler, skimmer, and hyperskimmer cones, make up the interface region and  

 

 
Figure 1.2.  Components of the plasma torch and cone interface.  Also illustrated are the processes 
occurring in plasma: desolvation, vaporization, atomization, ionization, and diffusion.  Figure courtesy of 
H. Badiei, Perkin Elmer Inc. 
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control the transport of ions from the ICP at atmospheric pressure (about 670 Torr in Golden, Colorado) 

to the high vacuum mass spectrometer (3-5x10-7 Torr) (Figure 1.3).  The hyperskimmer cone focuses the 

ion beam into the quadrupole ion deflector (i.e., ion optics), which separates photons and neutral species 

from the ions.  Although not used in these studies, a collision/reaction cell (i.e., universal cell) is located 

just before the quadrupole mass analyzer to remove polyatomic interferences.  The quadrupole mass 

analyzer filters the ions based on their m/z when a direct current (DC) voltage is applied to two of the rods 

and a RF voltage is applied to the other two rods.  Only a certain m/z will pass through the detector for a 

given ratio of these voltages.  The quadrupole can rapidly change these voltages to switch between 

different elemental masses.  The filtered ions then hit a dynode on an electron multiplier, which releases a 

cascade of electrons to produce a measurable signal.  Recent advances in data acquisition rates allow for 

µs dwell times. [10] 

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

1.1.3 Nanoparticle analysis by spICP-MS 

spICP-MS detects NPs on a particle-by-particle basis by reducing the dwell time to 10 ms or less.  

With low particle number concentrations one particle is detected per dwell time as a ÒpulseÓ above a 

background (instrument noise and/or ions in solution).  The number of pulses above the background is 

proportional the particle number concentration and the size of the particle can be determined from the 

intensity of the pulse.  Pulse intensity is converted to mass, based on a calibration curve, and then mass is 

converted to size by assuming a density and a spherical geometry.  Recently spICP-MS analysis has 

shifted to µs dwell times so that the NP signal (with a duration of approximately 100-1000 µs, depending 
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on specific sample and instrumental conditions) is divided into several shorter duration readings that are 

integrated to provide the total particle intensity [14, 15, 16].  The benefits of µs-spICP-MS are reduction 

of the background signal and the ability to increase the concentration (e.g., from about 50 ppt with ms-

spICP-MS to about 500 ppt with µs-spICP-MS for a 60 nm Au NP).  As such, the size, concentration, and 

composition of nanoparticles can be determined using spICP-MS. 

1.1.3.1 Calibration by transport efficiency 

There are limited options for spICP-MS calibration to determine particle size and number 

concentration using conventional ICP-MS sample introductions systems (i.e., pneumatic nebulization).  

The simplest method is to generate a calibration curve using several NP standards of known sizes (i.e., 

ICP-MS signal response versus NP size).  This requires the same elemental composition, geometry, and 

density for both the standard and sample NPs.  Because of the low availability of well-characterized 

monodisperse NP standards for a multitude of elements at varying sizes, this method is limited to few 

types of NPs, and was not used in the studies presented herein.  The other option, utilized for the 

following studies, is to relate the intensity of the ICP-MS signal response for dissolved standards to the 

mass of a NP.  This computation is affected by the transport efficiency. 

As previously mentioned, transport efficiency is the fraction of the sample that enters the plasma. 

It accounts for removal of large aerosol droplets in the spray chamber, which can vary depending on 

specific operating conditions as well as the type of nebulizer and spray chamber in use.  As a result, only 

a fraction of dissolved metals in solution, typically used for conventional ICP-MS calibration, reaches the 

detector, and the mass of sample that generates a signal response is less than the mass predicted based on 

the sample concentration and flow rate.  Conversely, for a solution of NPs, transport efficiency affects the 

number of NP pulses observed over a given period of time but not the signal produced by a given NP 

mass.  To correct for this difference, the dissolved metal calibration curve (signal intensity versus 

dissolved sample concentration) is converted to a mass flux curve (signal intensity versus mass per time), 

as shown by Equation 1.1, which can then be used to convert NP pulse intensity to NP mass (section 

1.1.3.3).  
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 ! ! ! !"# ! ! !"# ! ! !"#$%& ! ! !"#$$  (1.1) 
 

 
Where:  W = mass flux (mass delivered in each dwell time) 
  CSTD = mass concentration (mass * volume-1) 
  ! neb = transport efficiency (unitless) 
  Qsample  = sample flow rate (volume * time-1) 
  tdwell = dwell time (time/dwell) 

 
 
Unless the transport efficiency is known to be 100% (e.g. for microdroplet generators), it must be 

determined experimentally by one of three methods (Figure 1.4) [12].  The first method, by waste 

collection, is simple but the least accurate (Figure 1.4a).  The transport efficiency is described by the ratio 

of the total volume of sample that enters the plasma to the total volume of nebulized sample.  To 

determine the volume of sample that enters the plasma, the volume of waste collected is subtracted from 

the volume of solution delivered by the nebulizer given the sample flow rate and waste collection time.  

Because this method is subject to a number of uncertainties, such as evaporation, the uncertainty due to 

subtraction of two large volumes, and inconsistency in the waste drainage from the spray chamber [17, 

18], it was not used in the following studies.  The second method, the particle number method, relies on 

the assumption that each NP that enters the plasma produces a signal pulse (Figure 1.4b).  If the NP 

number concentration of a standard solution is well known, the number of particles nebulized per time 

can be calculated given the sample flow rate.  The ratio of the number of NPs detected as pulses to the 

number of NPs nebulized in a given period of time is the transport efficiency.  This method requires 

accurate knowledge of the standard particle number concentration, which can be estimated from the 

known mass concentration, particle density, size, and shape of a well-characterized standard NP solution.  

Uncertainties in the particle number concentration, particularly an underestimation of this value and a 

subsequent overestimation of transport efficiency, arise from the inherent nature of colloidal suspensions 

that can result in aggregation, settling, and/or sorption to the sample containers.  For this reason and the 

unavailability of standard NP solutions with a reliable particle number concentration, this method was not 

used either.  The third method, the particle size method, requires knowledge of the particle density, size, 

and shape of a well-characterized monodisperse NP to determine the NP mass; the signal from the NP of  
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Figure 1.4.  Methods for determining the transport efficiency for quantitative spICP-MS analysis. 
 

known mass is then used to calculate transport efficiency using the mass flux curve, as shown in Equation 

1.1 (Figure 1.4c).  As with the other methods, uncertainties are introduced within the assumptions, such as 

the particle shape, size, and particle density, typically assumed to be the material bulk density.  It is also 

assumed that the generation and transport of ions in the plasma and the instrument sensitivity is the same 

for ions from NPs and dissolved ions; however, aerosol droplet size and matrix (i.e., dilute acid for 

dissolved standards and water for particle standards) may have an effect.  Of the three methods, these 

uncertainties are considered the most minimal, and as such, the third method is used in the studies 

included herein. 

1.1.3.2 Peak identification 

Prior to calculation of particle size distribution and number concentration from the NP pulse 

intensity and frequency, respectively, the NP events (i.e., pulses) must be separated from the background 

signal (i.e., instrument noise and dissolved ions).  Two manual data manipulation methods exist to 

distinguish NP events from the background: 1) a well-established iterative approach using a background 
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threshold value above which signal intensities are identified as NP events, as presented by Pace et al. [12], 

and 2) a more recent signal deconvolution method developed by Cornelis and Hassellšv [19].  The 

commercially available nano-application software module (Perkin Elmer SyngistixTM Nano Application 

Module) used for data processing in the following studies is based on the iterative approach.   

As described by Pace et al. [12], when dwell times of 3-10 ms are used and a NP event is 

represented by only one pulse, all signal intensities are averaged over the entire sample analysis time and 

data points above the mean plus 3"  are identified as NP pulses and removed from the data set.  The 

averaging process is iterated until there are no more data points above the threshold.  The mean of the 

data set plus 3"  is typically chosen as the threshold because it is the same method used to remove outliers 

from a normally distributed data set (it is assumed that the background data points have a normal or near-

normal distribution); although, other threshold values, such as the mean plus 5" , have been used [20, 21].  

Following the iterative removal of NP events, the remaining data set represents the background 

signal from which a dissolved metal concentration can be determined.  The number of NP pulses removed 

from the background is the total particle events.  When using µs-microsecond dwell times, for which a NP 

event is composed of multiple consecutive readings above the background, a similar process is used with 

the additional requirement that following NP event identification the consecutive signal intensities that 

constitute a single NP event must be summed to obtain a total NP intensity.  Using spICP-MS theory, as 

described in the following section, the particle size and number concentration can be determined based on 

the NP intensity and frequency, respectively.  

The iterative method works well for large NPs for which the signal intensities are clearly outliers 

above the threshold; however, for small NPs and/or samples with a high ionic background useful particle 

detection and characterization is more difficult, and in some cases impossible.  In order to discriminate 

small NPs from a high dissolved background signal, Cornelis and Hassellšv [19] recently developed a 

signal deconvolution method using Polygaussian probability mass functions (pmfs) to separate the 

contribution of particle ions to the signal intensity when both particle ions and dissolved ions reach the 

detector within the given dwell time.  Although it is useful to note the potential importance of this second 
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method for spICP-MS data processing, the NP samples used in the studies presented herein were large 

NPs in simple aqueous matrices with low ionic background.  Thus, the iterative method employed by the 

standard Perkin Elmer ICP-MS software was appropriate. 

1.1.3.3 Nanoparticle sizing and counting 

The particle number concentration is determined with a simple conversion of the number of NP 

pulses in a given sample scan time (NPs/min) by the sample flow rate (mL/min) and the transport 

efficiency.  The NP size is determined from the NP signal intensity, as follows.  The NP signal intensities 

are converted to mass using the mass flux calibration curve (obtained from Equation 1.1), as shown in 

Equation 1.2.  If the particle analyzed consists of more than one element, then the mass fraction is used to 

convert the signal from the singular element to an overall particle mass [12, 22]. 

 ! ! !
!

! !
!

! !" ! ! !"#$ ! ! !"#

!
 (1.2) 

 
Where:  Mp = particle mass 

Äa = mass fraction 
  INP = Signal intensity from nanoparticle event  
  IBKGD = Signal intensity of the background  
  ! ion  = ionization efficiency, assumed to be 100% in most cases 
  m = slope of the mass flux curve 
 

A NP diameter is then calculated from the NP mass assuming a spherical geometry, if the density of the 

material is known, as shown in Equation 1.3 [12].  

 ! !" !
! ! ! !

! ! !

!
 (1.3) 

 
 

Where:  DNP = diameter of the particle 
Mp = mass of the particle 
# = particle density 

 

Typically, the particle density is assumed to be the bulk density of the material being analyzed; however, 

recent studies have shown that the density of some particle compositions may be size-dependent [23-25].  

This is an emerging area of spICP-MS 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 an applied field (i.e., force) to fractionate particles 

(down to several nm in size) based on particle mass, hydrodynamic size, and/or density, depending on the 

type of field applied.   Various detectors, typically ICP-MS, ultraviolet-visible spectrophotometers (UV-

vis), and/or light scattering detectors, are coupled on-line to the FFF system to produce a fractogram (i.e., 

signal versus elution time).  FFF is performed in a thin channel (300-500 µm thick) where a carrier fluid 

transports particles down the length of the channel to the detector (i.e., channel flow).  A field is applied 

perpendicularly to the channel flow forcing the particles toward one side of the channel (i.e., 

accumulation wall) where they form a steady-state distribution based on their Brownian motion against 

the field.  Due to the thinness of the channel, the channel flow is parabolic and laminar, and the particles 

with a steady-state distribution extending further from the accumulation wall elute first, followed by 

particles located closer to the accumulation wall.  The mass and/or hydrodynamic size distributions can be 

calculated based on the retention time across the fractogram using FFF theory [26, 27].  The following 

sections describe the FFF techniques 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 cross-flow applied perpendicularly to the channel flow against a permeable 

accumulation wall consisting of a membrane (typically 10 kilodaltons [kDa]) and a porous ceramic frit 

(Figure 1.5).  Following injection of the particles into the channel, a focusing flow opposing the channel 

flow is applied to allow the particles to reach their steady-state distribution against the applied cross-flow 

prior to the elution phase.  During the elution phase, with only the channel flow and cross-flow applied, 

the laminar parabolic channel flow differentially elutes particles based on their hydrodynamic diameter 

(i.e., diffusion coefficient); those with a smaller hydrodynamic size and a larger diffusion coefficient elute 

first.   
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Figure 1.5.  Particle separation by asymmetric flow field-flow fractionation.  

 
According to FFF theory, particle diameter is directly related to the retention parameter ($).  The 

equation for $ varies depending on the field.  For AF4, $ is described by Equation 1.4. 

 !! !
!" ! !

! !" ! ! ! ! !
 (1.4) 

 
Where:  $ = retention parameter 
  k = BoltzmannÕs constant (1.381x10-23 m2 * kg * s-2 * K -1) 
  T = temperature (K) 
  V0 = void volume (m3) 
  Vc = volumetric cross-flow rate (m3 * s-1) 
  !  = viscosity (kg * m-1 * s-1) 
  w = channel thickness (m) 
  d = hydrodynamic diameter (m) 
 
Through $, the diameter can also be related to the retention time (tR), as shown in Equation 1.5.   

 ! !
! !

! !
! ! ! !"#$

!

! !
! ! !  (1.5) 

 
Where:  R = retention ratio 
  t0 = retention time for void volume 
  tR = retention time for sample component 
  $ = retention parameter 
 
This allows for conversion from the retention time to a diameter, based on FFF theory.  The diameter can 

also be determined experimentally by calibrating the retention time with particles of a known size.  

1.2.2 Centrifugal field -flow fractionation (CFFF)  

CFFF (also called sedimentation FFF) uses a gravitational (i.e., centrifugal) force to separate 

particles based on their mass.  Similarly to AF4, the applied field forces the particles with more mass and 
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a greater density toward the outer wall (i.e., channel bottom) into the slower stream lines of the laminar 

parabolic channel flow, which results in longer elution times; smaller particles (i.e., less mass and/or 

lower density) in the faster stream lines elute first.  The effective particle mass, or the true mass minus the 

buoyant mass, is obtained.  CFFF provides better size resolution than AF4 as gradients of the spinning 

rate (up to 2500 rotations per minute [rpm]) are typically used [28].  Additionally, CFFF can separate two 

particles of the same size if their density is different.  Similarly to AF4, the diameter can be determined 

from the retention parameter, as shown in Equation 1.6, and Equation 1.5 can be used to relate the 

diameter to the retention time through the calculated retention parameter. 

 !! !
! !"

! ! ! ! ! ! ! ! ! !
 (1.6) 

 
Where:  $ = retention parameter 
  k = BoltzmannÕs constant (1.381x10-23 m2 * kg * s-2 * K -1) 
  T = temperature (K) 
  %# = density difference  
  & = centrifuge speed (rpm) 
  r0 = centrifuge radius (m) 
  w = channel thickness (m) 
  d = hydrodynamic diameter (m) 
 
1.3 Thesis objectives 

spICP-MS and FFF were used to characterize complex composite particles in the two studies 

presented herein.  The abilities of these methods have been previously demonstrated using monodisperse 

homogeneous NPs of single element composition [29-33]; however, one of the numerous challenges that 

exist for applying these techniques to real-world samples is a potentially composite structure. 

The first study, included in Chapter 2 of this work, aims to determine the mass of gold (Au) NPs 

incorporated inside a composite Au-polystyrene NP as the total composite particle size increases using 

spICP-MS, AF4, and CFFF.  The long-term goal of this project is to use the demonstrated methods to 

characterize composite particles released from the weathering of nano-enabled products.  

 The goals of the second study, presented in Chapter 3, are two-fold.  The first is to use spICP-MS 

and AF4 to identify the size and composite nature of a bimetallic gold (Au)-core/silver (Ag)-shell NP in a 
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similar manner as shown in the first project as well as investigate the core-shell structure by temporally 

observing particle dissolution in dilute acid with spICP-MS.  The second goal is to evaluate the recent 

spICP-MS advancement of dual element analysis using the Au-Ag core-shell NPs with 1) a qualitative 

validation of its ability to distinguish between NPs containing only one element and those containing two 

elements, and 2) a quantitative assessment of its ability to accurately size and count composite NPs.  This 

project aims in the long-term to use these methods to distinguish ENPs from NNPs in environmental 

systems.  

 A summary of project results and suggested future work based on the conclusions drawn from 

these two studies are presented 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 that spICP-MS and FFF can be used to obtain the 

distribution of the number of inorganic NPs incorporated in a model inorganic-core/organic-shell 

composite particle as the total composite particle size increases.  The long-term goal is to use the 

demonstrated method to characterize composite particles released from nano-enabled products (e.g. dust 

from abraded polymer nanocomposites). 

2.1 Introduction  

Engineered nanoparticles (ENPs) released into the environment are likely to undergo 

transformations, such as surface modification, aggregation (i.e. homoaggregation and/or 

heteraggregation), and degradation reactions (e.g. oxidative dissolution) [34].  Therefore, real-world 

environmental samples (e.g., surface waters) likely contain ENPs having a composite structure.  This 

study focuses on composite particles resulting from the formation of coatings.  The formation of coatings 

on the surface of ENPs is expected upon their release into the environment, the exact composition of 

which depends on their method of release and subsequent transformations in the environment, such as 

incorporation into nano-enabled products (NEPs) prior to release or the formation of a protein corona 

upon biological interaction/uptake [34].  For example, inorganic ENPs released from polymer 

nanocomposites (PNCs) will have a composite structure consisting of one or more inorganic NPs 

incorporated inside a solid polymeric material.  As discussed in Chapter 1, characterization of these 

complex composite particles by traditional nano-metrology techniques, such as TEM and DLS, is often 

challenging [3].  As such, an analytical methodology using a combination of spICP-MS and FFF is 

presented as a promising alternative and/or addition to the traditional techniques for characterizing 

complex NP structures resulting from the formation of coatings. 
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The total particle size distribution of a model metal-nonmetal composite particle as well as the 

mass distribution of the metallic portion with increasing composite particle size was determined using 

spICP-MS and FFF.  spICP-MS provides the metallic NP size and particle number concentration based on 

elemental mass.  AF4 and CFFF separate and size particles based on their hydrodynamic size and buoyant 

mass, respectively.  The model composite particle consists of one or more Au NPs, approximately 40-50 

nm in size, surrounded by a thick polystyrene-polyacrylic acid block copolymer (PS-b-PAA) shell, up to 

about 150 nm thick, that represents the formation of a coating such as that expected to be released with 

inorganic NPs from PNCs.  This methodology has potential uses in industrial manufacturing processes, 

monitoring release of ENPs into the environment from the use and disposal of NEPs, and assessing 

transformations of ENPs in environmental aqueous media.    

2.2 Methods and Materials 

The following discussion provides a description of materials used including composite particle 

synthetic procedures, and methods utilized to collect and process particle characterization data. 

2.2.1 Synthesis of Au-PS-b-PAA NP 

Au-PS-b-PAA NPs were synthesized to represent the ability of the method presented herein to 

characterize this type of inorganic-core/organic-shell composite structure likely to be found in the 

environment.  Au-PS-b-PAA NPs were synthesized by the Moffitt Group (University of Victoria in 

British Columbia, Canada) to represent the formation of coatings and released polymer fragments with a 

desired core-shell particle structure (Figure 2.1).  

The Au-PS-b-PAA NPs were prepared by incorporation of Au NPs into amphiphilic block 

copolymer PS-b-PAA micelles by self-assembly in a microfluidic reactor.  Citrate stabilized Au NPs (Au-

cit NPs) were first prepared by reduction of chloroauric acid (HAuCl4) by sodium citrate.  Following 

ligand exchange of the surface citrate with thiol-terminated polystyrene (PS-SH), the resultant 

polystyrene stabilized gold NPs (Au-PS NPs) were incorporated into PS-b-PAA copolymer micelles by 

self-assembly using a microfluidic reactor.  Additional details of the Au-PS-b-PAA NP synthesis are 

provided in Appendix C (section C.1). 
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Figure 2.1.  A Au-PS-b-PAA NP is a model for core-shell type particles resulting from either the 
formation of coatings or polymer nanocomposite degradation and release of fragments containing 
inorganic NPs (not drawn to scale). 

 

2.2.2 Data collection and processing 

The Au-PS-b-PAA NP bulk solution was analyzed by spICP-MS, AF4, CFFF, and TEM.  Select 

fractions collected during separation by AF4 and CFFF were analyzed by spICP-MS.  The Au-cit NP 

precursor was analyzed by spICP-MS, AF4, CFFF, TEM, and DLS.  The Au-PS NP precursor solution 

was also analyzed by TEM and DLS.  

2.2.2.1 spICP-MS 

spICP-MS data was collected according to the standard operating procedure (Appendix B) using 

a Perkin Elmer NexION 300D quadrupole mass spectrometer (Table 2.1).  Data acquisition and data 

processing (i.e., raw intensity versus time to particle size distribution and number concentrations) were 

performed by the commercially available software package SyngistixTM Nano Application Module 

(Perkin Elmer).  The software allows for collection of ICP-MS response (intensity in counts) over time 

using short dwell times (e.g. 100 µs) with a very short detector dead time (35 nanoseconds [ns]) between 

readings.  Transport efficiency determination is built into the software (following the procedure in Pace et 

al. [12]) and calculated in order to determine particle size and number concentration.  The max intensity 

fit of the intensity distribution of the standard Au NPs (500 ppt National Institute of Standards and 

Technology [NIST] citrate-stabilized Au, prepared and analyzed in triplicate) was used to calculate 

transport efficiency by the software.  Particle events are identified as ICP-MS response above the 
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threshold, which is determined in real-time by the software using the average plus x"  (e.g. 3" ) method 

described previously (section 1.1.3.2), and the particle number concentration is proportional to the 

number of NP events detected (i.e., the number of NPs detected is adjusted by the flow rate and transport 

efficiency).  The total NP event intensity is determined by integration of all readings that constitute the 

event, from which the particle size is determined assuming a spherical geometry and density, as described 

previously (section 1.1.3.3).   

 
Table 2.1. spICP-MS operating conditions.  

 
Parameter 

Group 
Parameter Condition 

ICP-MS 
components 

Model NexION 300D 
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 SyngistixTM Nano Application Module (Perkin Elmer) 
Data 

acquisition 
and method 
conditions 

Nebulizer gas flow rate 0.86 Ð 0.98 L/min 
Sample flow rate 0.3 mL/min 
Plasma RF power ~1600 W 

Sample flush, read delay, and 
wash time 

60 s (-24 rpm), 30-45 s (-20 rpm),  
60 s (-24 rpm) 

Analyte 197Au 
Dwell time 100 µs 
Scan time 60 s 

Assumed density 19.3 g/cm3 
Mass fraction 100% 

Ionization efficiency 100% 
Transport efficiency 5.89 Ð 10.32% 

Transport 
efficiency 

and 
calibration 
standards 

Particle Au  
(concentrations / matrix) 

0 ppt and 500 ppt Au-citrate NP  
(NIST, 50 mg/L, 56 nm by TEM) 
in Milli -Q water (18.2 M' -cm) 

Dissolved Au  
(concentrations / matrix) 

0, 1, 5, 10, 20, and/or 100 ppb Au+  
(SPEX CertiPrep, 100 mg/L, Lot # CL5-56AU) 

in 2% (v/v) HCl (Fisher Scientific, Optima grade,  
32-35% diluted by vol. in Milli-Q water) 

 

Bulk NP solutions (Au-PS-b-PAA, Au-cit), AF4 fractions (section 2.2.2.2), and CFFF fractions 

(section 2.2.2.2) were diluted by a factor of 1:104 Ð 1:106, 1:10 Ð 1:5000, and 1:0-1:12, respectively, in 

Milli -Q water (18.2 M' -cm) for spICP-MS analysis (Appendix C, Table C.1).  All particle samples, 
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standards, and AF4 fractions were diluted (in Milli-Q water) the day of analysis.  Stock particle standard 

solutions (parts per million [ppm] range concentration) were gently shaken or mixed using a vortex mixer 

for 15 seconds prior to dilution.  Each diluted particle solution was sonicated in a sonic bath for 5 minutes 

following preparation.  Au dissolved standards were prepared less than one week before analysis in 2% 

(v/v) hydrochloric acid (HCl) (Table 2.1). 

In addition to spICP-MS analyses, total Au concentration of Au-cit NP and Au-PS-b-PAA NP 

was measured in conjunction with the December 2015 AF4-ICP-MS analyses (section 2.2.2.2.1) at 

1:1000 dilution of the bulk solutions in Milli-Q water.  Calibration was performed using 0, 1, 10, and 100 

parts per billion (ppb) dissolved Au (SPEX CertiPrep, 100 mg/L, Lot # CL5-56AU) in 2% (v/v) HCl 

(Appendix C, Figure C.1).  The samples, calibration standards, and Milli-Q blanks were analyzed for 

197Au using a dwell time of 2187.5 ms (used to match the calculated AF4-UV-vis data collection 

frequency, see section 2.2.2.2.1) with 55 readings (i.e., 2 minute analysis time) and a 1 mL/min sample 

flow rate (black-black peristaltic pump tubing at 20 rpm pump speed).   

2.2.2.2 Field-flow fractionation  

The Au-PS-b-PAA NPs and the Au-cit NP precursor were analyzed by several field-flow 

fractionation techniques: AF4 with UV-visible and/or ICP-MS detectors and centrifugal (or 

sedimentation) field-flow fractionation (CFFF) with UV-visible and/or a 90¡ light scattering detectors.  

The AF4 provides a size separation based on the hydrodynamic diameter whereas CFFF provides a 

separation based on buoyant mass.  A summary of all AF4 and CFFF analyses are included in Appendix 

C (Table C.2). 

2.2.2.2.1 Asymmetric flow field-flow fractionation (AF4)  

A Postnova Analytics AF2000 AT AF4 with online UV-visible (Postnova Analytics PN3211) 

and/or ICP-MS (Perkin Elmer NexION 300D) detectors was used to separate, by hydrodynamic size, the 

bulk solution Au-cit NPs and Au-PS-b-PAA NPs.  A carrier fluid containing 0.025% (v/v) FL-70 

surfactant (Fisher Scientific, Lot # 981144) and 0.05% (v/v) sodium azide (NaN3, Mallinckrodt, Lot # 

7117-CT) 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 # CF200911-0911-14439-1040163) and a 350 µm spacer were used.  

The injection volume was 100 µL.  Bulk samples were injected with no dilution for all separations except 

those with ICP-MS detection performed in December 2015, which were diluted by 1:10 and 1:8 for Au-

cit and Au-PS-b-PAA NPs, respectively (Table C.2).  Fractions (typically 2 minutes across and 2 mL 

each) were collected across the fractogram, and select ones were analyzed by spICP-MS (Table C.1). 

 All separations were performed with a cross-flow of 0.5 mL/min, with the exception of a 

preliminary analysis using 1 mL/min cross-flow to determine optimum method conditions (Table C.2).  

Outlet flow rate was 1 mL/min to the detector(s).  An elution time of 90 minutes and 20 minutes was used 

for Au-PS-b-PAA and Au-cit separations, respectively, with the exception of a 60 minute elution time 

during the preliminary analysis.  To determine AF4 recovery, sample was injected at 1 mL/min for 1 

minute and then eluted through the column with a cross-flow of 0 mL/min and a tip flow of 1 mL/min 

(i.e., no field applied) during a 6-10 minute elution time.  This represented a condition where nearly 100% 

of the sample should pass through the system.  Following the elution phase, and included in the 

fractograms, is a rinse time during which no field was applied (i.e., 1 mL/min tip flow only) in order to 

remove any particles that strongly interacted with the membrane during elution.  A five minute rinse time 

was used for all separations except for those in December 2015 of the Au-PS-b-PAA NPs, for which a ten 

minute rinse time was used instead.  No rinse time was used for analyses without an applied field (i.e., 0 

mL/min cross-flow).  All AF4 fractograms included herein are plotted from the beginning of the elution 

time, which includes a one minute transition time from the focusing step (i.e., injection time) to the 

elution period. 

 UV-vis detector wavelengths of 254 nm and 520 nm (i.e., the wavelength at which the maximum 

UV-vis absorbance occurs for polystyrene [PS] and Au, respectively) were used for Au-PS-b-PAA and 

Au-cit NP samples, respectively.  The December 2015 Au-PS-b-PAA separations were completed using 

both 254 nm and 520 nm.  The size was calibrated based on the retention time using solutions of 0.01% 

(v/v) PS spheres of 60 nm, 100 nm, and/or 140 nm (Thermo Scientific, Lot # 36003, 36005, and 36073, 
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respectively) and/or 30 nm and 60 nm Au-citrate NPs (NIST) (each at 1.25-12.5 ppm) at least once each 

day of AF4 analysis (Appendix C, Figure C.2). 

 On-line ICP-MS (Perkin Elmer NexION 300D, SyngistixTM) provided a real-time signal for 197Au 

using a dwell time of 200 ms (August 2015) or 2187.5 ms (December 2015) with the appropriate number 

of readings (one reading per dwell time) to ensure a signal was obtained during the entire AF4 sample 

elution time (including rinse).  The longer dwell time used for the December 2015 analyses was chosen to 

match the frequency of readings produced by the UV-vis detector during the AF4 separation.  The UV-vis 

outlet tubing (red-red peristaltic pump tubing) was connected directly to black-black ICP-MS peristaltic 

pump sample tubing using a piece of Teflon tubing (about 6-12" long, 0.022" ID x 0.042" OD), and a 

peristaltic pump speed of 20 rpm was used to match the 1 mL/min AF4-UV-vis effluent flow rate.  Size 

and ICP-MS response (counts per dwell time) were calibrated each day of analysis (Figures C.2 and C.1, 

respectively).  Size was calibrated based on the retention time of 30 nm and 60 nm Au-citrate NPs (500-

1250 ppb each, NIST).  Dissolved Au solutions of 0, 1, 10, 20, and 100 ppb (SPEX CertiPrep, 100 mg/L, 

Lot # CL5-56AU) in 2% HCl were used to calibrate ICP-MS response. 

2.2.2.2.2 Centrifugal field -flow fractionation (CFFF)  

A Postnova Analytics CF2000 CFFF was used to separate the bulk solution of Au-PS-b-PAA 

NPs by the Au NP mass.  A carrier solution of 24% (v/v) glycerol and 0.05% (v/v) FL-70 with a density 

of approximately 1.056 g/mL, which closely matched the density of the PS-b-PAA micelles (assumed to 

be 1.05 g/cm3), was used to obtain neutral buoyancy of polymer material and separation by the Au mass 

only.  The injection volume was 50 µL.  CFFF method conditions are shown in Table 2.2. A power decay 

program was used.  A constant centrifuge speed (&0) is applied for an initial time period (t1), and then the 

speed (&) is decayed according to Equation 2.1 [35].  t1 and ta are constants that control the field decay 

rate. 

 ! ! ! !
! ! ! ! !

! ! ! !

!
 (2.1) 
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Thirty fractions (3 minutes across and 1.5 mL each) were collected, and select fractions were analyzed by 

spICP-MS (Table C.1).  Online UV-vis (Postnova Analytics) at 254 nm and 520 nm and/or 90¡ light 

scattering detectors were used. 

 
Table 2.2. CFFF method conditions for Au-cit NPs and Au-PS-b-PAA NPs. 

Parameter  Au-cit NP Au-PS-b-PAA NP 
Channel flow rate (mL/min) 1.0 0.5 

Initial field (rpm) 1500 3000 
Final field (rpm) 0 0 

t1 (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 Au-cit NP and Au-PS NP precursors to the Au-PS-b-PAA NPs were sized by DLS on a 

Brookhaven Instruments BI-200SM goniometer equipped with a Melles Griot HeNe laser (wavelength = 

632 nm and power = 35 mW).  TEM imaging was performed on the Au-PS-b-PAA NP (Moffitt Group), 

and size analysis was performed using ImageJ software.  All TEM and DLS analyses for the Au-PS-b-

PAA NPs and precursors were performed by the Moffitt Group. 

2.3 Results and Discussion 

The core-shell structure of the Au-PS-b-PAA NPs was designed to contain one or more metallic 

NPs in the core (e.g., 50 nm Au) with a thick polymer coating (e.g., at least 25 nm thick polystyrene) to 

represent: 1) formation of a coating on a metallic NP upon its release to the environment, and 2) 

composite particles released from PNCs containing metallic NPs.  The characteristics of the Au-PS-b-

PAA composite particle were determined using a combination of size information obtained by spICP-MS 

and FFF.  Analysis of the Au-PS-b-PAA NP bulk solution by spICP-MS provided the size (i.e., mass) 

distribution of the Au NPs incorporated into the composite particle, AF4 separation of the Au-PS-b-PAA 

NP bulk solution provided the hydrodynamic size distribution of the composite particle, and CFFF 

separation of the Au-PS-b-PAA NP bulk solution provided a second measure of the mass distribution of 
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the incorporated Au NPs.  spICP-MS analysis of select AF4 fractions provided the mass distribution of 

the incorporated Au NPs at individual points in the AF4 size distribution (i.e., with increasing 

hydrodynamic diameter).  spICP-MS analysis of select CFFF fractions provided the size distribution of 

incorporated Au NPs across the CFFF mass distribution.  In addition, the Au-cit NP precursor solution 

was analyzed by spICP-MS, AF4, and CFFF to determine the size distribution of the starting material.  

These results were compared to structure and size provided by TEM imaging and the associated 

distribution statistics.   

2.3.1 Particle sizing: TEM and spICP-MS analysis of bulk solutions 

TEM images of the Au-cit NP and Au-PS NP precursors show relatively monodisperse spherical 

particles with average sizes of 51 ± 9.3 nm and 50 ± 6.6 nm, respectively, by particle distribution analysis 

(ImageJ).  These results are supported by DLS measurements (Figure 2.2).  TEM analysis of the  

 

 
Figure 2.2. TEM images of a) Au-cit NPs (deposited onto the TEM grid from water), and b) Au-PS NPs 
(deposited onto the TEM grid from toluene).  Size (i.e., diameter in nm) distributions of c, d) Au-cit and 
Au-PS NPs obtained by ImageJ analysis of TEM images (respectively), and e) Au-cit and Au-PS NPs 
obtained by CONTIN analysis of DLS results. 

200 nm 200 nm 

         a)         b) 

 

 

 

 

 

 

c)       d)        e)  
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composite particles show Au NPs incorporated inside PS-b-PAA micelles (Figure 2.3a-c).  A variation in 

the number of Au NPs per composite particle was observed by TEM image processing (ImageJ).  Many 

PS-b-PAA micelles were observed to not contain any Au NPs, but for those that did contain Au NPs, 

almost 50% contained only one Au NP, about 30% contained two or three Au NPs, and the remaining 

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

 

  

 
Figure 2.3. TEM imaging (a-c) and distribution statistics (d) of Au-PS-b-PAA NP showing composite 
particles with differing amounts (i.e., number) of incorporated Au NPs with approximately 50% of 
composite particles containing one Au NP.  The total number of composite particles counted by TEM was 
approximately 300.   
 

Particle mass (i.e., size) distributions from spICP-MS analysis of the bulk solutions of the Au-PS-

b-PAA NP and its Au-cit NP precursor indicate an average Au NP diameter of 63.2 ± 0.4 nm and 41.9 ± 

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

arises from the incorporation of multiple Au NP precursors into the polymer micelles.  Several spICP-MS  

a)           b) 

 

 

 

 

 

 

c)           d)  
      

100 nm 100 nm 

100 nm 
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Figure 2.4. spICP-MS (197Au) mass/diameter histograms for the bulk solutions of a) Au-cit NPs and      
b) Au-PS-b-PAA NPs.  The average and standard deviation of triplicate samples for the mode and mean 
size (Syngistix v1.0/1.1) are shown.  Red arrows indicate each Au NP integer mass based on the average 
spICP-MS size of 42 nm for the Au-cit NP (i.e., NNPs = n + 1, where n (  0 and NNP = number of Au NPs 
42 nm in diameter).  Colored arrows indicate the area of integration used to convert spICP-MS mass 
distribution into the simplified stacked bar histogram shown in Figure 2.8. 
 

analyses were performed on different days for the Au-cit NP and Au-PS-b-PAA NP bulk solutions, but 

only one size distribution was used for data analysis for the following reasons.  The initial analysis of Au-

cit NPs at a dilution of 1:105 was too concentrated and coincidence was observed, so the sample was then 

performed at a 1:106 dilution (Figure 2.5a-b).  As such, the results from the second analysis are used.  The 

Au-PS-b-PAA NP concentration (1:105 dilution) was initially too low to provide sufficient particle 

numbers for statistical confidence, so these results were not used and the sample was analyzed at a 1:104 

dilution factor on two occasions approximately one month apart.  The second analysis in July 2015 at a  

a) 

b) 
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Figure 2.5. Au-cit NP (Au-PS-b-PAA precursor) bulk solution was analyzed by spICP-MS for 197Au 
twice: a) 1/27/15 at 1:105 dilution factor, and b) 6/3/15 at 1:106 dilution factor.  Au-PS-b-PAA bulk 
solution was analyzed by spICP-MS for 197Au three times: c) 1/27/15 at 1:105 dilution factor, d) 6/3/15 at 
1:104 dilution factor, and e) 7/14/15 at 1:104 dilution factor.  The average size distribution with 
normalized frequency of triplicate samples is shown. The average and standard deviation of triplicate 
samples for the mode size, mean size, and NP events (Syngistix 1.0/1.1) is shown as well as the mean size 
± the standard deviation of the Gaussian fit (OriginPro 2015).  Log-normal fit (OriginPro 2015) is shown 
for comparison.  

c) 

d) 

e) 

a) 

b) 
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1:104 dilution was performed to determine reproducibility of the size distribution for this sample. Because 

the reanalysis confirms the size distribution with a variation of less than 2.5% for both the mode and 

mean size, only the first analysis at a 1:104 dilution factor was used (Figure 2.c-e). 

The Au-cit NP distribution is almost normal since the mode diameter of 41.0 nm does not vary 

significantly from the mean diameter (Figures 2.4a and 2.5b).  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), which is only about 2 nm less than the number 

weighted average determined by the Syngistix software.  Conversely, the mode size of 52.3 nm for the  

Au-core in the Au-PS-b-PAA composite particles is significantly smaller than the mean size of 63.2 nm, 

and the distribution is closer to log-normal, with a longer ÒtailÓ that significantly increases the mean size 

(Figures 2.4b and 2.5d).   

The Au-cit NP distribution is consistent with TEM results (Figure 2.2c); however, the size 

calculated by TEM is about 21% greater than the spICP-MS size.  Although this is not unexpected given 

that TEM imaging captures only a fraction of the particles captured by spICP-MS analysis (several 

hundred by TEM versus several thousand by spICP-MS) resulting in poorer counting statistics and that 

bias in TEM imaging analysis may result from the overlap of two Au NPs (i.e, three-dimensional particles 

flattened on a two-dimensional image), two FFF techniques were used as an additional measurement of 

the Au-cit NP size distribution.  The spICP-MS results for the Au-cit NPs are confirmed by AF4-ICP-MS 

and CFFF-UV-vis, which show a similar distribution with a mean size of 46.4 ± 8.9 nm and 41.4 ± 4.6 

nm, respectively (Figures 2.6 and 2.7, respectively).  The AF4 size is slightly larger because AF4 

separation accounts for the citrate coating while the CFFF size is based on the separation by Au mass 

only since the citrate contribution to buoyant mass is insignificant.  The average spICP-MS Au-cit NP 

size of 41.9 nm was used as the nominal size of the incorporated Au NPs in the following discussion. 

Comparison of the particle distributions for Au-cit and Au-PS-b-PAA by spICP-MS indicates that 

there is a range in the Au mass (i.e., number of Au NPs) encapsulated in the PS-b-PAA micelle that 

exceeds the upper end of the distribution for the Au-cit NPs, which is supported by TEM observations of 

composite particles containing more than one Au NP.  When the particle mass distributions are labeled at  
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Figure 2.6. Au-cit NP (PS-b-PAA precursor) bulk solution was analyzed by AF4-UV-vis and AF4-ICP-
MS:  a) AF4-UV-vis (cross-flow of 1 mL/min) on 1/27/15 with no dilution, and b, c) AF4-UV-vis (cross-
flow of 0.5 mL/min) on 12/2/15 and 12/4/15 with no dilution, and d) AF4-ICP-MS for 197Au with 2187.5 
ms dwell time. The mean size ± standard deviation of the Gaussian fit (OriginPro 2015) is shown for the 
eluted NP peak. 
 

 
Figure 2.7. Au-cit NP (PS-b-PAA precursor) bulk solution was analyzed by CFFF-UV-vis on 2/18/16 
(Postnova Analytics). The mean size ± standard deviation of the Gaussian fit (OriginPro 2015) is shown 
for the eluted NP peak. 

a)                   b)           

c)                   d)           
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each Au NP integer mass based on the average spICP-MS size of 41.9 nm for the Au-cit NP (i.e., NNPs = n 

+ 1, where n (  0 and NNP = number of Au NPs 41.9 nm in diameter), it is qualitatively clear that the 

distribution of Au in the Au-PS-b-PAA NP is shifted to larger masses than observed for the precursor 

containing a monodisperse distribution of singular Au NPs (Figure 2.4).  The most frequent number of Au 

NPs incorporated into the composite particle structure is two by spICP-MS and one by TEM (Figures 

2.4b and 2.3d, respectively).   

To provide a quantitative analysis of the distribution of the number of Au NPs observed within a 

sample by a given method, the spICP-MS size distribution of the Au-cit NPs was used to develop 

simplified stacked bar histograms (Figure 2.8).  To produce these stacked bar histograms, the midpoint 

between each NNP marker on the spICP-MS size distributions was found, and the number of particles (i.e., 

frequency) between those midpoints was summed to determine the approximate Au NP distribution in the 

sample (Figure 2.4).  For example, to find the number of composite particles containing three Au NPs, the 

frequency of particles between a mass of 1.86 x 10-9 ug and 2.60 x 10-9 ug (the green arrow in Figure 

2.4b) was integrated and normalized to the total frequency.  This was performed for up to 8 NNP for both 

the Au-cit NP and Au-PS-b-PAA NP spICP-MS data (Figure 2.8a-b).  The Au-PS-b-PAA TEM size  

 
Figure 2.8. Stacked bar histograms were produced from the spICP-MS size (i.e., mass) distributions for 
Au-cit NPs (Figure 2.4a), Au-PS-b-PAA NPs (Figure 2.4b), and the TEM distribution for Au-PS-b-PAA 
NPs (Figure 2.3d).  The approximate number 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 distribution format (Figure 2.8c).  These 

stacked bar histograms more clearly illustrate that the composite particles contain a range in the number 

of nominally 41.9 nm Au NPs in their core.  The discrepancy between the spICP-MS and TEM 

distributions is also apparent.  In the following section, stacked bar histograms will be shown in this way 

for the spICP-MS results of the AF4 and CFFF fractions in order to quantitatively illustrate the trend in 

the Au NP core mass with an increase in composite particle hydrodynamic size (AF4) and incorporated 

Au mass (CFFF). 

Additionally, the total Au concentration for the Au-PS-b-PAA NP and the Au-cit NP precursor 

were determined by ICP-MS analysis of triplicate 1:1000 dilutions of each bulk solution (in Milli-Q 

water).  The average signal intensity (ICP-MS counts per dwell time) was calculated for each replicate, 

and the concentration was calculated based on the dissolved Au calibration curve (Figure C.1).  After 

adjustment for dilution, the average total Au concentration in the Au-PS-b-PAA NP and Au-cit NP bulk 

solutions is 41.754 ± 0.086 ppm (42 ppm) and 2.753 ± 0.058 ppm (3 ppm), respectively. 

2.3.2 Particle separation by FFF and analysis of fractions by spICP-MS 
 
The Au-PS-b-PAA NPs and the Au-cit NP precursors were separated by both AF4 and CFFF.  

The retention time of the particles was correlated to the hydrodynamic size for AF4 analysis and the mass 

of Au for CFFF analysis.  Fraction analysis by spICP-MS provides a mass distribution of Au NPs at 

various retention times.  The information obtained from both the methods together provides information 

about the composite particle structure that could not be obtained using one technique alone. 

2.3.2.1 Asymmetric flow field-flow fractionation  

Several AF4 analyses were performed on the Au-cit and Au-PS-b-PAA NPs with UV-vis 

detection for all separations and additional online ICP-MS detection for select separations, and each 

separation was completed with a different objective, as shown in Appendix C (Table C.2).  

The AF4 recovery for Au-cit and Au-PS-b-PAA NPs was calculated using ICP-MS detector 

response data from December 2015.  Total recovery was calculated as the total integrated intensity over 

the fractogram with a field applied (0.5 mL/min cross-flow) divided by the integrated intensity of the 
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fractogram with no field applied (0 mL/min cross-flow).  Resolvable recovery was calculated as the 

integrated intensity of the resolved NP peak divided by the total fractogram intensity.  Total recovery was 

82% and 127%, and the resolvable recovery was 70% and 85% for Au-cit and Au-PS-b-PAA NPs, 

respectively (Figure 2.9).  These recoveries are acceptable, but not ideal.  They indicate possible retention 

of the Au-cit NPs due to interaction with the membrane, and no retention for the Au-PS-b-PAA NPs. 

 

 
Figure 2.9. AF4 recovery (total and resolvable) was calculated for a-b) the Au-cit NPs (82% and 70%) 
and c-d) the Au-PS-b-PAA NPs (127% and 85%) based on a comparison between the AF4-ICP-MS 
fractograms without an applied field and with an applied field. 

 

Fractions were collected during several AF4 separations of the Au-PS-b-PAA NP bulk solution 

(Figure 2.10, Table C.2), and select fractions were analyzed for 197Au by spICP-MS (Table C.1).  The 

a)         b) 

c)         d) 
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following discussion uses data from the July 2015 AF4 separation and spICP-MS analysis.  Although 

fractions were collected and analyzed during the preliminary January 2015 AF4 separation as well, these  

 

 

 

 
Figure 2.10. Au-PS-b-PAA bulk solution was analyzed by AF4 several times with UV-vis (a-c, e) and 
ICP-MS (d, f) detection under the conditions shown in Appendix C (Table C.2).  Fractions were collected 
during separation on 1/27/15, 7/14/15, and 12/2/15.  spICP-MS analysis was performed on fractions from 
1/27/15 and 7/14/15.  The two diameter axes shown in e) are a result of slight variations in the retention 
time for standard calibration particles observed on two different analysis days (12/2/15 and 12/4/15). 

a)             b)           

c)             d)           

e)             f)           
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data were used for method development purposes only.  Because the January separation only captures a 

portion of the composite particle distribution, the cross-flow used for future experiments was decreased 

from 1 mL/min to 0.5 mL/min, which allowed for detection of the entire elution peak over a 90 minute 

elution period.  A comparison of the peak maxima elution time for the various fractograms (Figure 2.10) 

shows good reproducibility with an elution time of 22 ± 2.1 minutes (mean ± standard deviation) and a 

range from 19.4 minutes to 25.4 minutes.  The peak maxima for ICP-MS detection of 197Au were about 3-

3.5 minutes later than the peak maxima for the corresponding online UV-vis detector. 

Four fractions (2 minutes and about 2 mL each) were collected across the elution peak and 

analyzed by spICP-MS for 197Au (Figure 2.11): 12-14 minutes, 24-26 minutes, 32-34 minutes, and 48-50 

minutes.  Calibration of the AF4 separation with standard PS and Au NPs (30-140 nm) (Figure C.2) 

provided a range of the hydrodynamic size for each fraction: 70-87 nm, 175-193 nm, 245-263 nm, and 

386-403 nm.  Analysis of each fraction by spICP-MS (197Au) provided the mass distribution for the Au 

NPs incorporated into the composite particles (Figure 2.12a-d).  Visually the spICP-MS mass 

distributions have increased frequency at larger masses, or a larger ÒtailÓ, as the hydrodynamic size 

 
Figure 2.11. Four fractions (2 minutes and 2 mL each) were collected for spICP-MS analysis during the 
AF4-UV-vis separation on 7/14/15.  The AF4-UV-vis signal is replicated well by the AF4-ICP-MS data 
(12/4/15 data shown).  
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Figure 2.12. spICP-MS (197Au) mass histograms for the Au-PS-b-PAA NP AF4 fractions: a) 12-14 
minute (70-87 nm), b) 24-26 minute (175-193 nm), c) 32-34 min (245-263 nm), d) 48-50 minute (386-
403 nm).  The average and standard deviation of triplicate samples for the mode and mean size (Syngistix 
v1.0/1.1) are shown.  Red arrows indicate each Au NP integer mass based on the average spICP-MS size 
of 42 nm for the Au-cit NP (i.e., NNPs = n + 1, where n (  0 and NNP = number of Au NPs 42 nm in 
diameter).  Colored arrows indicate the area of integration used to convert spICP-MS mass distribution 
into e) the simplified stacked bar histogram (the approximate number of particles counted for each sample 
analysis is shown above each sample bar). 
 

e) 

a)             b) 

c)             d) 
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increases (i.e. with increased elution time), which indicates that more Au NPs are incorporated into the 

larger composite particles.  The increase in mean Au size (i.e. mass) with increasing hydrodynamic size 

supports this observation; however, the mode Au size does not change significantly, indicating that the 

composite particles most frequently contain a mass of Au NPs with the equivalent size of 49.1-52.7 nm.  

Stacked bar histograms were produced from the spICP-MS mass distributions (Figure 2.12e), as 

previously described for the bulk samples, to more clearly observe the distribution of the number of Au 

NPs within the composite particles.  A decrease in the fraction of composite particles containing one or 

two Au NPs and a corresponding increase in the fraction containing greater than or equal to eight Au NPs 

as the hydrodynamic size increases is evident. 

2.3.2.2 Centrifugal field -flow fractionation  

 The Au-PS-b-PAA NPs were separated based on buoyant mass (i.e., the incorporated Au NP 

mass) using CFFF with online UV-vis (520 nm and 254 nm detection wavelengths) and 90¡ light 

scattering detectors (Figure 2.13).  As previously shown (Figure 2.7), the Au-cit NPs were also analyzed 

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

 
 

   
Figure 2.13. Au-PS-b-PAA bulk solution was analyzed by CFFF on 2/18/16 (Postnova Analytics) with  
a) UV-vis detection at 254 nm and 520 nm, and b) 90¡ light scattering detection.   
 
 

Thirty fractions (3 minutes, 1.5 mL each) were collected across the Au-PS-b-PAA NP CFFF 

fractogram, and select fractions were analyzed by spICP-MS for 197Au (Figure 2.14a).  The mass of Au 

a)                    b)           
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observed by spICP-MS is expected to increase across the fractogram.  Composite particles not containing 

Au and any particles that were not focused should elute first in the void peak.  Following the void peak, 

composite particles should elute from low to high mass of incorporated Au.  The hydrodynamic size may 

not correlate with the Au mass.  For example, one Au NP can be incorporated into a composite particle 

with a hydrodynamic size of 70 nm or one of 400 nm; both would elute before composite particles 

containing two Au NPs.  There is only a minimum composite particle hydrodynamic size needed to 

incorporate a given mass of Au, which increases as the Au mass increases.  The effective Au mass was 

calculated from the CFFF retention times based on FFF theory (Figure 2.15), via Equation 1.6, as 

described in Chapter 1 (section 1.2.2). 

The results from spICP-MS analysis of the CFFF fractions are qualitatively consistent with these 

expectations.  Of the ten CFFF fractions analyzed, four had low numbers of Au NPs present (< 3000 NPs 

counted), even at no dilution; these are fractions 1, 4, 5, and 8 (Appendix C, Figure C.3).  As expected, 

these are in the void peak or at the low mass end of the fractogram.  Fraction 2, also in the void peak 

(Figure C.3), was analyzed at a 1:10 dilution factor and had about 3900 NPs counted at this dilution.  

Because the average Au NP size for these five fractions is similar to the average Au size of the bulk Au-

PS-b-PAA NP solution by spICP-MS (Figure 2.4), it is likely these represent unfocused composite 

particles.  The remaining five fractions (10, 15, 20, 25, and 30) had at least 5000 NPs counted without 

sample dilution, and were analyzed at a dilution to avoid coincidence if needed.  These fractions clearly 

show the expected increase in the number of incorporated Au NPs (Figure 2.14b), which is also seen as a 

significant shift of the spICP-MS Au mass distributions towards higher mass with an associated increase 

in the mean NP size (Figure 2.14c-f).  Comparison of these results to the expected effective Au mass 

provided by FFF theory (Figure 2.15) shows agreement with the exponential trend.  The exponential 

increase in the effective Au mass (due to the CFFF power decay program used for separation) resulted in 

difficulty resolving the increase in incorporated number of Au NPs at high Au masses (i.e., high retention 

times).  Here, better mass resolution is provided at lower retention times.  Future work could refine the  
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Figure 2.14. a) Ten out of 30 fractions collected during the CFFF separation of Au-PS-b-PAA NPs were 
analyzed by spICP-MS (197Au).  b) Stacked bar histograms were produced for the five fractions (CFFF 10, 
15, 20, 25 and 30) with enough NPs observed to have statistical relevance (i.e., > 5000 NPs counts).  c-f) 
The NP mass histograms for CFFF 15, 20, 25, and 30 show the shift in the distribution to higher Au mass 
with increasing retention time.  The inset shows the portion of the plot from a mass of 0 µg Ð 10x10-9 µg 
with red markers to indicate each Au NP integer mass based on the average spICP-MS size of 42 nm for 
the Au-cit NP (i.e., NNPs = n + 1, where n (  0 and NNP = number of Au NPs 42 nm in diameter).   The 
mass distributions for the remaining six CFFF fractions are included in Appendix C (Figure C.3). 

a)                  b)  

   c)                   d)  

   e)                   f)  
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CFFF method to obtain better Au mass resolution at large retention times (i.e., a linear increase in 

effective Au mass); however, such a separation would be time-consuming (> 90 minutes). 

 

 
Figure 2.15. The effective Au mass calculated from the CFFF retention times based on FFF theory 
(Equation 1.6).   
 
 
2.4 Conclusions 

Surface coatings may be present on ENPs released into the environment.  The composition of 

these surface coatings depends on the method of ENP release as well as subsequent transformations in the 

environment.  An inorganic ENP incorporated into a NEP (e.g., polymer nanocomposites) may release 

particles several hundred nm in size consisting of one or more inorganic NPs incorporated inside a solid 

polymeric material.  This project presents a methodology using spICP-MS and FFF techniques to 

characterize a Au-PS-b-PAA composite NP, used as a model for core-shell type particles resulting from 

either the formation of coatings or polymer nanocomposite degradation and release of fragments 

containing inorganic NPs. 

Particle size information obtained by spICP-MS, AF4, and CFFF analyses revealed the 

characteristics of a complex Au-PS-b-PAA composite core-shell-type NP.  Analysis of the Au-PS-b-PAA 

NP bulk solution by spICP-MS provided the size (i.e., mass) distribution of the Au NPs incorporated into 

the composite particle.  Comparison of this distribution to that for the Au-cit precursor NPs showed an 
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increase in the mean Au NP size in the composite particles, which indicates that multiple Au NPs are 

incorporated into the PS-b-PAA micelles.  AF4 separation of the Au-PS-b-PAA NP bulk solution 

provided the hydrodynamic size distribution of the composite particle.  spICP-MS analysis of select AF4 

fractions for 197Au provided the mass distribution of the incorporated Au NPs with increasing 

hydrodynamic size.  These results indicate that the number of incorporated Au NPs increases with 

increasing composite particle hydrodynamic size.  Additionally, the average mass of the polymer in the 

composite particle at a given hydrodynamic size can be determined by subtracting the average mass of the 

incorporated Au from the average hydrodynamic size for each AF4 fraction.  CFFF separation by Au NP 

mass and analysis of fractions by spICP-MS for 197Au provided the Au NP mass distributions in the Au-

PS-b-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 present advanced spICP-MS methods to characterize a 

bimetallic core-shell NP.  The first part of this project shows that spICP-MS and AF4 can be used not 

only to determine the bimetallic composite nature of the particle, but can also be used to reveal a core-

shell structure by temporally observing a slow acid digestion of the particles. The second part of this 

project presents a quantitative evaluation of a recent development in spICP-MS technology, dual element 

mode spICP-MS, as an alternative to traditional single element spICP-MS for the characterization of 

bimetallic particles with the potential to discriminate ENPs from NNPs.   

3.1 Introduction  

One of the significant challenges of assessing the impacts from the release of engineered 

nanoparticles (ENPs) into the environment is the ubiquitous presence of interfering naturally occurring 

nanoparticles (NNPs).  Environmental concentrations of NNPs are approximately six orders of magnitude 

larger than those expected for released ENPs; NNPs exist at approximately 1-1000 milligrams per liter 

(mg/L) while ENPs are expected to be released at ng/L concentrations [34].  ENPs released into the 

environment are likely to contain some of the same elements found in NNPs; however, the elemental 

ratios (i.e., elemental compositions) are expected to vary for the two different classes of particles.   

ENPs are expected to be compositionally uniform with either elementally pure compositions (e.g. 

metal oxides, metal NPs) or fixed elemental ratios (e.g. CdSe/ZnS quantum dots, Al/Ti sunscreens) [36].  

In comparison, NNPs will contain multiple elements in ratios reflective of their geochemical origin.  In 

aqueous systems this ratio predominantly depends on the type of underlying rock present and the extent 

of its weathering as well as the source of suspended sediments.  For example, high-purity cerium (IV) 

oxide (CeO2) NPs, commonly used in catalysts, fuel cells, and fuel additives, released to the environment 

would contain only Ce (i.e., > 99.9% purity from most chemical manufacturers) whereas naturally 
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occurring Ce, found in a variety of mineral classes, will be accompanied by other metals, particularly 

lanthanum (La) as the majority of Ce-minerals contain La (typically in a 1.5-1.7:1 Ce:La molar ratio, 

depending on the mineral source [36, 37]). For example, the main industrial mineral sources of Ce include 

La-containing bastnŠsite ((Ce,La)(CO3)F) and monazite ((Ce,La,Nd,Th)(PO2)) [37].  Although analysis of 

an environmental media (e.g. surface water) for total metals concentrations can provide the environmental 

Ce:La ratio, the Ce input from engineered CeO2 NPs needed to significantly increase this ratio (outside of 

a 95% confidence interval) is approximately three orders of magnitude larger than the expected ENP 

release concentrations, as shown by Monta–o et al. [36] (Figure 3.1).  As such, particle-by-particle 

detection may provide a means to assess these differences at environmentally relevant concentrations.  

We hypothesize that the detection of multiple elements in NNPs will distinguish them from the simpler 

single element detection events characteristic of ENPs. 

 
Figure 3.1.  Bulk elemental Ce and La concentrations in surface water (data from the Geochemical Atlas 
of Europe (2005)).  Hypothetically, the concentration of additional engineered CeO2 NPs needed to shift 
the Ce:La ratio outside the 95% confidence interval is on the order of micrograms per liter (ug/L). [36]    

 
A recent advancement in spICP-MS technology called dual element mode spICP-MS may enable 

the detection of multiple elements on an individual particle basis.  Until recently, when using a 

quadrupole mass analyzer, analysis of only one element by spICP-MS was possible.  As discussed in 

Chapter 1, the quadrupole mass filter selects for a given m/z by varying the ratio of the DC and RF 
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voltages applied across the quadrupole.  For a given ratio of these voltages only a single elemental mass 

will reach the detector.  In single element spICP-MS, there is no need to change the voltage ratio across 

the quadrupole and the detector takes readings for one mass repeatedly.  In dual element spICP-MS, the 

quadrupole switches back and forth between two different masses.  The settling time is the length of time 

required to adjust the voltage ratio from one element to another.  If µs-dwell and -settling times are used, 

at least one reading for each element is expected for a NP with a typical pulse duration of about 500 µs 

(Figure 3.2).  This project aims to: 1) show the current capabilities for the characterization of a bimetallic 

Au-Ag core-shell NP using single element spICP-MS and AF4 including determination of the core-shell 

structure using a slow acid digestion, and 2) provide an initial validation and quantitative evaluation of 

dual element mode spICP-MS for the detection and characterization of the Au-Ag NP. 

 
Figure 3.2.  Dual element spICP-MS switches rapidly 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 used to collect and process particle 

characterization data.  
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3.2.1 Nanomaterials 

Three types of nanomaterials were characterized by single element spICP-MS, dual element 

spICP-MS, and/or AF4-ICP-MS: a Au-Ag core-shell NP, a Au only NP, and a Ag only NP. 

A polyvinylpyrrolidone (PVP)-stabilized core-shell NP with a Au-core and Ag-shell 

(nanoComposix, Lot # MGM2278) was used to evaluate the ability of spICP-MS to characterize a 

metallic core-shell particle in both single element and dual element mode (Figure 3.3).  The Au-Ag NP 

TEM characterization provided by nanoComposix showed an average Au-core diameter of 48.2 nm and 

an average Ag-shell thickness (calculated) of 17.2 nm to give a total diameter of 82.7 ± 7.7 nm (i.e., 

average ± standard deviation).  The equivalent spherical diameter of the Ag-shell is 76.8 nm.  The PVP 

capping agent provided a hydrodynamic diameter of 100.2 nm and a zeta potential of -49.8 millivolts 

(mV).  Total metals analysis by nanoComposix indicated concentrations of Ag and Au at 590 mg/L and 

370 mg/L, respectively, and 3.2x1011 particles/mL.   

 
 

 
Figure 3.3. Au-Ag core-shell NP a) average sizes of components, b) TEM image, c) and TEM size 
distribution from nanoComposix materials data sheet.   

8"#9(6-3

,3

OD

.9

*<-'*LB-*"6
,9

a)               

 

 

 

 

 

 

b)         c)  



 44 

A citrate-stabilized 60 nm Au NP (NIST SRM 8013) was used to determine spICP-MS transport 

efficiency and validate dual element mode spICP-MS data collection.  The manufacturer reported a mean 

size by TEM of 56.0 ± 0.5 nm, a mass concentration of 51.86 mg Au/L, and a zeta potential of -37.6 mV. 

A citrate-stabilized 60 nm Ag NP (nanoComposix, NanoXact, Lot # JCP1107) was used to 

validate dual element mode spICP-MS data collection.  The manufacturer reported a mean size by TEM 

of 60.8 ± 6.6 nm, a mass concentration of 0.021 mg Ag/mL, and 1.7x1010 particles/mL.  A surface coating 

of sodium citrate produced a hydrodynamic size of 62.5 nm and a zeta potential of -49.9 mV. 

3.2.2 Data collection and processing 

The Au-Ag core-shell NP structure was determined using single element spICP-MS and AF4-

ICP-MS.  spICP-MS was used to measure the size distribution of the Au-core and Ag-shell in Milli-Q 

water and their dissolution in 1% (v/v) aqua regia and Milli-Q water over a period of 28 hours.  

Additionally, dual element spICP-MS was validated using the Au-Ag NPs, 60 nm Au NPs, and 60 nm Ag 

NPs. 

3.2.2.1 spICP-MS 

spICP-MS data was collected according to the standard operating procedure (Appendix B) using 

a Perkin Elmer NexION 300D quadrupole mass spectrometer (Table 3.1).  As described in Chapter 2 

(section 2.2.2.1), data acquisition and data processing (i.e., raw intensity versus time to particle size 

distribution and number concentrations) were performed by the commercially available software package 

SyngistixTM Nano Application Module (Perkin Elmer).  Dual element data was collected using a beta-

version SyngistixTM Nano Application Module (Perkin Elmer) that functioned the same as the 

commercially available software with the option to add a second analyte and specify a settling time.  The 

raw dual element data was processed manually using Microsoft Excel, as described below. 

All particle samples and standards were prepared in Milli -Q water (18.2 M' -cm) the day of 

analysis with the exception of the dissolution experiment samples (see section 3.2.2.4), which were 

prepared in either Milli-Q water or 1% (v/v) aqua regia and analyzed over a period of 28 hours.  Stock 

particle standard solutions (ppm range concentration) were gently shaken or mixed using a vortex mixer  
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Table 3.1. spICP-MS operating conditions in single element and dual element mode. 
 

Parameter 
Group 

Parameter Condition 

ICP-MS 
components 

Model NexION 300D 
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 SyngistixTM Nano Application Module (Perkin Elmer) 
Transport 
efficiency 

and 
calibration 
standards 

Particle Au  
(concentrations / matrix) 

0 ppt and 500 ppt Au-citrate NP  
(NIST, 50 mg/L, 56 nm by TEM) 
in Milli -Q water (18.2 M' -cm) 

Dissolved Au  
(concentrations / matrix) 

0, 1, 2, 5, 10, 20, and/or 100 ppb Au+  
(SPEX CertiPrep, 100 mg/L, Lot # CL5-56AU) 

in 2% (v/v) HCl (Fisher Scientific, Optima grade,  
32-35% diluted by vol. in Milli-Q water) 

Dissolved Ag  
(concentrations / matrix) 

0, 1, 2, 5, 10, 20, and/or 100 ppb Ag+  
(PerkinElmer Pure, 1000 mg/L, Lot # 18-28AGX1) 
in 2% (v/v) HNO3 (Fisher Scientific Optima grade,  

67-70% diluted by vol. in Milli-Q water) 
Single Element Mode 

Data 
acquisition 
and method 
conditions 

Nebulizer gas flow rate 0.88 Ð 1.06 L/min 
Sample flow rate 0.3 mL/min 
Plasma RF power ~1600 W 

Sample flush, read delay, and 
wash time 

30-60 s (-24 or -26 rpm), 30-60 s (-20 rpm),  
45-60 s (-24 rpm) 

Analytes 107Ag, 197Au 
Dwell time 100 µs 
Scan time 60 s 

Assumed density (Au, Ag) 19.3 g/cm3, 10.49 g/cm3 
Mass fraction 100% 

Ionization efficiency 100% 
Transport efficiency 8.39 Ð 9.63% 

Dual Element Mode 
Data 

acquisition 
and method 
conditions 

Nebulizer gas flow rate 0.88 L/min 
Sample flow rate 0.3 mL/min 
Plasma RF power ~1600 V 

Sample flush, read delay, and 
wash time 

30 s (-24 rpm), 30 s (-20 rpm),  
60 s (-24 rpm)  

(Teflon short tube attachment instead of autosampler) 
Analytes 107Ag, 197Au 

Dwell time 100 µs 
Settling time 100 µs 

Scan time 240 s 
Assumed density (Au, Ag) 19.3 g/cm3, 10.49 g/cm3 

Mass fraction 100% 
Ionization efficiency 100% 
Transport efficiency 9.47% 
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for 15 seconds prior to dilution.  Each diluted particle solution was sonicated in a sonic bath for 5 minutes 

following preparation.  Au and Ag dissolved standards were prepared less than one week before analysis 

in 2% (v/v) HCl and 2% (v/v) nitric acid (HNO3), respectively (Table 3.1).  The associated calibration 

curves are included in Appendix D (Figure D.1). 

Single Element Mode 

The Au-Ag NP bulk solution was analyzed in single element mode spICP-MS for 197Au and 107Ag 

at 1:105, 1:106, and 1:107 dilutions (in Milli-Q water) with 1:106 determined to be the optimum 

concentration for spICP-MS analysis at the acquisition conditions shown in Table 3.1.  Seven total 

replicate sample analyses at a 1:106 dilution were performed (triplicate on 6/30/14, single on 7/24/14, and 

triplicate on 10/14/15).  Processed results, including NP mean and mode size, mean intensity, particle 

number concentration, and dissolved metal concentration were exported from the Syngistix software. 

Dual Element Mode 

 Additionally, the 1:106 dilution of the Au-Ag NP bulk solution was analyzed in dual element 

mode spICP-MS for 197Au and 107Ag in triplicate (10/14/15).  Using the beta-version SyngistixTM Nano 

Application Module (Perkin Elmer), both analytes were analyzed within one sample analysis scan time of  

240 s with a dwell time of 100 µs and a settling time of 100 µs with standard ICP-MS operating 

conditions (i.e., nebulizer gas flow, sample flow rate) (Table 3.1).  Under these conditions, approximately 

600,000 readings (one per 100 µs dwell time) were obtained for each analyte. 

The dual element data was manually processed using Microsoft Excel, as follows.  A background 

cutoff of two counts per dwell time was used to identify NP peaks.  This cutoff value was chosen because 

the average plus 3"  of the 197Au and 107Ag signal response for Milli-Q blanks was between 1 and 2 counts 

per dwell time.  The raw data output for each sample provided two columns, one for each element, with 

approximately 600,000 data points for each.  A third column, time in increments of 100 µs, was added.  

The Au column was first filtered to remove background readings (counts of )  2).  This identified all Au 

NP peaks.  Some of these Au readings (all above the background) have Ag readings above the 

background associated with them (i.e. with the same time measurement).  These are NP peaks with 
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consecutive readings of Au and Ag.  The Ag peaks were identified in the same manner by filtering out 

readings )  2 counts (after the Au column was first unfiltered, back to original data).  The filtered data for 

each element was then combined.  Time measurements in the compiled data with both Au and Ag 

readings above the background were identified and one of these rows was removed.  Because this 

identified NP peak appeared in both the Au and Ag peak finding procedure, duplicate NP peaks were 

identified in the compiled data, so one was removed.  The data were then grouped when consecutive time 

measurements were observed (i.e., when Au and/or Ag had readings for two or more consecutive dwell 

times).  This identified NP peaks containing two or more readings above the background for Au and/or 

Ag.  If either element was above the background threshold, the readings were identified as a NP peak, and 

the signal intensity for both elements in the identified NP peak was integrated.  The value of the total 

integrated counts for each element in an identified NP peak was used to identify peaks as: Au only > 

detection limit (DL), Ag only > DL, or Au and Ag > DL.  Here, DL is used to describe the background 

threshold.   

Hypothetical dual element spICP-MS real-time data is shown in Figure 3.4 to illustrate NP peak 

identification, intensity integration, and classification.  For example, the first NP peak shows three 

consecutive Ag readings above the background.  These Ag readings and the three associated Au readings  

 
Figure 3.4. Hypothetical dual element spICP-MS real-time data.  Green boxes show identified NP peaks. 
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were integrated to obtain total Au and total Ag NP intensity for the identified peak.  The associated Au 

readings were integrated whether or not they were individually above the background cutoff.  If the three 

Au readings were 0, 1, and 1, then the integrated Au NP intensity was still in the background ()  2 counts), 

and the NP peak was considered as a peak with only Ag detected (> DL) and Au not detected (< DL).  For 

the purpose of this discussion, the number of readings for this example NP peak will be described as three 

because it has a minimum of three out of six total readings above the background.  Although it can have 

up to six total readings above the background in real time, it is counted as a NP peak based only on the 

three consecutive readings above the background for one of the analytes.  The data was processed in this 

way for the Au-Ag NP triplicate samples to determine the total number of NP peaks, their width (i.e., 

number of readings), the number of NP peaks at each width, the integrated Au and Ag intensity for each 

NP peak, and the percentage of NP peaks with both Au and Ag detected, only Au detected, and only Ag 

detected. 

3.2.2.2 Conventional ICP-MS 

In addition to spICP-MS analyses, total Au and Ag concentrations of the Au-Ag NPs were 

measured by conventional ICP-MS according to the standard operating procedure (Appendix A) using a 

Perkin Elmer NexION 300D quadrupole mass spectrometer.  A 1:104 dilution of the Au-Ag NP bulk 

solution acidified to 2% HNO3 was analyzed in triplicate for 197Au and 107Ag using 200 ms dwell times 

and 25 sweeps/reading, 1 reading/replicate, and 3 replicates.  A 10 ppb Indium internal standard (in 2% 

HNO3) was used to correct for instrument drift.  Calibration was performed with using 0, 1, 10, and 100 

ppb dissolved Au and Ag standards (Table 3.1).  ICP-MS concentrations were adjusted for dilution based 

on the solution masses measured during sample preparation.  Additionally, the total Ag concentration was 

adjusted based on the 84% recovery of a standard reference material (SRM 1640a Trace Elements in 

Natural Waters) containing 8.081 ug/L Ag.  A standard reference material was not available for Au; as 

such, the Au concentration was adjusted only for dilution.  The calibration curves used for total metal 

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

A Postnova Analytics AF2000 AT AF4 with online UV-visible (Postnova Analytics PN3211) 

and/or ICP-MS (Perkin Elmer NexION 300D) detectors was used to determine the hydrodynamic size of 

the Au-Ag NPs.  A carrier fluid containing 0.025% (v/v) FL-70 surfactant (Fisher Scientific, Lot # 

981144) and 0.05% (v/v) NaN3 (Fisher Scientific, Lot # 090862) in Milli-Q water (18.2 M' -cm) was 

used in all analyses with the exception of one analysis using 0.5 g/L sodium dodecyl sulfate (SDS, Fisher 

Scientific, NF/FCC grade, Lot # 13739) in Milli-Q water to investigate the effect of carrier fluid on 

particle retention by the membrane.  A 10 kDa regenerated cellulose membrane (Postnova Analytics Lot # 

CF200911-0911-14439-1040163 and CF290715-1451593) and a 350 µm spacer were used.  The injection 

volume was 100 µL.  Bulk Au-Ag NP sample was analyzed at the following dilution factors in Milli-Q 

water: a) 1:100, b) 1:125, and c) 1:400.  All separations were performed with a cross-flow of 1.0 mL/min 

and an outlet flow rate of 1 mL/min to the detector(s).  The elution period included 45 minutes with 

constant cross-flow and 5 minutes of a power decay (0.2 exponent) of the cross-flow from 1.0 mL/min to 

0 mL/min prior to a 5 minute rinse period with no cross-flow. To determine AF4 recovery, sample was 

injected at 1 mL/min for 1 minute and then eluted through the column with a cross-flow of 0 mL/min and 

a tip flow of 1 mL/min (i.e., no field applied) during a 7 minute elution time with no additional rinse time.  

All AF4 fractograms included herein are plotted from the beginning of the elution time, which includes a 

one minute transition time from the focusing step (i.e., injection time) to the elution period. 

 All analyses were performed with an on-line UV-vis detector at 520 nm.  On-line ICP-MS 

detection (Perkin Elmer NexION 300D, SyngistixTM) was included for the analysis on 6/19/14 and 

3/17/16 of the 1:400 dilution of the Au-Ag NPs.  A conventional ICP-MS method provided a real-time 

signal for 197Au and 107Ag using a 500 ms dwell time for each analyte and 3320 readings to ensure signal 

was obtained during the entire AF4 sample elution time (including the rinse time).  ICP-MS analysis was 

started at the beginning of the elution period (i.e., the end of the one minute transition time) for the 

6/19/14 analysis and at the end of the one minute transition time for the 3/17/16 analysis; however, all 

ICP-MS fractograms included herein have been adjusted so the time corresponds to the AF4-UV-vis 



 50 

fractograms. The UV-vis outlet tubing (red-red peristaltic pump tubing) was connected directly to black-

black ICP-MS peristaltic pump sample tubing using a piece of Teflon tubing (about 6-12" long, 0.022" ID 

x 0.042" OD), and a peristaltic pump speed of 20 rpm was used to match the 1 mL/min AF4-UV-vis 

effluent flow rate.   

The hydrodynamic size was determined by calibration of the elution time using solutions of 

0.01% (v/v) polystyrene spheres of 60 nm and 100 nm (Thermo Scientific, Lot # 36003 and 36005, 

respectively) with UV-vis detection (520 nm) and/or 500 ppb 30 nm and 60 nm Au-citrate NPs (NIST) 

with ICP-MS detection (197Au and 107Ag) at least once each day of AF4 analysis.  Size calibration curves 

and fractograms are included in Appendix D (Figure D.3).  Successful size calibration data was obtained 

on 6/16-6/17/14; however, for data collected on 6/19/14 and 8/7-8/8/14, the total size calibration (i.e., 

both 6/16-6/17/14 data) was used since size calibration was not performed on 6/19/14 and size calibration 

was unsuccessful on 8/7-8/8/14 (due to the age of the polystyrene solution rather than analytical AF4 

issues).  As such, the sizes calculated on 6/19/14 and 8/7-8/8/14 should be considered estimated. 

3.2.2.4 Dissolution of Au-Ag NP  

Dissolution of the Au-Ag NPs in Milli-Q water and dilute aqua regia solutions were recorded 

over time using single element mode spICP-MS (see section 3.2.2.1 for data acquisition conditions).  

Three dissolution experiments were performed.   

The first, preliminary, experiment was performed with a 1:106 dilution of Au-Ag NPs in 

approximately 10% (v/v) aqua regia (7/24/14).  Aqua regia solutions were prepared with a 3:1 ratio of 

concentrated HCl (Fisher Scientific Optima grade, 32-35%) and concentrated HNO3 (Fisher Scientific 

Optima grade, 67-70%).  At t = 0, 4.95 mL of concentrated aqua regia was spiked into 45.05 mL of 1:106 

Au-Ag NP solution (prepared in Milli-Q water), the tube was inverted about 20 times to mix, and sample 

analysis began at t = 1 minute.  After sample flush and read delay times, data collection began at t = 3 

minutes with 197Au followed immediately by 107Ag analysis by single element mode spICP-MS.  Analysis 

was repeated in the same manner at t = 11, 19, 36, 54, and 72 minutes.   
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The second dissolution experiment was performed with approximately 1:106 dilution of Au-Ag 

NPs in Milli-Q water and 1% (v/v) aqua regia (8/8/14).  At t = 0, 0.5 mL of 1:104 Au-Ag NPs were spiked 

into about 49.5 mL of Milli-Q and 1% (v/v) aqua regia with no sonication following addition of NPs.  

Because the Milli-Q and aqua regia solutions were analyzed as blank samples prior to NP addition, the 

sample volume was likely closer to 47.5-48.5 mL, which results in a concentration slightly larger than 

1:106.  Here, the difference is assumed to be negligible.  Analysis of 197Au and 107Ag was performed 

consecutively over a period of four hours every half hour starting immediately after NP addition.  The 

solution was capped between analyses and inverted for about 30 seconds prior to each analysis.  

Calibration check standards of 10 ppb Au and 10 ppb Ag were analyzed every hour (starting at 75 

minutes) for 197Au and 107Ag, respectively.   

The third dissolution experiment was performed in the same manner with a 1:106 dilution of the 

bulk Au-Ag NP solution in Milli-Q water and 1% (v/v) aqua regia, but over a longer period of time and 

with more care for accurate concentrations (5/13/15).  At t = 0, 0.5 mL of 1:104 Au-Ag NPs were spiked 

into 49.5 mL of Milli-Q and 1% (v/v) aqua regia.  Following NP addition, solutions were shaken 

thoroughly, but not sonicated.  Prior to each analysis, solutions were inverted about 25 times.  Each NP 

solution was analyzed in single element mode spICP-MS for 197Au and 107Ag consecutively at the 

following times: 0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 24, and 28 hours.  Other Milli-Q and 1% aqua regia 

solutions were prepared separately for blank sample analysis.  Calibration 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 hour time points. 

3.3 Results and Discussion 

The results of the analyses described above are presented in the following sections along with a 

discussion of how they provide a complete characterization of the core-shell structure of the Au-Ag NP.  

3.3.1 Single element spICP-MS and AF4-ICP-MS 

Analysis of the bulk solution of Au-Ag NPs by single element spICP-MS provides size 

distributions for each element with a mean diameter of 54.1 ± 1.4 nm for the Au-core and 67.1 ± 1.6 nm 

for the Ag-shell (Figure 3.5).  These values are the average ± the standard deviation of the mean diameter  
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Figure 3.5. spICP-MS size distribution for the bulk solution of Au-Ag NPs in single element mode for   
a) 197Au and b) 107Ag.  Three separate analyses were performed: A, B, and C.  Analysis A and C each had 
triplicate samples, and analysis B had only one sample.  The mode diameter, mean diameter, and particle 
number concentration are average ± the standard deviation of the mean of seven total sample results.  
Gaussian fits were added for each analysis using OriginPro 2015 and the mean size is the distribution 
mean ± distribution standard deviation. 
 

from seven replicate sample analyses performed on three different days.  The Au-core diameter is 5.9 nm 

larger and the Ag-shell is 9.7 nm smaller than manufacturer-reported sizes of 48.2 nm and 76.7 nm, 

respectively.  If the PVP-outer-shell thickness of 8.8 nm (calculated based on manufacturer reported 

sizes) is assumed, then these Au-core and Ag-shell sizes results in a hydrodynamic size of 94.7 nm.  A 

Gaussian fit (OriginPro 2015) for each analysis was performed to obtain a mean diameter and standard 

deviation of the distribution (Figure 3.5).  The average of the mean and standard deviation of the three 

Gaussian fits (A, B, and C) provide a distribution mean and standard deviation (i.e., width) of 49.1 ± 8.2 

nm for the Au-core and 62.7 ± 8.5 nm for the Ag-shell.  The Gaussian distribution mean size is about 5 

nm less than that determined by the Syngistix software for both Au and Ag due to the actual log-normal 

character of the particle distribution.  However, the distribution standard deviation provides a good 

estimate for the polydispersity of the particle and indicates that the particles are relatively monodisperse 

and is in agreement with that reported by the manufacturer.   

A particle number concentration of about 2.0x1011 ± 3.0x1010 particles/mL was found for both the 

Au-core and Ag-shell (Figure 3.5).  While the particle number concentration is internally consistent, it 

a)               b)           
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does not agree with the manufacturer reported number of 3.2x1011 particles/mL.  It appears that the 

manufacturer number is calculated according to the total Au metal concentration of 370 ppm and the 

mean Au diameter of 48.2 nm.  If the expected particle number concentration is instead calculated 

according to the reported total Ag metal concentration of 590 ppm and equivalent diameter of the reported 

Ag-shell thickness of 76.8 nm, it is 2.4x1011 particles/mL and much closer to the spICP-MS results.  In 

either case, spICP-MS results in fewer particles than reported by the manufacturer, which may be due to 

loss during sample preparation and/or introduction (i.e., on tubing, glassware, etc.). 

Total Au and Ag concentrations of the bulk Au-Ag NPs found by ICP-MS analysis of a 1:104 

dilution of the Au-Ag NPs (acidified to 2% HNO3) are 100.4 ± 2.6 ppm Au and 596.0 ± 5.2 ppm Ag.  The 

Ag concentration agrees very closely with the reported 590 ppm concentration; however, the Au 

concentration is less than one-third the reported 370 ppm concentration.  Particle number concentrations 

calculated according to these total metal concentrations and the average sizes determined by spICP-MS 

are 6.3x1010 particles/mL and 3.6x1011 particles/mL for Au and Ag, respectively.  The average of these 

two concentrations is 2.1x1011, and very similar to the concentration found by spICP-MS.  Because of 

these inconsistencies in the manufacturer-reported particle number concentration (i.e., two different 

expected particle number concentrations based off the total metal concentration and TEM sizes) and the 

disagreement between the total Au concentration by ICP-MS and the manufacturer-reported Au 

concentration, the accuracy of the spICP-MS particle number concentrations could not be properly 

assessed.  As discussed in Chapter 1 (section 1.1.3.1), uncertainties in the particle number concentration 

can result from aggregation, settling, and/or sorption to the sample containers. 

Agreement in the particle number concentration for Au and Ag by spICP-MS indirectly indicates 

that the Au-Ag NPs are composite particles rather than a solution containing both Au and Ag particles.  

However, this data on its own does not provide a definitive conclusion regarding the dual element 

composite nature of the particle.  Addition of AF4-ICP-MS analysis of the bulk solution provides the 

hydrodynamic size distribution, and conclusive evidence of a composite particle as long as the Au and Ag 

masses are different (as they are here).  Seven AF4-UV-vis analyses of the Au-Ag NP bulk solution at 
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varying dilution factors (1:100, 1:125, and 1:400) show a hydrodynamic size at the peak maximum of 

97.2 ± 3.8 nm (average ± standard deviation) (Figure 3.6).  Analysis of a 1:100 dilution of the Au-Ag NP 

bulk solution by AF4-UV-vis shows a size at the peak max of 100.9 ± 0.5 nm (Figure 3.6a).  Analysis of 

the Au-Ag NP at a 1:125 dilution confirms this result with a peak max size of 100.2 nm (Figure 3.6f).  

Both are in very good agreement with the manufacturer-reported hydrodynamic size of 100.2 nm.  

Additional AF4-UV-vis analyses performed on a 1:400 dilution of the bulk solution show similar results, 

but have more signal noise and slightly lower average size at the peak max of 94.6 ± 3.0 nm (Figure 3.6b).  

AF4-ICP-MS of the 1:400 dilution Au-Ag NPs shows a similar hydrodynamic size of 95.2 ± 0.6 nm and 

93.0 ± 0.6 nm, based on the 197Au and 107Ag signals, respectively (Figure 3.6c,d).  These results from the 

1:400 dilution Au-Ag NPs provide a hydrodynamic size that agrees very closely with the value of 94.7 

nm found based on the spICP-MS Au-core and Ag-shell sizes.  Most importantly, the normalized ICP-MS 

signal response of the AF4-ICP-MS data shows that the Au and Ag are detected simultaneously across the 

fractogram indicating that the particle contains both Au and Ag (Figure 3.7).  While the spICP-MS data, 

with same number of particles, hints at this conclusion, it cannot definitively prove it in single element 

mode.  Note that a mixture of Au and Ag NPs of the exact same size would have the same appearance as 

the Au-Ag core-shell NP by AF4-ICP-MS (i.e., a single composite particle).  As such, additional 

methodologies, such as dual element particle-by-particle analysis or particle dissolution (described below), 

are required to confirm that the solution contains composite Au-Ag core-shell particles.  As discussed in 

the following section, dual element mode spICP-MS, properly optimized, would be able to definitively 

come to this conclusion in less analysis time than FFF and using only ICP-MS. 

Unfortunately, the AF4 recoveries were not optimal and the PVP-stabilized Au-Ag NPs 

interacted strongly with the AF4 membrane (Figure 3.6d,e).  The total recovery (i.e., integrated signal 

with an applied field divided by the integrated signal without an applied field) for the Au-Ag NPs using 

the FL-70 surfactant carrier fluid (0.025% FL-70, 0.05% NaN3) by online ICP-MS was 52% by the 197Au 

signal and 47% by the 107Ag signal.  This discrepancy between the two analytes is unexpected given that  
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Figure 3.6.  AF4 fractograms for Au-Ag NPs: a) 1:100 dilution by online UV-vis (520 nm), b) 1:400 
dilution by online UV-vis (520 nm), c-d) 1:400 dilution by online ICP-MS (197Au and 107Ag), e) 1:400 
dilution without an applied field (i.e., no cross-flow) by online ICP-MS (197Au and 107Ag), and f) 1:125 
dilution by online UV-vis (520 nm) using two different carrier fluids: 0.025% FL-70 + 0.05% NaN3, and 
0.5 g/L SDS.  The hydrodynamic size at the peak maximum is shown (mean ± standard deviation, if 
applicable). 
 

a)              b) 

 

 

 

 

 

 

 

c)      d)  

 

 

   

 

 

 

 

e)      f) 
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Figure 3.7. AF4-ICP-MS fractograms for duplicate analyses of Au-Ag NPs at a 1:400 dilution with the 
197Au and 107Ag signals normalized to their respective maximum signal response.  The average 
hydrodynamic size is 95.2 ± 0.6 nm and 93.0 ± 0.6 nm, based on the 197Au and 107Ag signals, respectively.  
 

they are detecting the same particle.  One possible explanation is loss of Ag ions from the NP shell to the 

tubing during transport to the ICP-MS.  The resolvable recovery (i.e., integrated signal of the resolved NP 

peak divided by the integrated signal without an applied field) was 30% and 27% by 197Au signal and 

107Ag signal, respectively.  When the field is turned off during the rinse time at the end of the elution 

period, all particles reversibly sorbed to the membrane are removed from the channel.  If a carrier fluid of 

0.5 g/L SDS is used instead, the resolvable recovery qualitatively appears to improve, as observed in the 

visually smaller rinse peak (i.e. field off) in the fractogram (Figure 3.6f); however, if the intensities are 

integrated (UV-vis signal response), the resolvable recovery is actually not significantly improved with an 

increase of only 1.2%.  Because the hydrodynamic size at the peak maximum was 100.2 nm for FL-70 

and 96.3 nm for SDS and use of SDS did not improve the recovery, the FL-70 separations were used in 

this study.   

Although the results from both AF4-ICP-MS and single element spICP-MS suggest that the 

particle is a composite of Au and Ag, more information is needed to determine whether the structure is a 

core-shell type or a homogeneous distribution (i.e. alloy) of Au and Ag.  Dissolution of the particles in 

dilute acid provides this information: a simultaneous decrease in NP size of both elements over time 

a)                   b)           
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would indicate a homogeneous structure while a decrease in NP size of only one element would indicate a 

core-shell structure with a shell of that element.  Dissolution of the Au-Ag NPs was initially performed in 

10% (v/v) aqua regia, and while the results hint that the Ag-shell dissolved before the Au-core, 

dissolution of the entire particle occurred too quickly to obtain accurate results (Figure D.4).  The Ag-

shell appears almost fully dissolved after about seven minutes; the real-time data shows a dissolved Ag 

signal with only a few small NP pulses.  The Au signal shows an elevated background and NP pulses at a 

lower intensity than the original solution (i.e., in Milli-Q water).  After 19 minutes the Au-core was 

completely dissolved.  Dissolution using 1% (v/v) aqua regia instead produced a gradual dissolution of 

the particle that was observed over 28 hours.  Two replicate experiments were performed using 1% (v/v) 

aqua regia and Milli -Q water as a control: the first experiment (performed in 2014) included 

measurements only up to 4 hours while the second experiment (performed in 2015) went up to 28 hours.  

Overall, the results were reproducible; the spICP-MS size distributions for 2014 experiment as well as a 

comparison of the mean size and particle number concentrations in 1% (v/v) aqua regia are shown in 

Appendix D (Figure D.5).   

Dissolution in Milli-Q water shows a slight decrease in the Ag NP size and no change in the Au 

NP size, as expected (Figure 3.8b,d,e).  The spICP-MS size distributions clearly show a decrease in the 

Ag NP size over the first few hours in 1% aqua regia with a constant Au NP size over the same time 

period (Figure 3.8a,c,e) indicating that the particle has a Ag-shell and a Au-core.  A slight decrease in the 

mean Au NP size is observed at 8 hours, but is not clearly visible in the size distribution until the 24-hour 

time point. The decrease in Ag NP size occurs linearly over the first three hours with a line of best fit of   

y = -9.65x + 69.5 with R2 = 0.999 (where y is time in hours and x is mean diameter in nm).  After three 

hours the mean Ag diameter appears to increase (Figure 3.8c), which is an artifact of the data processing 

by the Syngistix software.  Due to the iterative approach for identifying NP peaks used by the software 

(discussed in Chapter 1, section 1.1.3.2), outlier data points are always identified as NPs and a mean size 

is computed.  Even for a blank sample not containing NPs, the signal intensities identified as outliers of 

the dataset will be identified as particles.  Similarly, the software will identify the largest signal intensities 
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Figure 3.8. spICP-MS size distributions for Au-Ag NPs at 1:106 dilution for a-b) 197Au and c-d) 107Ag in 
1% (v/v) aqua regia (a,c) and Milli-Q water (b,d) at time points of 0, 1, 2, 3, 4, 8, and/or 24 hours; and e) 
the mean diameter and f) particle number concentration for 197Au and 107Ag in Milli -Q water and 1% (v/v) 
aqua regia for all time points. 
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from a dissolved ion solution as NPs.  For these types of samples, the software reports a small number of 

NPs counted (typically several hundred in 60 seconds) and a mean NP size.  The mean size information is 

insignificant.  The apparently larger Ag NP size appears to be due to this software issue since very low 

particle number concentrations are observed (Figure 3.8c,f).  As such, these data points have not been 

included in Figure 3.8e.  Although the dissolution of the Ag-shell is not expected to be linear based on a 

surface area model of NP dissolution, a linear regression analysis was used to obtain a rough estimate for 

the time at which the Ag-shell is completely dissolved.  Extrapolation of the linear regression for Ag 

dissolution suggests complete dissolution of the Ag-shell (i.e., mean diameter of 0 nm) at 7.2 hours.  A 

decrease in the Au NP size is indeed observed starting at 8 hours.  Because of the gap in data between 8 

and 24 hours, the rate of Au-core dissolution cannot be known with confidence, although a rough estimate, 

assuming linear dissolution, indicates this rate is approximately 20 times slower than Ag dissolution.  

Additionally, the dissolved Ag concentrations support the observed NP dissolution trends (Figure D.6).  

Most importantly, Au-core dissolution is only observed after the expected time for complete Ag-shell 

dissolution, providing strong evidence of a core-shell structure. 

In addition, a significant decrease in particle number concentration by mechanisms other than 

dissolution is observed (Figure 3.8f).  The same rate of particle loss is observed in Milli -Q water for both 

Au and Ag even though there is no dissolution of the Au-core (Figure 3.8b,d).  In aqua regia, a 

comparable decrease in the Au particle number concentration is observed until about 6-8 hours when the 

Au-core begins to dissolve. This illustrates the potential of using a core-shell particle with Au in the core 

as an internal standard to record changes in particle number concentration that may not be observable in 

the unknown sample alone.  Settling is not expected to be the cause of particle loss since the solution was 

inverted repeatedly prior to analysis to resuspend any settled particles.  Aggregation is also an unlikely 

cause since an increase in particle size was not observed.  Particle loss due to sorption on the container is 

suspected.  A decrease in the average signal intensity (i.e., average counts per dwell time for real-time 

data without the background signal removed) in Milli-Q water by about 50% indicates a decrease in the 

amount of sample, both particulate and dissolved, reaching the plasma (Figure 3.9).  The same trend is 
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observed for Au in 1% aqua regia.  However, the average signal intensity increases slightly for Ag in 1% 

aqua regia, which likely represents the signal from the dissolved Ag-shell ions in solution.  Comparison 

of this increase of the average signal intensity for Ag to the decrease observed for Au in acid may also 

illustrate the differences in transport between ions and particles during sample introduction prior to the 

entering the plasma, which 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) average signal intensity (dissolved and 
nanoparticulate) for 197Au and 107Ag in Milli -Q water and 1% (v/v) aqua regia from 0-28 hours. 
 

3.3.2 Dual element spICP-MS 

Dual element spICP-MS offers the ability to quickly determine the composition of a bimetallic 

core-shell NP (e.g., the Au-Ag NP) by detecting two elements (almost) simultaneously on a particle-by-

particle basis.  Three different particles were used to validate spICP-MS in dual element mode for the 

determination of a bimetallic NP composition: the Au-Ag NP characterized previously by single element 

spICP-MS and AF4-ICP-MS as well as a 60 nm Au NP and a 60 nm Ag NP.  All three particles were 

analyzed in both single element and dual element modes in order to assess the ability of the dual element 

mode software to correctly distinguish between NPs containing only one element and those containing 

two elements.  The real-time data plots show NP pulses for both Au and Ag for the Au-Ag NPs (Figure 
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D.7a-d).  Similarly, the 60 nm Au NP had only Au pulses and the 60 nm Ag NP had only Ag pulses in 

both single and dual element modes (Figure D.7e-l).   

Additionally, the intensity of the NP pulses are as expected: the pulse intensity for the dual 

element analysis is expected to be less than in single element mode.  Considering that the typical duration 

of a NP of this size is about 500 µs and with dwell and settling times of 100 µs, it is expected that no more 

than two pulses of one elemental mass will be detected for a given NP in dual element mode (while in 

single element mode the entire NP peak will be captured with about five pulses).  It is also statistically 

unlikely that these dual element pulses will be at the NP peak maximum.  This is consistent with real-time 

data observations: in dual element mode the NP pulse intensities were less than those in the single 

element data (Figure D.7).  This can be seen clearly for the Au signal, but is more difficult to visually 

observe for the Ag signal.  The average intensity (i.e., the average counts per dwell time over the 60 

second scan time, including both background and NP counts) quantitatively illustrates the decrease in 

counts observed in dual element mode within a sample (Table 3.2).   These average intensities are small 

values because they include the background counts (>500,000 readings of 0-1 counts).  For all three 

sample types, the average counts per dwell time in single element mode are 4.61 ± 0.14 times larger and 

1.38 ± 0.01 times larger than the average counts per dwell time in dual element mode for 197Au and 107Ag, 

respectively.  The reproducibility 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 for each element to convert intensity 

in dual element mode to a particle size.  The difference in the magnitude of this factor between Au and 

Ag likely reflects the relative instrumental sensitivity for each element.  The ratio of the Ag and Au 

dissolved calibration curve slopes (i.e., Agslope:Auslope = 3.04/0.81, in single element mode, Figure D.1a) is 

  
Table 3.2. Average counts per dwell time for 197Au and 107Ag for Au-Ag NP, Au NP, and Ag NP samples 
analyzed by spICP-MS in single element mode and dual element mode. 

Sample 
Average 197Au counts per dwell time Average 107Ag counts per dwell time 
Single Element 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 
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3.8, so the ICP-MS detector is almost four times more sensitive for Ag than Au.  This value is close to the  

ratio of the Au and Ag single element to dual element factor (i.e., 4.61/1.38) of 3.3.  The difference may 

also be attributed to non-optimal data acquisition conditions (e.g., the settling time may be appropriate for 

Ag, but not for Au).  A similar evaluation is performed below for the average NP intensities.  Overall, the 

real-time data for Au-Ag, Au, and Ag NPs indicate dual element spICP-MS correctly obtained the data 

needed for a qualitative assessment. 

The quantitative goals of dual element spICP-MS are: 1) to size and count particles with as much 

accuracy as single element mode, and 2) to determine accurately whether a particle contains one or two 

elements.  The following evaluates the Au-Ag NPs for the key considerations needed to reach these goals.  

In single element mode, the NP peak signal (about 5 readings at 100 µs dwell times) is integrated to 

obtain a mean NP intensity which can then be converted to a size, and all NPs peaks above the 

background cutoff are counted to obtain the number of NPs in a sample.  Two or more consecutive peaks 

constitute a NP peak in single element mode.  The same cannot be done in dual element mode since the 

NP peak is only partially captured for each analyte.  Under the data acquisition conditions used here in 

dual element mode, the Au-Ag NPs typically have only one reading per NP peak, and the resulting mean 

NP peak intensity is less.  Typical NP peaks for the Au-Ag NPs in single element and dual element mode 

are shown in Figure 3.10.  

In single element mode, the mean NP intensity and number of NPs counted were calculated by 

the SyngistixTM Nano Application Module (Perkin Elmer), as described previously.  In dual element mode, 

a background cutoff of two counts was used to evaluate the data manually in Microsoft Excel, as 

described in section 3.2.2.1. 

The data was processed for triplicate Au-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 background (Table 3.3a).  

Additionally, the average Au and Ag NP integrated intensities were calculated for 1) all NP peaks (i.e., 

including intensities below the background cutoff), and 2) only Au and Ag NP peaks (i.e., not including 

intensities below the background cutoff) (Table 3.3b).  All results shown in Table 3.3 are the average  
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Figure 3.10. Typical NP peaks observed for spICP-MS analysis of the Au-Ag NP for 197Au (black) and 
107Ag (red) in single element mode and dual element mode.   

 

value ± the standard deviation of triplicate samples.  Individual sample results with the standard deviation 

of the distribution mean for each parameter are included in Appendix D (Table D.1).  A comparison 

between the single element and dual element results for the average NP intensity (based on values above 

the background cutoff) and the average number of NPs for Au and Ag is shown in Table 3.4. 

These results show trends as the NP peak width decreases (i.e., fewer readings).  There are very 

few particles with three or more readings; 85% are single readings (i.e., maximum of one Au and one Ag 

reading) and 14% are double readings (i.e., maximum of two Au and two Ag readings).  It is clear that the 

wider the peak, the more likely it will have integrated intensities above the background cutoff for both Au 

and Ag; however, this may be an artifact of data processing.  For example, a peak with five Ag readings 

above the background (and identified as a NP peak as a result) and Au readings of three 1Õs and two 0Õs 

would be classified as a dual-element NP (i.e., Au and Ag > DL) even though all the Au readings are 

below the background cutoff.  Most importantly, this data shows that about 13% of the total NP peaks 

contain both Au and Ag, 7% has only Au and no Ag, and 80% has only Ag and no Au (Table 3.3a).  This 
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Table 3.3. Dual element spICP-MS results for the Au-Ag NPs: a) the number of peaks (i.e., particles) 
with only Au, only Ag, and both Au and Ag readings above the background, and b) the average Au and 
Ag NP integrated intensities for all NP peaks (i.e., including intensities below the background cutoff) and 
only Au and Ag NP peaks (i.e., not including intensities below the background cutoff) for different NP 
peak widths (i.e., number of readings).  All results shown are the average ± the standard deviation of 
triplicate samples.  The unit for intensity is counts per dwell time.   

a) Number 
of 

Readings 

Number of NPs 
(with either Au 

and/or Ag > DL) 
% NPs with both  
Au and Ag > DL 

% NPs with only 
Au > DL 

% NPs with only 
Ag > DL 

 5 2 ± 1 100.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
 4 4 ± 2 93.3 ± 9.4 0.0 ± 0.0 6.7 ± 9.4 
 3 140 ± 14 59.9 ± 1.6 0.0 ± 0.0 40.1 ± 1.6 
 2 3346 ± 255 34.9 ± 0.8 0.3 ± 0.1 64.9 ± 0.8 
 1 19936 ± 1523 8.8 ± 0.3 8.1 ± 0.1 83.1 ± 0.4 
 Total 23428 ± 1771 12.9 ± 0.4 6.9 ± 0.1 80.2 ± 0.4 
              

b) Number 
of 

Readings 

Average Au 
intensity of all NP 

peaks 

Average intensity 
of Au NP peaks 
(no Au < DL)  

Average Ag 
intensity of all NP 

peaks 

Average intensity 
of Ag NP peaks 
(no Ag < DL) 

 5 9.0 ± 4.7 9.0 ± 4.7 138.6 ± 67.5 138.6 ± 67.5 
 4 9.2 ± 4.9 9.4 ± 4.8 171.8 ± 129.6 171.8 ± 129.6 
 3 5.0 ± 0.3 26.0 ± 26.0 50.6 ± 1.2 50.6 ± 1.2 
 2 2.5 ± 0.2 5.8 ± 0.5 27.0 ± 0.9 27.0 ± 0.9 
 1 1.1 ± 0.0 5.1 ± 0.1 19.0 ± 1.0 20.7 ± 1.1 
 Total 1.3 ± 0.0 5.7 ± 0.6 20.4 ± 1.0 21.8 ± 1.1 

 

Table 3.4. Mean NP intensity (counts per dwell time) and number of NPs for 197Au and 107Ag for the Au-
Ag NP in single element mode and dual element mode spICP-MS. Single element mode results were 
obtained using the SyngistixTM Nano Application Module by Perkin Elmer.  Dual element mode results 
were determined by manually processing the data in Microsoft Excel as described using a background 
cutoff of two counts per dwell time.  All results are the average ± the standard deviation of triplicate 
samples.  The unit for intensity is counts per dwell time. 

Analyte 
Mean NP intensity  Number of NPs 

Single Element Dual Element Single Element Dual Element 
197Au 34.2 ± 0.8 5.7 ± 0.6 4947 ± 261  4633 ± 253 
107Ag 133.1 ± 7.0 21.8 ± 1.1 4790 ± 423 21800 ± 1669 

 

is not entirely unexpected given that the sensitivity for Au is significantly less than for Ag; however, this 

may also result from the NP peak identification process in dual element mode.  Only one reading above 

the background was required to identify a NP peak, which seems appropriate for Au given the number of 

NPs agrees well with the single element spICP-MS results (Table 3.4).  It may not be appropriate, 

however, for Ag as it has more instrumental sensitivity.  If two or more consecutive readings are required 



 65 

for Ag to count as a NP peak, then the number of particles counted is 5233 ± 342 and very similar to 

those found in single element mode.  There are 3005 ± 156 NP peaks that have both Au and Ag detected, 

or about 60% of the approximately 5000 expected core-shell NPs.  About 58% of these dual element NPs 

(1749 NP peaks) are single element readings (i.e., one Au and one Ag reading above the background).  

Given that the percentage of dual element NP peaks increases with peak breadth (Table 3.3a), future work 

will focus on broadening the NP peak to obtain more readings and reduce false negatives.   

Similarly, trends are observed in NP peak intensity as the NP peak width decreases (Table 3.2b).  

In general, the average integrated intensity decreases as the peak width decreases when there are three or 

less readings.  Statistically this makes sense, but it also indicates that the single reading peaks do not 

contain a significant number of large intensity readings.  This trend is not seen for the very wide peaks 

(i.e., four and five readings), and the integrated Ag intensities are significantly larger than the Au 

intensities.  This is concerning as a Au-Ag core-shell particle with the magnitude of Ag intensity observed 

should have a correspondingly large Au intensity.  Perhaps this could be explained by a small number of 

Ag particle aggregate impurities in the bulk sample.  Comparison between the intensities calculated with 

and without the values below the background cutoff value show the significance of the percentage of the 

total NP peaks that have only Ag and no Au readings above the background; these intensities are very 

close for Ag while for Au the intensity without the values below the background is 4.4 times larger than 

the average for all NP peaks.  Most importantly, a comparison between the single element mode and dual 

element mode average NP intensities yields promising results (Table 3.4).  The ratio of 107Ag intensity to 

197Au intensity is 3.9 in single element mode and 3.8 in dual element mode indicating that the dual 

element NP intensity converges on an average that, while different in magnitude from the single element 

data, represents the appropriate core-shell NP intensity (i.e., mass) ratio.  Additionally, the ratio of single 

element intensity to dual element intensity is 6.1 for 107Ag and 6.0 for 197Au. Contrary to the results for 

the average counts per dwell time taken across the entire scan time (i.e., including background), presented 

previously, this factor is very similar for both elements, and may indicate a possible empirical factor that 

can be applied to convert the NP intensity in dual element mode to a NP mass (i.e., size). 
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3.4 Conclusions  

The ability to distinguish ENPs released into the environment from interfering NNPs is one of the 

significant challenges to assessing the risks to human and environmental health due to ENP release.  The 

low expected release concentrations (ng/L) compared to the high concentrations of NNPs (mg/L) as well 

as the fact that ENPs are likely to contain some of the same elements found in NNPs complicates their 

discrimination in the environment.  However, ENPs have elementally pure compositions while NNPs 

contain multiple elements.  It is expected that the detection of multiple elements in NNPs will distinguish 

them from the simpler single element detection events characteristic of ENPs.  spICP-MS can be used to 

detect these differences on a particle-by-particle basis at environmentally relevant concentrations.  This 

project highlighted the spICP-MS capabilities for characterization of a bimetallic Au-Ag core-shell NP 

with 1) traditional single element spICP-MS combined with AF4, and 2) dual element mode spICP-MS. 

The first part of this project showed that spICP-MS and AF4 can be used not only to determine 

the bimetallic composite nature of a Au-Ag core-shell NP but can also be used to reveal the core-shell 

structure by temporally observing a slow acid digestion of the particles.  Bulk solution analysis by single 

element spICP-MS and AF4 provided Au-core, Ag-shell, and hydrodynamic sizes consistent with those 

reported by the manufacturer as determined by TEM.  Agreement in the particle number concentration 

determined by single element spICP-MS for Au and Ag indicated the presence of composite Au-Ag 

particles in solution rather than a solution containing Au-only and Ag-only particles.  AF4-ICP-MS 

analysis showed definitively the Au-Ag composition of the particles; however, this method does not 

reveal structure.  As such, single element spICP-MS was used to observed particle dissolution in dilute 

acid over time, which revealed the core-shell particle structure.  These results illustrate that single element 

spICP-MS and AF4 can be used to determine particle composition as well as structure, but they are time-

consuming and ill suited for high-throughput sample analysis. 

A recent development in spICP-MS technology, dual element mode spICP-MS with a quadrupole 

mass analyzer, offers the ability to quickly determine the composition of a particle by detecting two 

elements on a particle-by-particle basis within one short sample analysis time.  The second part of this 
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project provided an initial qualitative validation as well as a quantitative evaluation of dual element mode 

spICP-MS.  Real-time data plots (counts per dwell time versus time) for single element and dual element 

analysis of the Au-Ag NPs, a 60 nm Au NP, and a 60 nm Ag NP qualitatively showed promising results.  

The observed NP pulses and associated pulse intensities were detected as expected in dual element mode 

(i.e., in agreement with the known particle composition).  Ideally dual element spICP-MS would 

accurately size and counts particles and identify dual element particles with accuracy.  A comparison 

between the single element mode and dual element mode average NP intensities indicate: 1) that dual 

element NP intensities converge on an average that accurately represents the expected core-shell NP 

intensity (i.e., mass) ratio, and 2) there may be an empirical factor that can be applied to convert the 

average NP intensity in dual element mode to a NP mass (i.e., size).  The particle counting results indicate 

more variation between Au and Ag, depending on how NP peaks were identified.  Using one Au reading 

and two Ag readings to identify a NP peak, NPs counted in dual element mode agree quite well with the 

number of NPs counted in single element mode; however, only 60% of them contain both Au and Ag, and 

a significant number of false negatives.  Of the dual element particles counted, 58% of these have only 

two readings above the background (i.e., one Au and one Ag reading).  Because the percentage of dual 

element NP peaks increases with NP peak duration (i.e., width in time), future work will focus on 

broadening the NP peak to obtain more readings above the background and reduce false negatives.   
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CHAPTER 4 

SUMMARY OF RESULTS AND FUTURE WORK  

Recent advancements in spICP-MS coupled with the particle separation capabilities of FFF 

techniques were used to address two challenges to assessing the impacts to environmental and human 

health from ENP release into the environment.  These challenges are 1) the characterization and 

quantification of complex composite particles formed upon ENP release, and 2) the ability to discriminate 

ENPs from NNPs.  The following presents the project conclusions and a discussion of future work. 

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

 
ENPs existing in the environment are likely to undergo transformation upon release, such as the 

addition of surface coatings [34].  As a result, ENPs in the environment are expected to have complex 

composite structures.  Characterization of these complex composite particles by traditional nano-

metrology techniques, such as TEM and DLS, can be difficult, especially at environmental relevant 

conditions [3].  This project presents a robust analytical methodology using spICP-MS and FFF 

techniques to characterize a Au-PS-b-PAA NP that represents the formation of surface coatings upon 

release of particles from inorganic ENP-containing polymer nanocomposites due to material weathering 

or abrasion.  The number of Au NPs incorporated into the Au-PS-b-PAA NPs as a function of the 

composite particle hydrodynamic size was determined.  

Composite Au-PS-b-PAA NPs containing Au NPs were observed by TEM analysis.  TEM and 

DLS analysis of the Au-cit and Au-PS precursor NPs showed spherical particles with an average size of 

approximately 50 nm.  A distribution of the number of incorporated Au NPs was determined by TEM 

image processing with the majority (about 50%) of the composite particles containing only one Au NP. 

Bulk solution particle mass distributions by spICP-MS for 197Au showed an average Au-cit NP 

precursor size of about 42 nm, which was confirmed with AF4 and CFFF results, and an average 

incorporated Au NP size of about 63 nm in the Au-PS-b-PAA NPs.   This increase in size arises from the 
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incorporation of multiple Au NPs into the polymer particles, as observed by TEM; however, the 

distribution in the number of incorporated Au NPs by TEM showed significantly more singly 

incorporated Au NPs than indicated by the spICP-MS results. 

Following bulk solution analysis by TEM and spICP-MS, AF4 and CFFF separations were 

performed to separate the particles by hydrodynamic size and incorporated Au mass, respectively.  

Fractions collected across the fractogram for each separation were analyzed by spICP-MS for 197Au.  The 

AF4 results provided a hydrodynamic size for the composite particle as well a distribution of the mass 

incorporated into the Au-PS-b-PAA for a given hydrodynamic size.  Subtraction of the average 

incorporated Au mass from the hydrodynamic size provides the average mass of PS-b-PAA in the 

composite particle.  As the Au-PS-b-PAA NP hydrodynamic size increased, the number of incorporated 

Au NPs (i.e., Au mass) increased as well.   

CFFF results qualitatively showed an increase in the number of incorporated Au NPs with 

increasing retention time, as observed by the significant shift of the spICP-MS Au mass distributions 

towards higher mass and an associated increase in the mean NP size.  Difficulty resolving the increase in 

the incorporated number of Au NPs at high Au masses (i.e., high retention times) resulted from the CFFF 

power decay program used for separation and the subsequent exponential increase in the effective Au 

mass. The CFFF method parameters could be refined to obtain better Au mass resolution at large 

retention times.  This would more clearly delineate the mass distributions provided by spICP-MS.     

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

 
One of the significant challenges of assessing the risks to human and environmental health due to 

ENP release is the ability to discriminate ENPs from interfering NNPs.  We hypothesize that spICP-MS 

detection of multiple elements in NNPs will distinguish them from the single element composition of 

ENPs.  This project presented how traditional single element spICP-MS and AF4 can be used to 

determine the composition and structure of a dual element (Au-Ag) core-shell NP.  This particle was also 

used to evaluate the quantitative capabilities of dual element spICP-MS.  
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4.2.1 Summary of Results 
 

Bulk solution analysis of the Au-Ag NPs by single element spICP-MS provided size information 

in good agreement with manufacturer-reported TEM results.  The spICP-MS mean diameter for the Au-

core and the Ag-shell agreed within 10 nm of the manufacturer-reported TEM size, and Gaussian fits 

showed a variation around the mean diameter consistent with manufacturer results.  The equivalent 

hydrodynamic size was calculated to be 94.7 nm, which was in good agreement with the manufacturer-

reported size of 100.2 nm. 

spICP-MS results showed the same particle number concentration of 2.0 x1011 particles/mL for 

both Au and Ag, which indirectly indicates that the Au-Ag NPs are composite particles rather than a 

solution containing both Au and Ag particles.  Because there were inconsistencies in the manufacturer-

reported particle number concentration (i.e., two different expected particle number concentrations based 

off the total metal concentration and TEM sizes) as well as disagreement between the total Au 

concentration by ICP-MS and the reported Au concentration, the accuracy of the spICP-MS particle 

number concentrations could not be thoroughly assessed. 

Agreement in the particle number concentration for Au and Ag by spICP-MS only indirectly 

indicates a composite Au-Ag particle.  Addition of AF4-ICP-MS analysis of the bulk solution provided 

definite evidence of a composite particle as well as another measure of the hydrodynamic size, consistent 

with spICP-MS results.  The normalized ICP-MS signal response of the AF4-ICP-MS data showed that 

Au and Ag are detected simultaneously across the fractogram, which indicates that the particle contains 

both Au and Ag.  Additionally, the hydrodynamic size by AF4 with online UV-vis detection was about 

97.2 nm; AF4 with online ICP-MS detection showed a slightly smaller hydrodynamic size of 95.2 nm and 

93.0 nm by the 197Au and 107Ag signals, respectively.  All were consistent with the spICP-MS size of 94.7 

nm.  

In order to determine whether the composite particle structure is a core-shell type or a 

homogeneous distribution of Au and Ag, particle dissolution was observed using single element spICP-

MS.  In 1% aqua regia, a linear decrease in Ag NP size was observed over the first three hours while the 
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Au NP size remained constant over the same period.  Linear regression of the mean Ag diameter for the 

first three hours suggested complete dissolution of the Ag-shell at 7.2 hours, and a decrease in Au NP size 

was observed starting at 8 hours.  These results are consistent with a Au-core-Ag-shell particle structure.  

Additionally, observation of Au-Ag NPs in Milli-Q water served as a control dissolution 

experiment, and indicated loss of particles by mechanisms other than dissolution.  In Milli -Q water a 

slight decrease in Ag NP size and no change in Au NP size were observed, as expected; however, particle 

number concentrations decreased by about half and at the same rate for both Au and Ag.  In 1% aqua 

regia, the Ag particle number concentration decreased much faster, in agreement with particle dissolution, 

and the Au particle number concentration decreased at the same rate as observed in Milli-Q water up until 

Au-core dissolution began at approximately 6-8 hours.  Particle loss due to sorption on the container is 

the suspected reason for the observed decrease in particle number concentration in Milli-Q water, as 

indicated by a corresponding decrease in the average signal intensity (background and nanoparticulate 

signal). 

As illustrated by these results, single element spICP-MS and AF4 can be used to determine 

particle composition as well as structure; however, the method is ill suited for high-throughput sample 

analysis.  Dual element spICP-MS, on the other hand, offers the ability to quickly determine the 

composition of a particle by detecting two elements on a particle-by-particle basis within one short 

sample analysis time.  Both composition and structure information can be investigated using this method 

to observe slow particle dissolution in acid.  Dual element spICP-MS, with a quadrupole mass analyzer, is 

a recent development in spICP-MS technology.  As such, a qualitative validation of the method using the 

Au-Ag NP, a 60 nm Au NP, and a 60 nm Ag NP as well as a quantitative evaluation using the Au-Ag NP 

were performed.   

Evaluation of real-time data plots (counts per dwell time versus time) for single element and dual 

element analysis of these three particles qualitatively showed promising results.  In dual element mode, 

NP pulses for both Au and Ag were observed for the Au-Ag NPs, and only Au pulses or Ag pulses were 

observed for the 60 nm Au NP and 60 nm Ag NP, respectively.  Additionally, the NP pulse intensities 
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were less than those in single element mode, consistent with expectations given that only a portion of a 

NP peak is detected. 

Quantitative evaluation of dual element spICP-MS focuses on the following analytical goals: 1) 

to size and count particles with as much accuracy as single element mode, and 2) to determine accurately 

whether a particle contains one or two elements.  The dual element data was manually processed using 

Microsoft Excel.  A background cutoff of two counts was used, and only one reading above the 

background was required to count as a NP peak.   

A comparison between the single element mode and dual element mode average NP intensities 

yields promising results.  The ratio of 107Ag intensity to 197Au intensity is 3.9 in single element mode and 

3.8 in dual element mode.  This indicates that the dual element NP intensities converge on an average that 

accurately represents the expected core-shell NP intensity (i.e., mass) ratio, which allows for 

determination of particle composition.  Additionally, the ratio of single element NP intensity to dual 

element NP intensity is 6.1 for 107Ag and 6.0 for 197Au, which may indicate a possible empirical factor 

that can be applied to convert the average NP intensity in dual element mode to a mean NP mass (i.e., 

size). 

Particle counting and accurate detection of dual element particles may prove more challenging.  

In single element mode approximately 4900 NPs were counted.  The dual element results for Au indicate 

4633 NPs, which is close to the expected result.  The dual element results for Ag, however, indicate a 

much higher NP concentration of 21,800 NPs counted if only one Ag reading is required to identify a NP 

peak.  If two Ag readings are required instead, then the NPs peaks counted is 5233, and in much better 

agreement with the single element mode results.  Additionally, about 60% of the approximately 5000 

expected core-shell NPs have both Au and Ag readings detected, and about 58% of these dual element 

NPs are single element readings (i.e., one Au and one Ag reading above the background).  Given that the 

percentage of dual element NP peaks increases with peak breadth, future work 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 spICP-MS operating parameters in order to obtain more 

readings above the background in each NP peak is the next step of this project.  We expect there are two 

routes to achieving this objective.  This first is to physically increase the NP duration by allowing for 

more diffusion in the plasma to increase expansion of the ion cloud and/or by using the collision cell to 

slow and broaden the ion cloud prior to reaching the quadrupole mass filter.  The second is to increase the 

speed at which the quadrupole fills with ions, thus reducing the minimum required settling time.    

Several operating parameters located prior to ion optics are expected to affect the diffusion of the 

ion cloud in the plasma (Figure 1.2).  These are the nebulizer gas flow rate, the sampling depth, and the 

plasma power.  The plasma temperature transitions sharply from cold plasma (< 500 K) to hot plasma 

(6000-8000 K) at a specific location along the center axis [38, 39, 40].  The breakdown from intact solid 

sample (i.e., NP) into an ion cloud begins when the droplet enters the hot plasma, and the time spent in 

the hot plasma before entering the cone interface dictates the width of the ion cloud.  This time depends 

on the location of the cold-to-hot transition point and the distance of the point to the cone interface (i.e., 

the sampling depth).  Location of the transition point is affected by the center gas flow rate 

(predominantly the nebulizer gas flow rate) [39, 40].  If the center gas flow rate decreases, the location of 

the transition point along the center axis moves away from the cone interface, which is expected to cause 

an increase in the width of the ion cloud [41, 38].  Therefore, decreasing the nebulizer gas flow rate is 

expected to broaden the NP peak.  Similarly, increasing the sampling depth (i.e., physically moving the 

torch away from the cone interface), as well as increasing the plasma power are expected to increase NP 

peak width. 

As shown in Chapter 1 (Figure 1.3), the collision cell (i.e., universal cell) is located after the ion 

optics and before the quadrupole mass analyzer.  It is expected that the kinetic energy discrimination 

(KED) collision cell, filled with helium gas, will increase the width of the NP peak.  Collision of analyte 

ions with helium gas in the collision cell may slow the NP-generated ions and subsequently broaden the 

NP peak. 
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Modification of several additional operating parameters following the cone interface is expected 

to decrease the settling time while maintaining sensitivity.  These parameters are the quadrupole rod 

offset (QRO) voltage and the quadrupole ion deflector (QID) entrance lens voltage.  Decreasing the QRO 

voltage (e.g. from 0 volts [V] to -10 V) should increase the acceleration of ions through the quadrupole 

mass analyzer, which would fill the quadrupole with ions more quickly and allow for a decrease in the 

settling time needed to switch from one element to another.  Optimization of the QID entrance lens 

voltage for elements of interest can increase the instrument sensitivity.  While this doesnÕt directly affect 

the capacity to switch between two elemental masses, an increased sensitivity will maximize the NP 

signal to reduce signal loss from the ends of the NP peak and allow for NP peak width broadening 

without losing readings to the background. 

Following optimization of dual element spICP-MS, the methodÕs ability to discriminate ENPs 

from NNPs in environmental samples can be evaluated.  For example, nano-Ce can be spiked into surface 

water samples to show an increase in NPs containing only Ce in the presence of background NPs 

containing Ce and La.  It can also be used to establish a background concentration of NNPs in surface 

waters, which is needed to evaluate ENP input and effects in the future.  With further development, the 

dual element spICP-MS approach has the potential to be incorporated into existing 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 aqueous samples acidified to 2% acid. 

A.1. General Lab Practices and Recording 

For all ICP-MS users. 

A.1.1. Scheduling and Recording 

¥ Sign up in advance on the online-Gmail CO 260 ICP-MS Calendar. 

¥ If you are automatically recurring on the schedule, please plan at least two days in advance to remove 

yourself, if necessary, to allow other users to plan their experiments. If last minute cancellations occur, 

email group members who use the NexION of its availability. 

¥ In the online-Gmail Dorothy Performance and Usage Log Excel files logbook, record all pertinent run 

information including user, date, time in/out, plasma on/off time, matrix, vacuum pressure, results 

from daily tuning, whether cones are checked and cleaned, and any additional run information (e.g., 

collision/reaction cell usage and/or transport efficiency). Note in the comments section any issues 

encountered; if none, note ÒRan wellÓ.  

¥ Email those responsible for maintenance if a recurring error message persists or you encounter run 

problems that force you to not continue with planned experiments. 

A.1.2. General Lab Practices for NexION 

¥ Leave the NexION area in clean condition and remove samples from the autosampler before ending 

your shift. 

¥ Do not leave solution bottles empty for the next person to 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 ICP-MS users. 

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

a. If instrument argon pressure is <100psi contact those responsible for ICP-MS maintenance. 

2. Turn on the chiller (wait until temperature reads about 15¡C before lighting the plasma). 

a. Chiller temperature should be about 15 ¡C and run up to 20 ¡C when the instrument is in use. If it 

is out of this range, contact those responsible for ICP-MS maintenance. 

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

a. Note that the dataset should not be above 500 entries, as this will slow the computer and 

eventually cause problems with loading the program entirely. If the dataset becomes large, please 

create a new dataset for Daily Tuning. 

4. Connect peristaltic pump tubing; replace tubing if necessary (stretch new tubing before placing on 

pump).  Wait to clamp tubing down until plasma is ignited.  

a. Sample tubing (green-orange, outer-most location) 

b. Internal standard tubing (green-orange, middle location) 

c. Waste (red-red or grey-grey, inner-most location) 

5. Connect rinse peristaltic pump tubing on the autosampler. 

a. Acid rinse fill tubing (yellow-yellow, outer-most location) 

b. Acid rinse waste tubing (black-white, middle location) 

6. Check that an adequate volume of 2% nitric acid (Optima grade) is in large rinse bottle; refill is 

necessary from the 2 L 2% nitric acid bottle. 

7. Check that the vacuum pressure is <1E-8. 

a. Control button !  Main tab  

i. This tab shows the status of the instrument; if any errors 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 

i. If the plasma does not ignite on the first try, press Start once more.  If the plasma does not 

ignite after two tries, contact those responsible for ICP-MS maintenance. 

b. Allow the plasma to warm up for 30 minutes before starting daily tuning procedure and/or sample 

analysis. 

9. Turn on the peristaltic pumps. 

a. The main peristaltic pump will start upon plasma ignition (the tubing should be connected, but 

should not be clamped down at this point). 

b. Start the autosampler peristaltic pump. 

i. Devices button !  AutoSampler tab !  Probe !  Go to Rinse 

ii.  Clamp down the autosampler peri-pump tubing. 

c. Change main peristaltic pump speed to -20rpm. 

i. Devices button !  Peristaltic tab !  type in -20 rpm in pump speed 

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

e. Check that 2% nitric acid rinse solution flows to the spray chamber and out the waste tubing.   

i. If it does not, check that the peristaltic pump tubing is properly connected.  If issues persist, 

contact those responsible for ICP-MS maintenance. 

f. Allow the pump to run until there is smooth flow and no bubbles appear in the sample lines or 

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

analyte lines, etc.).  Tap out any bubbles that you see when starting the pump. 

i. If bubbles continue to appear, check connection, check for clogs, 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 autosampler location 1 has at least 10 mL of NexION Setup 

Solution (10 ug/L Be, Ce, Fe, In, Li, Mg, Pb, U in 1% HNO3).  Refill if needed. 

2. Make sure only the green-orange sample tubing and waste tubing are on the peristaltic pump (i.e., 

internal standard should not be in use during optimization). 

3. Perform daily optimization. 

a. Smart Tune button *  change to SmartTune Manual (next to Optimize button) *  Make sure 

ÒCSM DailyÓ is open (File *  Open, if not) *  Click Optimize 

i. Typical optimization in ÒCSM DailyÓ is: 

1. Torch Alignment Ð Moves the torch box position to obtain the maximum number of 

indium counts. 

2. Nebulizer Gas Flow STD/KED [NEB] Ð Adjusts the nebulizer gas flow to achieve 

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

2.5%). 

3. QID STD/DRC Ð Sweeps the voltage of the ion deflector to optimize the voltage to get 

the maximum signal for the majority of elements. 

4. STD Performance Check Ð Takes optimized values and analyzes a suite of elements, 

typical values below: 

¥ Mg: 300,000-500,000  

¥ In: 750,000-1,000,000  

¥ U: 300,000-500,000 

¥ CeO: < 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 you may need to increase neb gas 

flow. 

If changes are made, re-run STD Performance Check by right clicking on ÒSTD 

Performance CheckÓ and choosing ÒQuick OptimizeÓ. 

2. Input nebulizer gas flow, Mg, In, U, Ce++, CeO, background counts, and vacuum pressure into online 

Dorothy Performance and Usage Log. 

A.4. Analysis Ð Using Pre-existing Methods 

See section A.5 for creating a new method. 

1. Load method. 

a. Click Method button *  File *  Open *  Choose method 

b. Within Method, go to Report tab *  Report File Destination *  Browse *  Type in New File 

Name *  Click Open 

c. File *  Save As *  <New sample file name or replace existing file > 

2. Create sample list. 

a. Click Sample button *  Batch tab, fill out table (Batch mode is described below, use Manual 

sampling tab if desired) 

i. Type in Autosampler Location, Batch ID (if desired), Sample ID, and Measurement Action.  

1. Typically the measurement action is Run Sample for all samples except the first for 

which Run Blank, Stds. and Sample should be chosen 

ii.  Right click method to select appropriate method for analysis (the method you just saved) and 

fill down the table. 

iii.  Fill in Sample Type as Sample for all samples 

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

3. Add internal standard tubing to the middle location of the peristaltic pump, tee in to the sample 

tubing, and place internal standard inlet tubing into 10ppb In internal standard solution (or other 

desired internal standard).  Let run several minutes. 

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

A.5. Analysis Ð Creating a New Method 

See section A.4 for analysis with a pre-exising method. 

1. Create new method. 

a. Click Method button !  File !  New !  Quantitative Analysis !  OK 

b. Create a list of analytes. 

i. Click Timing tab 

ii.  Type in elements of interest 

1. Use periodic table to the right to choose desired isotope(s) of interest and internal 

standard 

2. Highlight all analytes (incl. int. std.) !  Click down arrow on Method button !  Define 

Group 

3. Highlight internal standard row !  Click down arrow on Method button !  Set Internal 

Standard 

iii.  Fill out remaining information, typical conditions shown below: 

1. Scan Mode: Peak Hopping 

2. MCA Channels: 1 

3. Dwell Time per AMU (ms): 200 for analytes, 50 for internal standard 

4. Mode: Standard, Cell Gas A: 0, Cell Gas B: 0, RPa: 0, Rpq: 0.25 

iv. Fill out timing information, typical conditions shown below: 

1. Sweeps / Reading: 25 
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2. Readings / Replicate: 1 

3. Replicates: 3 

4. MassCal File: default.tun  

5. Conditions File: default.dac 

c. Processing tab Ð typically no change needed. 

d. Equation tab Ð should automatically fill in based on grouping and internal standard set in Timing 

tab, no change needed. 

e. Set calibration standards. 

i. Calibration tab !  Fill in appropriate concentrations for standards 

ii.  Set concentration metric by right clicking to change 

iii.  DonÕt set any concentrations for internal standard 

f. Sampling tab 

i. Fill out appropriate peristaltic pump timing and speeds, typical conditions shown below: 

1. Sample Flush: 60 sec, -24 rpm 

2. Read Delay: 45 sec, -20 rpm 

3. Analysis: -20 rpm 

4. Wash: 90 sec, -24 rpm 

i. Fill out the appropriate sample name and autosampler locations for the calibration standards 

g. Report tab 

i. Under Report View choose Report Options Template 

1. Typically valerie uranium.rop  

ii.  Under NetCDF choose NetCDF Destination Directory 

1. Typically NetCDF Destination Directory: C:\Users\CSM 

Ranville\Documents\PerkinElmer Syngistix\ICPMS_CSM Ranville\ReportOutput\ 

iii.  Under Report to File 
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1. Check Send to File 

2. Choose Report Options Template (the same as already chosen) 

3. Choose Report Filename 

h. File !  Save as !  <New method file name> 

2. Create sample list. 

a. Click Sample button !  Batch tab, fill out table (Batch mode is described below, use Manual 

sampling tab if desired) 

i. Type in Autosampler Location, Batch ID (if desired), Sample ID, and Measurement Action 

1. Typically the measurement action is Run Sample for all samples except the first for 

which Run Blank, Stds. and Sample should be chosen 

ii.  Right click method to select appropriate method for analysis (the method you just saved) and 

fill down the table 

iii.  Fill in Sample Type as Sample for all samples 

iv. Fill out other columns in table if desired 

b. File !  Save as !  <New sample file name> 

c. Add internal standard tubing to the middle location of the peristaltic pump, tee in to the sample 

tubing, and place internal standard inlet tubing into 10ppb In internal standard solution (or other 

desired internal standard).  Let run several minutes. 

d. Highlight all rows of sample list and click Analyze Batch.   

A.6. During Calibration Ð View and Save File 

1. Click CalibView button. 

2. As standards are analyzed, click Stats button to view R2 value. 

a. Want several Ò9ÕsÓ (i.e. R2 = 0.9999) 

b. Toggle between elements using drop-down box 
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c. If only one point is throwing off the calibration curve, click on that point to remove it (donÕt do 

this for more than one point obviously) 

3. Once standards are analyzed, make sure to save the calibration curve 

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

A.7. During Analysis Ð View and Export Results 

1. View analyzed sample concentrations 

a. Click Reporter button !  Concentrations tab 

2. To view real time data, click Realtime button 

3. Export data report 

a. Click Reporter button *  click Export AllÉ button in lower right corner *   

<New report file name>  (the report will be exported as an Excel file) 

A.8. Instrument Shut Down and Optional Cone Cleaning 

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

2. Move autosampler to MilliQ water rinse tube in autosampler location 3 and rinse for 3 minutes. 

a. Devices button *  AutoSampler tab *  Probe *  Choose tube number *  Goto Tube # 

3. Move autosampler out of solution and flush with air for 3 minutes or until the tubing does not contain 

solution. 

a. Devices button *  AutoSampler tab *  Probe *  Goto Standby 

4. Turn the plasma off. 

a. Control button *  Main tab *  click Stop next to Plasma status bar  

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

6. Turn off chiller. 

7. Clean cones.  Do not complete this step if you havenÕt received cone cleaning training. 

a. Open instrument. 

i. Lift up ÒhoodÓ from the front 
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ii.  Press button on right (lit green) 

iii.  Wait several seconds until you hear a click and open the door on the right side of the 

instrument 

b. Visually inspect sampler cone.  If salting (i.e., salt buildup) is present, proceed to the next steps.  

If not, do not clean cones and move on to step 8.  If you use a very ÒdirtyÓ matrix, such as 

wastewater, cell growth media, concentrated surfactant, please 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 samples were heavy in organics. 

e. Place skimmer cone in upturned 50 mL falcon tube cap with 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 can result in damage to the instrument. 

g. Close the door and hood of the instrument. 

8. Complete the Dorothy Performance and Usage Log.  Make sure to record plasma time off, whether 

cones were inspected and cleaned, and time out. 

9. Clean the ICP-MS area (i.e., clean up any tubes, caps, peristaltic pump tubing etc. that will get in the 

next users way).
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APPENDIX B 

SINGLE PARTICLE ICP -MS STANDARD OPERATING PROCEDURE 

Updated: April 2016 

 For analysis of dilute aqueous solutions containing metallic nanoparticles (< 1 µm). 

B.1. General Lab Practices and Recording 

Refer to Conventional ICP-MS Standard Operating Procedure Section 1 (Appendix A.1). 

B.2. Instrument Start Up and Plasma Ignition 

Refer to Conventional ICP-MS Standard Operating Procedure Section 2 (Appendix A.2). 

B.3. Daily Tuning Procedure 

Refer to Conventional ICP-MS Standard Operating Procedure Section 3 (Appendix A.3). 

B.4. Transport Efficiency Determination 

1. Prepare dissolved Au standards. 

a. Dilute stock Au+ solution to 0, 1, 5, 10, and 20 ppb (ug/L) in 2% HCl.   

i. These dilute standards should be kept no longer than 5 days to ensure they remain accurate.  

It is preferable to make fresh standards the day of analysis.   

2. Prepare particle Au standards. 

a. Dilute stock 50 ppm (mg/L) NIST Au NP solution to 500 ppt (ng/L) in Milli -Q water (18.2 M' -

cm).   

i. Prepare three 500 ppt solutions.  These should be prepared the day of analysis. 

ii.  Sonicate particle solutions following preparation (i.e., between each dilution) for 5 minutes in 

sonic bath. 

iii.  Record average TEM size, provided by NIST. 

b. Prepare one 0 ppt solution (i.e., Milli-Q blank). 

3. Create transport efficiency method.  If using a pre-existing method, move to Step 4. 

a. Open Nano Application Module. 
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i. Applications tab *  Click on Nano button 

b. Open transport efficiency method window. 

i. Click on Analysis button within Nano Application Module. 

ii.  In Acquisition section *  Transport Efficiency tab 

c. Create new transport efficiency method. 

i. In Method section *  Transport Efficiency tab *  Click on New button 

ii.  In Transport Efficiency tab (within Method section), fill out data analysis information.  

Typical conditions shown below: 

1. Dwell time: 100 µs 

2. Scan time: 60 s 

3. Conditions Files: Default.dac 

4. Analyte: Au 

5. Mass: 196.967 amu 

6. Density: 19.3 g/cm3 

7. Mass Fraction: 100% 

8. Ionization Efficiency: 100% 

9. RPq: 0.5 

iii.  In Calibration tab (within Method section), fill out calibration information to match dissolved 

Au and particle Au calibration standards (Steps 1 and 2). 

1. Dissolved Au standards: STD1 = 1 µg/L, STD2 = 5 µg/L, STD3 = 10 µg/L, and STD4 = 

20 µg/L. 

2. Particle Au standards: STD1 = 56 nm (according to NIST average TEM size) 

iv. In Pump Settings tab (within Method section), fill out timing information.  Typical conditions 

shown below. 

1. Sample Flush: 60 s, -24 rpm 
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¥ Reduce to 30 s if using short piece of teflon tubing that can be attached to green-

orange sample tubing instead autosampler tubing. 

2. Read Delay: 30 s, -20 rpm 

3. Wash: 60 s, -24 rpm 

d. Save transport efficiency method file. 

i. In Method section *  Transport Efficiency tab *  Click on Save button *   

<New method file name> 

4. Set up data acquisition conditions for transport efficiency. 

a. Set flow rate and transport efficiency approach. 

i. In Acquisition section *  Transport Efficiency tab 

ii.  Pump speed is controlled by method, no need to alter. 

iii.  Enter flow rate (0.3 mL/min, if using green-orange sample tubing). 

iv. In dropdown box, choose Calculate Based on Particle Size.  

b. Load transport efficiency method. 

i. In Method section *  Transport Efficiency tab *  Click on Load button *  choose method 

from file. 

1. Make sure the dissolved Au standard concentrations and particle Au standard size agrees 

with prepared standards (see Steps 1 and 2). 

2. Check that sample flush, read delay, and wash times are appropriate for tubing length. 

¥ If using the autosampler, suggested times are: 60 s (-24 rpm) sample flush, 30 s (-20 

rpm) read delay, and 60 s (-24 rpm) wash time. 

¥ If using short tube, which can be connected to the green-orange peristaltic pump 

sample tubing at this point instead of the autosampler tubing if desired, suggested 

times are: 30 s (-24 rpm) sample flush, 30 s (-20 rpm) read delay, and 60 s (-24 rpm) 

wash time. 

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

b. In File Options section, click on first Browse button next to Dataset Folder. 

c. Documents *  PerkinElmer Syngistix *  ICPMS_CSMRanville *  Nano *  Dataset *  Create 

New Folder (preferably located within your own personal folder) *  Label appropriately (e.g. 

date_sample description_initials) *  Click OK 

6. Create dissolved Au calibration curve. 

a. Click on Analysis button within Nano Application Module. 

b. Acquisition section *  Transport Efficiency tab 

c. Choose Dissolved in calibration drop-down box. 

d. Place autosampler sipper (or short tubing attachment) in 2% HCl blank (0 ppb Au).  Click 

Analyze Blank. 

i. Intensity (counts) are typically < 0.1 for the blank.  If not, flush with 2% HCl until counts are 

< 0.1.  If counts are still not < 0.1 after 5-10 minutes of flushing, contact those responsible for 

ICP-MS maintenance. 

e. Place autosampler sipper (or short tubing attachment) in STD1 (1 ppb Au). Choose 1 from drop-

down box next to Analyze Standard.  Click Analyze Standard. 

f. Place autosampler sipper (or short tubing attachment) in 2% HCl to wash tubing for about 60 

seconds. 

g. Repeat Steps 6e-f for all dissolved Au standards.  Remember to change the standard number in 

the drop-down box to the correct number according to the transport efficiency method. 

h. Save dissolved Au calibration file. 

Calibration section *  Transport Efficiency tab *  Dissolved chosen from drop-down box *  

Save button *  <New calibration file name> 

7. Create particle Au calibration curve using one sample concentration in triplicate. 

a. Acquisition section *  Transport Efficiency tab 

b. Choose Particle in calibration drop-down box. 
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c. Place autosampler sipper (or short tubing attachment) in Milli-Q water blank.  Click Analyze 

Blank. 

i. Intensity (counts) is typically < 0.1 for the blank.  If not, flush with 2% HCl or Milli-Q water 

until intensity is < 0.1.  If intensity is still not < 0.1 after 5-10 minutes of flushing, contact 

those responsible for ICP-MS maintenance. 

d. Place autosampler sipper (or short tubing attachment) in 500 ppt NIST Au NP solution ÒaÓ (first 

of three solutions prepared). Choose 1 from drop-down box next to Analyze Standard.  Click 

Analyze Standard. 

i. Note average particle intensity (counts) provided in Calibration section (Transport Efficiency 

tab *  Particle chosen from drop-down box).  Transport efficiency based on a log-normal fit 

of the size distribution data is also provided here. 

e. Repeat Step 7d with solution ÒbÓ and ÒcÓ (remaining sample replicates).  Each time choose 1 

from drop-down box and Analyze Standard. 

f. Place autosampler sipper (or short tubing attachment) in 2% HNO3 rinse solution. 

8. Calculate average transport efficiency. 

a. Click on Results button within Nano Application Module.  This will show results of samples 

included in selected Dataset. 

b. Click on STD1 for solution ÒaÓ in results table (the first of three ÒSTD1Ó).  The calculated 

transport efficiency is shown in 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 Intensity, and record the transport efficiency. 

d. Repeat Steps 8b-c for STD1 results for solutions ÒbÓ and ÒcÓ.   

e. Calculate the average transport efficiency from the triplicate analysis.  Record this value in the 

Dorothy Performance and Usage Log, and use for sample analysis.  Transport efficiency is 

typically 5-10%. 
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B.5. Sample Analysis Ð Sample Mode (no autosampler)  

Analysis using autosampler in batch mode is described in Section B.6.  

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

Step 5). 

2. Click on Analysis button within Nano Application Module.   

3. Create new sample analysis method.  If using a pre-existing method, move to Step 4. 

a. In Acquisition section *  Sample tab 

b. In Method section *  Sample tab *  Click on New button 

i. In Sample tab (within Method section), fill out data analysis information.  Typical conditions 

shown below: 

1. Dwell time: 100 µs 

2. Scan time: 60 s 

3. Conditions Files: Default.dac 

4. Analyte: Choose analyte and mass of interest. Enter assumed density, mass fraction, and 

ionization efficiency (typically bulk density, calculated mass fraction, and 100% 

ionization efficiency).  RPq should be 0.5. 

ii.  In Calibration tab (within Method section), fill out calibration information for dissolved 

calibration standards. 

1. Make at least three and up to six calibration standards (including a blank) for your 

analyte of interest that bracket the anticipated range of pulse intensities from the 

nanoparticle samples to be analyzed.  These dilute standards should be kept no longer 

than 5 days to ensure they remain accurate.  It is preferable to make fresh standards the 

day of analysis.   

iii.  In Pump Settings tab (within Method section), fill out timing information.  Typical conditions 

shown below: 

1. Sample Flush: 60 s, -24 rpm 
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¥ Reduce to 30 s if using short piece of teflon tubing that can be attached to green-

orange sample tubing instead autosampler tubing. 

2. Read Delay: 30 s, -20 rpm 

3. Wash: 60 s, -24 rpm 

c. Save sample method file. 

i. In Method section *  Sample tab *  Click on Save button *  <New method file name> 

4. Set up data acquisition conditions for sample collection. 

a. Set flow rate and transport efficiency for analysis. 

i. In Acquisition section *  Sample tab 

ii.  Pump speed is controlled by method, no need to alter. 

iii.  Enter flow rate (0.3 mL/min, if using green-orange sample tubing). 

iv. Enter transport efficiency determined in Section B.4. 

b. Load sample method. 

i. In Method section *  Sample tab *  Click on Load button *  choose method from file. 

1. Make sure the dissolved standard concentrations agree with prepared standards. 

2. Check that sample flush, read delay, and wash times are appropriate for tubing length. 

¥ If using the autosampler, suggested times are: 60 s (-24 rpm) sample flush, 30 s (-20 

rpm) read delay, and 60 s (-24 rpm) wash time. 

¥ If using short tube, which can be used in sample mode if desired, suggested times are: 

30 s (-24 rpm) sample flush, 30 s (-20 rpm) read delay, and 60 s (-24 rpm) wash time. 

5. Create dissolved calibration curve.   

a. If analyzing for 197Au, use the transport efficiency calibration and move to Step 6. 

i. In Calibration section, check box for Use Transport Efficiency Calibration. 

b. If not analyzing for 197Au, analyze dissolved standards. 

i. Acquisition section *  Sample tab 

ii.  Ensure the transport efficiency and sample flow rate are entered. 
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iii.  Choose Dissolved in calibration drop-down box. 

iv. Place autosampler sipper (or short tubing attachment) in calibration blank.  Click Analyze 

Blank. 

v. Place autosampler sipper (or short tubing attachment) in calibration STD1. Choose 1 from 

drop-down box next to Analyze Standard.  Click Analyze Standard. 

vi. Place autosampler sipper (or short tubing attachment) in 2% HNO3 solution to wash tubing 

for about 60 seconds. 

vii.  Repeat Steps 5bv-iv for all dissolved calibration standards.  Remember to change the 

standard number in the drop-down box to the correct number according to the method. 

viii.  Save dissolved standard calibration file. 

Calibration section *  Sample tab *  Dissolved chosen from drop-down box *  Save button 

*  <New calibration file name> 

6. Analyze samples. 

a. Acquisition section *  Sample tab 

b. Ensure the transport efficiency and sample flow rate are entered. 

c. Place autosampler sipper (or short tubing attachment) in sample.   

d. Type in sample name.  

e. Click Analyze Sample. 

f. Rinse in 2% HNO3 for 60 seconds following sample analysis. 

g. Repeat Steps 6c-f for remaining samples. 

B.6. Sample Analysis Ð Batch Mode (using autosampler) 

Analysis using sample mode without the autosampler is described in Section B.5.  

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

Step 5). 

2. Click on Analysis button within Nano Application Module.   

3. Create new sample analysis method.  If using a pre-existing method, move to Step 4. 
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a. In Acquisition section *  Sample tab 

b. In Method section *  Sample tab *  Click on New button 

i. In Sample tab (within Method section), fill out data analysis information.  Typical conditions 

shown below: 

1. Dwell time: 100 µs 

2. Scan time: 60 s 

3. Conditions Files: Default.dac 

4. Analyte: Choose analyte and mass of interest. Enter assumed density, mass fraction, and 

ionization efficiency (typically bulk density, calculated mass fraction, and 100% 

ionization efficiency).  RPq should be 0.5. 

ii.  In Calibration tab (within Method section), fill out calibration information for dissolved 

calibration standards. 

1. Make at least three and up to six calibration standards (including a blank) for your 

analyte of interest that bracket the anticipated range of pulse intensities from the 

nanoparticle samples to be analyzed.  These dilute standards should be kept no longer 

than 5 days to ensure they remain accurate.  It is preferable to make fresh standards the 

day of analysis.   

iii.  In Pump Settings tab (within Method section), fill out timing information.  Typical conditions 

shown below: 

1. Sample Flush: 60 s, -24 rpm 

¥ Reduce to 30 s if using short piece of teflon tubing that can be attached to green-

orange sample tubing instead autosampler tubing. 

2. Read Delay: 30 s, -20 rpm 

3. Wash: 60 s, -24 rpm 

c. Save sample method file. 

i. In Method section *  Sample tab *  Click on Save button *  <New method file name> 
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4. Load sample method. 

a. In Method section *  Sample tab *  Click on Load button *  choose method from file. 

i. Make sure the dissolved standard concentrations agree with prepared standards. 

ii.  Check that sample flush, read delay, and wash times are appropriate for tubing length. 

1. If using the autosampler, suggested times are: 60 s (-24 rpm) sample flush, 30 s (-20 rpm) 

read delay, and 60 s (-24 rpm) wash time. 

2. If using short tube, which can be used in sample mode if desired, suggested times are: 30 

s (-24 rpm) sample flush, 30 s (-20 rpm) read delay, and 60 s (-24 rpm) wash time. 

5. Create new batch and analyze samples in batch. 

a. Acquisition section *  Batch tab. 

b. If desired, an old batch can be modified or used instead of creating a new one. 

i. Click Load.  Choose batch from folder.  Alter as needed. 

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 the small white box in corner of Acquisition section 

window.   

i. Enter Autosampler location (A/S), Sample ID, Action (typically Run Sample except for 

calibration standards Ð see below), Method, Flow (0.3 mL/min with green-orange peristaltic 

sample tubing), and Transport Efficiency (determined in Section B.4). 

ii.  If analyzing for 197Au, use the transport efficiency calibration and do not include calibration 

standards at the beginning of the batch.  

1. In Calibration section, check box for Use Transport Efficiency Calibration. 

iii.  If not analyzing for 197Au, analyze dissolved standards first in batch.   
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1. Fill in table as was done for the samples, except change the Action to Run Blank and Run 

Dissolved Standard STD1, STD2, etc. (for calibration blank and standards, respectively) 

instead of Run Sample. 

f. Save Batch file.  Click Save button *  <New batch file name>. 

g. Analyze samples in batch. 

i. Ensure the transport efficiency and sample flow rate are entered. 

ii.  Click Analyze Batch. 

iii.  Following analysis of calibration standards in batch mode, save the calibration file. 

1. Calibration section *  Sample tab *  Dissolved chosen from drop-down box *  Save 

button *  <New calibration file name> 

h. View the real-time signal and real-time histogram as each sample is analyzed in the bottom 

windows of the Analysis section.  See Section B.7 for viewing and exporting results following 

sample analysis. 

B.7. View and Export Results 

Raw data files for each sample (ICP-MS response at each dwell time) is saved in the RawData folder 

(Documents *  PerkinElmer Syngistix *  ICPMS_CSMRanville *  Nano *  RawData).  The following 

section shows how to view and export the sample results as processed by the Nano Application Module of 

the Syngistix software. 

1. Click on Results button within Nano Application Module. 

2. The Dataset most recently analyzed, or opened, will appear in the Results Table.  If samples were not 

recently analyzed, open desired Dataset Folder. 

a. Click Browse button next to View Dataset Files *  Open desired Dataset Folder. 

3. Click on each sample row in the Results Table to alter fit (Log-Normal, Gaussian, or Max Intensity) 

and adjust viewing window, if desired.  Either of these adjustments will likely alter the sample results. 

a. If any changes are made, the software will ask if youÕd like to 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 while sample row of interest is highlighted.   

b. An Excel file containing the Sample Information (in table row), Size Histogram, Intensity 

Histogram, and Mass Flux Calibration will be saved in the Export folder (Documents *  

PerkinElmer Syngistix *  ICPMS_CSMRanville *  Nano *  Export). 

5. Export Results Table. 

a. Click Export button next to Export Results Table.  

b. An Excel file containing only the Results Table will be saved in the Export folder.  

B.8. Instrument Shut Down and Optional Cone Cleaning 

Refer to Conventional ICP-MS Standard Operating Procedure Section 8 (Appendix A.8). 
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APPENDIX C 

SUPPLEMENTAL MATERIAL FOR CHAPTER 2: CHARACTERIZATIO N OF AN 
INORGANIC -CORE/ORGANI C-SHELL COMPOSITE PARTICLE BY SINGLE  

PARTICLE ICP -MS AND FIELD -FLOW FRACTIONATION  
 

C.1. Procedure for the synthesis of Au-PS-b-PAA NPs 

The following presents the experimental procedures used for the synthesis of Au-PS-b-PAA NPs 

(courtesy of Sundiata Kly, University of Victoria, British Columbia, Canada). 

C1.1. Preparation of citrate-stabilized gold nanoparticles   

All glassware was cleaned thoroughly via base bath prior to use. All chemicals were obtained 

from (Sigma-Aldrichª) and used as purchased. Under ambient conditions chloroauric acid trihydrate was 

combined with deionized water to make 50 mL of a 0.01 % (w/w) solution in a 100 mL round bottom 

flask.  In a clean sample vial, sodium citrate was dissolved into deionized water to form a 1% (w/w) 

solution. The solution of chloroauric acid was brought to a boil. At the first instance of boiling 0.45 ml of 

the 1% sodium citrate solution was added. The resulting solution turned blue after 25 seconds and red 

after 70 seconds. The mixture was then allowed to reflux for another 10 min, cooled to room temperature 

and then stored at 4¡C. TEM images of freshly prepared citrate-stabilized gold nanoparticles (citrate-

AuNPÕs) were compared against those obtained after 3 days and after 1 month.  

C.1.2. Preparation of polystyrene-stabilized gold nanoparticles  

Thiol-terminated polystyrene (PS-SH, Mn  = 29000 g mol-1) (PDI = 1.07) (SH-Functionality 

>90%) was obtained from (Polymer Sourceª). Under ambient conditions, PS-SH was combined with 

THF to make a 17 mg mL-1 solution. Citrate-AuNP solution was set to stir at approximately 600 rpm.  

The ligand exchange proceeded by drop-wise addition of 1 mL of PS-SH solution to 5mL of citrate-

AuNPÕs allowing to stir overnight. A thin layer of purple polystyrene-stabilized nanoparticles formed 

atop the aqueous solution. Chloroform was added to the mixture to dissolve the thin polymer layer into a 

purple organic layer beneath the aqueous layer. The organic layer was collected by pipette. Particles that 
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migrated to the water chloroform interface were purposefully not collected because they might not be 

fully exchanged.  The PS-stabilized gold nanoparticle solution was then transferred to a weighed vial, 

rotovapped to dryness, and then further dried in a vacuum oven overnight without heating to remove 

remaining solvent. Enough DMF was added to the dry particles to make a 1% (w/w) solution which was 

then stored at 4¡C. TEM images of freshly prepared nanoparticles were compared against those obtained 

after 3 days and after 1 month.  

C.1.3. Microflui dic reactor fabrication 

Negative masters were fabricated on silicon wafers (Silicon Materials) using the negative 

photoresist SU-8 100 (Microchem). A 150 +m-thick SU-8 film was spin-coated at 2000 rpm onto the 

silicon wafer and heated at 65 ¡C for 12 min and then at 95 ¡C for 50 min. After cooling down the wafer, 

a photomask was placed over it and exposed to UV light for 100 s. Then, the UV-treated film was heated 

at 65 ¡C for 1 min and then 95 ¡C for 20 min. Finally, the silicon wafer was submerged in SU-8 developer 

(Microchem) and rinsed with isopropanol until all unexposed photoresist was removed. 

C.1.4. Microfluidic chip preparation  

Microfluidics chips were fabricated from poly(dimethyl siloxane) (PDMS) using a SYLGARD 

184 silicon elastomer kit (Dow Corning). For fabrication of all PDMS chips, the elastomer and curing 

agent were mixed at a 7:1 ratio and degassed under vacuum. The resulting mixture was poured over a 

clean negative master chip in a Petri dish and further degassed until all remaining air bubbles were 

removed. The PDMS was heated at 85 ¡C until cured (~20 min), and then peeled from the negative 

master; holes were punched through the reservoirs of the resulting PDMS chip to allow for the insertion 

of tubing. A thin PDMS film (substrate layer) was also made on a glass slide by spin-coating a 20:1 

elastomer / curing agent mixture followed by curing. The substrate layer was then permanently bonded to 

the base of the microfluidic reactor (channel layer) after both components were exposed to oxygen plasma 

for 45 s. The resulting reactor has a set channel depth of 150 µm and consists of a sinusoidal mixing 

channel 100 µm wide and a sinusoidal processing channel 200 µm wide. 
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C.1.5. Flow delivery and control  

Pressure-driven flow of liquids to the reactor inlet was provided using 1 mL gastight syringes 

(Hamilton, Reno, NV) mounted on syringe pumps (Harvard Apparatus, Holliston, MA). The microfluidic 

chip was connected to the liquid syringes via 1/16th-inch (OD) Teflon tubing (Scientific Products and 

Equipment, ON). Gas flow was introduced to the chip via an Ar tank regulator and a downstream 

regulator (Johnston Controls) for fine adjustments. The chip was connected to the downstream regulator 

through a 1/16th-inch (OD) / 100-µm (ID) Teflon tube (Upchurch Scientific, Oak Harbor, WA). The liquid 

flow rate (Qliq) was programmed via the syringe pumps and the gas flow rate (Qgas) was fine-tuned via the 

downstream pressure regulator in order to dial in the nominal total flow rate of 200 +L/min. Due to the 

compressible nature of the gas and the high gas/liquid interfacial tension, discrepancies arise between the 

nominal (programmed) and actual values of Qgas, Qgas/Qliq, and the total flow rate (Qtotal). Therefore, the 

actual gas flow rate was calculated from the frequency of bubble formation and the average volume of gas 

bubbles, determined from image analysis of the mean lengths of liquid and gas plugs, Lliq and Lgas, 

respectively, under a given set of flow conditions. This method of flow calculation has been previously 

employed in the context of gas-liquid segmented flow in the microfluidic device.  For the synthesis of 

nanoparticles described in this publication, the actual gas-liquid flow ratio and total flow rate were 

determined to be: Qgas/Qliq ~1.04 and Qtotal ~ 204 +L min-1. 

Visualization of the gas bubbles and liquid plugs within the microfluidic reactor was achieved 

using an upright optical microscope (Omax) with a 10x-objective lens. Images were captured using a 2.07 

megapixel PupilCam (Ken-A-Vision) and mean lengths of liquid and gas plugs were determined from the 

images using image analysis software (ImageJ). Equations used to calculate flow rate and images of the 

reactor are supplied in the supporting information.  

C.1.6. Microfluidic preparation of PS-b-PAA composite PS-gold nanoparticles 

 Polystyrene-b-polyacrylic acid (Mn = 70k-b-13k) (PDI = 1.10) was purchased from Polymer 

Sourceª. PS-b-PAA was dissolved in DMF at 1% (w/w) and allowed to mix overnight. For microfluidic 

preparation of the composite nanoparticles three fluid streams were combined to form gas-segmented 



 
104 

liquid plugs within the reactor: (1) 1 wt % mixture of equal parts (w/w) PS-b-PAA and PS-AuNp solution 

in DMF, (2) pure DMF, and (3) a 12 wt % solution of water in DMF. The relative flow rates of the three 

liquid streams, Qliq1, Qliq2, Qliq3, respectively, were set such that combination of the streams yielded 

steady-state on-chip concentrations of 0.33 wt % copolymer, 0.33 wt % PS-AuNps, and 4 wt % water. 

Microfluidic flow conditions were selected and controlled as described in the previous section. During 

collection momentary flow stoppages would occur, and during these times the outlet tube from the chip is 

removed from the accumulating sample until the flow becomes regular again. Samples were collected 

from the chip into 10x excess deionized water while stirring, and stored at 4¡C. TEM images of freshly 

prepared composite nanoparticles were compared against those obtained after 3 days and after 1 month.  

C.1.7. Particle sizing and image analysis 

Sizing of the citrate- and PS-stabilized gold nanoparticles was done by dynamic light scattering 

on a BI200SM goniometer with a (Melles Griot) HeNe laser (wavelength = 632 nm and power = 35 mW). 

Statistics and population distributions of PS-b-PAA composite PS-Gold Nanoparticles were visualized by 

TEM and size analysis was done using image analysis software (ImageJ). 

C.2. Supplemental tables and figures 

An electronic file containing the following tables and figures is presented to supplement the 

results and discussion included in Chapter 2 for the characterization of Au-PS-b-PAA NPs by spICP-MS 

and field-flow fractionation techniques: 

¥ Table C.1. Summary of all spICP-MS analyses including sample and data acquisition 

conditions for each analysis type and sample. 

¥ Table C.2. Summary of all field-flow fractionation analyses, including sample and data 

acquisition conditions, for each analysis type and sample. 

¥ Figure C.1. ICP-MS dissolved Au calibration curve for 0, 1, 10, 100 ppb Au (SPEX 

CertiPrep) in 2% HCl, collected for 197Au 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 of 60 nm, 100 nm, and 140 nm 

polystyrene spheres and 30 nm and 60 nm NIST Au-citrate NPs analyzed under conditions 

shown in Table C.2. 

¥ Figure C.3.  The spICP-MS (197Au) NP mass distributions for collected fractions CFFF 1, 2, 

4, 5, 8, and 10 from the separation of Au-PS-b-PAA NPs by CFFF.   
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APPENDIX D 

SUPPLEMENTAL MATERIAL FOR CHAPTER 3: CHARACTERIZATIO N OF A 
BIMETALLIC CORE -SHELL PARTICLE USING ADVANCED  

SINGLE PARTICLE ICP -MS AND FIELD -FLOW  
FRACTIONATION TECHNIQUES  

 
An electronic file containing the following tables and figures is presented to supplement the 

results and discussion included in Chapter 3 for the characterization of Au-Ag core-shell NP by single 

element and dual element mode spICP-MS and AF4.  

¥ Figure D.1. Calibration curves for 197Au and 107Ag (response in counts per dwell time versus 

concentration in ppb) used for spICP-MS particle size calculations of: a) bulk solution 

analysis of Au-Ag NPs at 1:106 dilution in Milli -Q water, and b) dissolution experiment 

analyses of Au-Ag NPs at 1:106 dilution in Milli -Q and 1% (v/v) aqua regia. 

¥ Figure D.2. Calibration curves for 197Au and 107Ag (net intensity in counts per second versus 

concentration in ppb) used for total metal concentration analysis. 

¥ Figure D.3. a) AF4 size calibration curves based on the elution times of: b) 60 nm and 100 

nm polystyrene spheres, and c) 30 nm and 60 nm Au NPs (NIST).   

¥ Figure D.4. spICP-MS raw data plots of the initial Au-Ag NP dissolution experiment in 10% 

aqua regia for a-c) 197Au and d-f) 107Ag.   

¥ Figure D.5. spICP-MS size distributions for Au-Ag NPs at 1:106 dilution for a-b) 197Au and 

c-d) 107Ag in 1% (v/v) aqua regia (a,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 experiments 

for e) the mean diameter and f) particle number concentration for 197Au and 107Ag in 1% (v/v) 

aqua regia. 

¥ Figure D.6.  Temporal spICP-MS results for Au-Ag NPs at 1:106 dilution for 197Au and 107Ag 

in 1% (v/v) aqua regia and Milli-Q water for the dissolved metal concentration (ppb).  
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¥ Figure D.7. spICP-MS real-time data plots (i.e., ICP-MS response in counts per dwell time 

versus time in seconds) for a-d) Au-Ag NPs, e-h) 60 nm Au NPs, and i-l) 60 nm Ag NPs.   

Samples were analyzed for: a,e,i) 197Au in single element mode; b,f,j)  197Au in dual element 

mode; c,g,k) 107Ag in single element mode; and d,h,l) 107Ag in dual element mode. 

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

NPs from manually processing the raw data using Microsoft Excel.  


